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PREFACE

The explosive growth of paleolimnology over the past two decades has provided impetus
for the publication of this series of monographs detailing the numerous advances and new
techniques being applied to the interpretation of lake histories. This is the second volume
in the series and deals mainly with physical and geochemical analytical techniques. Vol-
ume 1 (Last & Smol, 2001) examines the acquisition and archiving of cores, chronological
techniques, and large-scale basin analysis methods. Volumes 3 and 4 (Smol et al., 200l a
& b) provide a comprehensive overview of the many biological techniques that are used in
paleolimnology. A fifth volume that is currently being prepared (Birks et al., in preparation)
examines statistical and data handling methods. It is our hope that these monographs will
provide sufficient detail and breadth to be useful handbooks for both seasoned practitioners
as well as newcomers to the area of paleolimnology. These books should also be useful to
non-paleolimnologists (e.g., limnologists, environmental scientists, archeologists, palynol-
ogists, geographers, geologists, etc.) who continue to hear and read about paleolimnology,
but have little chance to explore the vast and sometimes difficult to access journal-based
reference material for this rapidly expanding field. Although the chapters in these volumes
target mainly lacustrine settings, many of the techniques described can also be readily
applied to fluvial, glacial, marine, estuarine, and peatland environments.

The 15 chapters in this volume are organized into three major parts. The three chapters
in Part I provide an overview of the most common physical lithostratigraphy techniques.
Part II discusses geochemical and mineralogical approaches. The third part of this book
includes three chapters summarizing oxygen, carbon, and nitrogen isotopic techniques.
Following this is a comprehensive glossary and list of acronyms and abbreviations.

Many people have helped with the planning, development, and final production of this
volume. In addition to the hard work provided by the authors of these contributions, this
publication benefitted from the technical reviews furnished by our scientific colleagues,
many of whom remain anonymous. Each chapter was critically examined by two external
referees as well as the editors. In order to assure readability for the major target audience,
we asked many of our graduate students to also examine selected chapters; their insight and
questioning during the reviewing and editorial process are most gratefully acknowledged.
The staff of the Environmental, Earth and Aquatic Sciences Division of Kluwer Academic
Publishers are commended for their diligence in production of the final presentation. In
particular, we would also like to thank Ad Plaizier, Anna Besse-Lototskaya (Publishing
Editor, Aquatic Science Division), and Rene Mijs (former Publishing Editor, Biosciences
Division) for their long-term support of this new series of monographs and their interest
in paleoenvironmental research. Finally, we would like to thank our respective universities
and colleagues for support and encouragement during this project.
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AIMS AND SCOPE OF DEVELOPMENTS
IN PALEOENVIRONMENTAL RESEARCH BOOK SERIES

Paleoenvironmental research continues to enjoy tremendous interest and progress in the
scientific community. The overall aims and scope of the Developments in Paleoenvironmen-

tal Research book series are to capture this excitement and document these developments.
Volumes related to any aspect of paleoenvironmental research, encompassing any time
period, are within the scope of the series. For example, relevant topics include studies
focused on terrestrial, peatland, lacustrine, riverine, estuarine, and marine systems, ice
cores, cave deposits, palynology, isotopes, geochemistry, sedimentology, paleontology,
etc. Methodological and taxonomic volumes relevant to paleoenvironmental research are
also encouraged. The series will include edited volumes on a particular subject, geographic
region, or time period, conference and workshop proceedings, as well as monographs.
Prospective authors and/or editors should consult the series editors for more details. The
series editors also welcome any comments or suggestions for future volumes.
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SAFETY CONSIDERATIONS AND CAUTION

Paleolimnology has grown into a vast scientific pursuit with many branches and subdi-
visions. It should not be surprising, therefore, that the tools used by paleolimnologists are
equally diverse. Virtually every one of the techniques described in this book requires some
familiarity with standard laboratory or field safety procedures. In some of the chapters,
the authors have made specific reference to appropriate safety precautions; others have
not. The responsibility for safe and careful application of these methods is yours. Never
underestimate the personal risk factor when undertaking either field or laboratory inves-
tigations. Researchers are strongly advised to obtain all safety information available for
the techniques they will be using and to explicitly follow appropriate safety procedures.
This is particularly important when using strong acids, alkalies, or oxidizing reagents
in the laboratory or many of the analytical and sample collection/preparation instruments
described in this volume. Most manufacturers of laboratory equipment and chemical supply
companies provide this safety information, and many Internet and other library resources
contain additional safety protocols. Researchers are also advised to discuss their procedures
with colleagues who are familiar with these approaches, and so obtain further advice on
safety and other considerations.

The editors and publisher do not necessarily endorse or recommend any specific product,
procedure, or commercial service that may be cited in this publication.
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1. AN INTRODUCTION TO PHYSICAL AND GEOCHEMICAL

METHODS USED IN PALEOLIMNOLOGY

WILLIAM M. LAST (WM_Last@UManitoba.ca)

Department of Geological Sciences

University of Manitoba

Winnipeg, Manitoba

R3T2N2, Canada

JOHN P. SMOL (SmolJ@Biology.QueensU.Ca)
Paleoecological Environmental Assessment

and Research Lab (PEARL)

Department of Biology

Queen’s University

Kingston, Ontario

K7L 3N6, Canada

Paleolimnology is the study of past conditions and processes in lake and river basins and
the interpretation of the histories of these systems. It is a multidisciplinary science whose
roots extend back nearly two centuries. As pointed out by Gierlowski-Kordesch & Kelts
(1994), the scientific investigation of the history of lake basins was already an important
theme in the early 1800’s (e.g., Lyell, 1830; Agassiz, 1840), and played a significant role in
the development of early thoughts about glaciation and eustasy. Modern paleolimnology is
also a rapidly developing science that has seen tremendous progress over the past several
decades. It is now clear that lacustrine sediments and sedimentary rocks represent one of
the best archives for paleoenviromental information available within the entire realm of
terrestrial settings. Not only does paleolimnology assume a pivotal role in paleoclimatic
and global change investigations, but its importance and relevance are further enhanced
by the fact that lake sediments are hosts to a wide variety of economically valuable re-
sources. Moreover, recent lacustrine sediments provide an excellent means of monitoring
and tracking environmental contaminants.

This explosion of interest in lake deposits and the associated dramatic increase in pri-
mary literature devoted to paleolimnology of all types has been accompanied by an equally
rapid development and advance in the techniques and methods used in paleolimnological
research. Today paleolimnologists use a large range of often sophisticated instruments
and equipment in their studies, in addition to more traditional discipline-based field and
laboratory techniques. There are few other fields of science in which such a vast array of
interdisciplinary tools, methods, and techniques are involved. Paleolimnologists routinely
use and must have working knowledge of methods and tools normally within the realms

1
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2 WILLIAM M. LAST & JOHN P. SMOL

of agronomy and soil science, botany, chemistry and geochemistry, ecology, engineering,
geography, geology, hydrology, physics and geophysics, and zoology to name a few. It is
not surprising, therefore, that many of the advances in paleolimnological techniques have
come about because of new developments in these allied fields. Previous methodology
compilations and techniques monographs, such as Kummel & Raup (1965), Bouma (1969),
Carver (197l), Berglund(1986), Gray (1988), Tucker (1988), Warner (1990), and Rutter&
Catto (1995), were very important contributions to selected areas of paleolimnology. These
(and many others) continue to serve as essential handbooks. However, the development
of new and different methods for studying lake sediments, as well as advancements and
modifications to old methods, have provided impetus for a new series of monographs for
this rapidly expanding topic.

The objective of this volume is to provide a state-of-the-art summary of the major
physical, mineralogical, and geochemical laboratory techniques used in the study of la-
custrine deposits. Four additional books from this series deal with other components of
paleolimnology. Volume 1 (Last & Smol, 2001) summarizes the critical techniques and
methods used by paleolimnologists in field and sample/core collection, chronostratgraphy,
and large-scale basin analysis. Volumes 3 and 4 (Smol et al., 2001a, b) focus on the vast range
of biological techniques that can be applied to the interpretation of lake histories. Although
chapters in each of these books discuss the quantitative aspects of lake sediment interpreta-
tions, a separate volume on statistical and data handling approaches in paleolimmnology is
currently in preparation (Birks et al., in preparation). Our intent with this series of volumes
is to provide sufficient methodological and technical detail to allow both practitioners and
newcomers to the area of paleolimnology to use them as handbooks/laboratory manuals
and as primary research texts.

Although we recognize that the study of pre-Quaternary lakes is a very rapidly growing
component in the vast arena of paleolimnology, this volume and the other three in this
series are directed primarily towards those involved in Quaternary lacustrine deposits and
Quaternary environmental change. Nonetheless, many of the techniques and approaches
are applicable to other time frames. Finally, we anticipate that many of the techniques
discussed in these volumes apply equally well to marine, estuarine, and other depositional
environments, although we have not specifically targeted non-lacustrine settings.

As illustrated in Figure 1, this volume addresses the techniques and methods used in the
investigation of mainly physical and chemical paleolimnological pursuits. The 15 chapters
are divided into three parts. Following this short introduction, Part I of this volume deals
with physical lithostratigraphic techniques. Much valuable paleoenvironmental information
can be deciphered from bedding characteristics of the sediment fill in a basin. Traditionally,
sedimentologists have generally approached this topic from a qualitative and largely visual
descriptive standpoint. However, the first two chapters in Part I highlight many of the new
methods that can be applied in preparation and analysis of well-bedded lacustrine deposits
(Kemp et al.) and in the techniques of obtaining quantitative information by computer-
assisted digital image analysis (Saarinen & Petterson). Methods of quantitatively examining
texture of the sediment, long considered one of the most fundamental descriptors of a
deposit, are summarized by Last.

Part II discusses mineralogical and geochemical techniques. In the first chapter of this
section, Boyle provides a comprehensive overview of the important topic of inorganic
geochemical analyses of lake sediments. Although inorganic geochemistry has enjoyed a
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long and profitable history of use in paleolimnology, the rapid development of analytical
instrumentation during the past few years has opened many new opportunities and avenues
of investigation. In addition to variations in the elemental composition of lake sediments,
changes in how these elements are chemically combined in a deposit are also important.
The techniques for mineralogical assessment of lake deposits are summarized by Last.
Crystals of minerals that originate by chemical precipitation within the water column or
within the pore spaces of the sediment column can contain fluid-filled vacuoles, or fluid
inclusions, which retain valuable information about past water compositions, temperatures
and other environmental parameters. Lowenstein & Brennan discuss the methods of fluid
inclusion research in paleolimnology and summarize the major advances that have taken
place in this rapidly developing field. The magnetic characteristics of a deposit can be used
to help establish a chronology and to assist in correlating the lacustrine sequence retrieved
at one site to that of another, topics that are covered in Volume 1 of this series. In addition,
the type, concentration and grain size of magnetic minerals found in lake sediments can be
used to better understand the variety of processes operating in the lake and its catchment
in response to changes in climate, human activity and limnology. Sandgren & Snowball
summarize the various analytical components and techniques of environmental magnetism.
Although organic matter comprises a relatively minor proportion of most lake deposits, this
organic content provides a wealth of information from a variety of indicators that can be
used to reconstruct paleoenvironments of lakes and their watersheds, and to infer histories
of regional climate change as summarized by Meyers & Teranes. The use of lake sediments
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to track contaminant loading of the environment through time and to help identify sources
of chemical pollutants is an extremely important application of paleolimnology that will
assume an even more critical role in the future. Blais & Muir review the analytical methods
for persistent organic pollutants (POPs) and summarize the processes that govern the fate
of these contaminants in the environment. Conventional chemical analyses of ‘organic
element’ components, such as carbon, nitrogen and phosphorus, in a core can be slow
and expensive. Korsman et al. discuss near-infrared spectrometry (NIRS), a method by
which stratigraphic fluctuations in organic molecules can be quantified in a rapid and
non-destructive manner. As the authors point out, the NIR spectra also have potential for
reconstruction of water chemistries and other environmental parameters from sediment
cores. Spheroidal carbonaceous particles (SCPs) and inorganic ash spheres (IASs), col-
lectively termed fly-ash particles, are produced from industrial combustion of fossil fuels.
Because they have no natural source, these particles make ideal stratigraphic markers. In
the final chapter of Part II, Rose examines the concepts and methodology of the use of
fly-ash particles in paleolimnological investigations.

Part III of this book discusses the techniques associated with the use of stable isotopes
in paleolimnology. Like chronostratigraphy, stable isotopes have many applications in lake
sediment studies. Our aim in this section was not to provide a comprehensive treatment of
all possible isotopic applications in paleoenvironmental research, but rather to highlight a
few of the most commonly used techniques that have been shown to yield useful paleo-
climatologic and paleohydrologic information. The first two chapters of Part III both deal
with carbon and oxygen isotope analyses. Ito provides a guide for the isotopic analysis of
lacustrine carbonates and examines some of the potential technical and interpretive pitfalls.
A complementary discussion of and of lake sediment cellulose is provided by
Wolfe et al. Finally, in the last chapter of the section, Talbot discusses the methodology and
application of nitrogen isotope geochemistry in paleolimnology.

Although we have assumed readers will have a basic knowledge of earth and environ-
mental science jargon, we have included a comprehensive glossary and list of acronyms and
abbreviations to assist with the large and perhaps unfamiliar vocabulary. This is followed
by a subject index.

As in many other areas of environmental earth science, the continued development of our
understanding of the histories of lake basins will depend on the interaction of specialists in
a wide range of disciplines. The tools and investigative techniques these specialists bring to
bear on the task of characterizing the sediments and fluids within these basins are continuing
to advance at a rapid pace. The applications and research avenues fronting paleolimnology
are immense, but so are the potential analytical and logistical problems. One of the greatest
challenges facing the next generation of paleolimnologists is to maintain the integrated
multidisciplinary approach to the study of lake sediments that has evolved over the past
decade. We see no evidence that the accelerated rate of progress that this field has enjoyed
will be slowing down in the near future. Many new approaches and applications are certainly
soon to be discovered, and will hopefully be covered in subsequent volumes of this series.
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Introduction

The first step in any investigation of a lacustrine paleo-archive is the detailed visual de-
scription of the core or outcrop section. This careful visual description accompanied by
core photography will usually form the basis for further studies and, most importantly, for
developing an analytical strategy for the investigation. In this chapter we give an account of
the further methods available for extending the visual description of bedding features from
the macroscopic to the microscopic. A number of case studies are included to illustrate
the various scenarios possible and strategies for identifying the origins of fabric elements.
The purpose of this chapter is to take the reader sequentially through the step by step
core description methods normally employed in the study of lacustrine sediments. While
many of the techniques and examples given have been employed on marine sediment cores
and reflect the experience of the authors, the methods are equally applicable to lacustrine
sediments. This compilation builds on previous work by the authors to which the reader is
also referred including Pike & Kemp (1996) and Dean et al. (1999).
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Approach

The initial approach and sequence of techniques employed in core description commences
with non-invasive photography and imaging and progresses through sequential sub-
sampling (Fig. 1). The primary objective of these combined approaches is to provide
information on the sequence and recurrence of depositional processes and events that have
produced the sediment record. The guiding principal is to use whatever techniques are
necessary to identify and interpret the bedding features within the core at whatever scale
they occur. It is worth bearing in mind that even in sediments that may appear outwardly
homogenous from visual examination, other techniques such as radiography may reveal fine
structure. It should also be emphasized that for sediments with millimetre-scale features
such as laminae, the production of thin sections is an essential prerequisite to further
understanding. Examples of how the approaches outlined may be applied to bedding feature
recognition are shown in Figure 2. Of course, our ideal scenario is to have a continuously
laminated sediment record, but commonly laminae are interupted by intervals that may
outwardly appear structureless or massive. A key step in interpretating such a record is
to identify whether the lack of laminae is due simply to bioturbation, or whether some
form of mass flow deposit is present. These two interpretations would form important
but contrasting input to paleoenvironmental analysis. The incidence of bioturbation gives
important information about the physical mixing of the lake and the history of eutrophication
whereas the identification of mass flow deposits may inform about clastic sediment input
to the lake or paleoseismicity (e.g., Blais-Stevens, et al., 1997).

Photography and imagery of the core surface

Following coring and core splitting detailed visual core description is generally accom-
panied by photography and also digital imagery. Careful preparation of the core surface
is imperative and this is usually accomplished using the electro-osmotic knife (Chmelick,
1967; Schimmelmann et al., 1990) or by careful scraping with a sharp blade or micro-
scope slide. In addition to conventional core photography (accomplished using a tripod-
mounted camera in the field or on a photographic table under appropriate illumination in
the laboratory) color reflectance and digital imaging techniques may be employed.

Color reflectance

Traditional descriptions of core color using Munsell charts are time consuming and of
dubious value due to the variations in illumination and spectral response of the human
eye. Quantification of sediment color has been increasingly used in the systematic down-
core description of marine sediments (e.g., Nagao & Nakashima; 1992; Gersonde, et
al., 1999). The most commonly available and widely used method adopts the Minolta
spectrophotometer or chroma-meter which produces measurements in L* a* b* color space
(Nagao & Nakashima, 1992). These instruments are deployed hand-held or on a rail-guide
above the core. The minimum spot size (and therefore resolution) in commercially available
instruments is 4 mm. Other instruments with similar resolution include the Oregon State
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University spectral reflectometer (Mix et al., 1992). Color data can provide important in-
formation on compositional variation in the core including, for example, carbonate content,
iron content, redox state.

Digital imaging

Digital imaging is a powerful and rapid technique for analysing high frequency down-core
variations such as sedimentary laminae or varves. Digital scanners (e.g., Optotech) are used
with commonly attainable resolutions of 0.1 mm (Schaaf & Thurow, 1994). A line scan of
the gray values from such digital images may be used to generate time series from regular
laminae or annual varves (e.g., Schaaf & Thurow, 1998). However, in data processing, care
must be taken to subtract voids and cracks, to correct for non-uniform light distribution and
to stack images into a continuous time series.



10 KEMP, DEAN, PEARCE AND PIKE

Penetrative imaging of the core

Radiography and X-ray imaging

Radiography has been used for some decades to provide insight into the layering and inter-
nal structures of sediments. The identification of bedding features, such as compositional
layering as well as bioturbation fabrics, is often greatly enhanced. The resolution of the
X-radiograph is generally limited by the thickness of the sediment sample and it is common
practise to X-ray an approx. 1 cm-thick slab of sediment taken from the core with a slab
cutter where resolution of 0.3 mm is attainable (Figs. 3, 4). A digital X-ray imaging system
has recently been developed (Migeon et al., 1999) with 0.2mm resolution. This permits
image enhancement techniques to be used which can vastly improve the differentiation
and sensitivity of radiographic images. Digital gray scale images may be produced and
processed in a similar method to core surface scans (above).
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CT-scanning

The use of medical body-scanners to image core material gives an important additional
method of applying X-rays (Kenter, 1989). In this technique large samples may be scanned
by a rotating X-ray beam to produce tomographic images of slices as thin as 2 mm. This
has the considerable advantage that intact whole-round core samples may be scanned as
well as split cores or slabs.

Sampling wet, unconsolidated or semi-consolidated sediment

Sub-sampling of wet sediment from cores is best accomplished with a sediment slab cutter
(Schimmelmann et al., 1990) (Figs. 5, 6). The cutter, which uses the osmotic knife princi-
ple, provides undisturbed, 1 cm-thick sediment slabs which may then be X-radiographed
for a permanent record of internal structure (Figs. 5, 6). Where strong sediment fabrics
preclude the use of the slab cutter (e.g., by the presence of mesh-like diatom mats);
slabs of sediment should be cut using either a large scalpel or ‘autopsy’ blade. Slabs may
then be sub-divided for thin section preparation, micropalaeontological, geochemical and
granulometric analyses. For thin section preparation, sediment blocks are initially cut from
the slab using a scalpel.

Sediment drying and resin-embedding

For a range of analytical methods it is necessary first to dry out wet sediment. The technique
that many researchers have found best-suited to this is fluid displacive embedding. A number
of other methods are also employed.

Critical point drying

Above a critical point of temperature and pressure, the phase boundary between liquid and
gas disappears (Bouma, 1969). The critical point of water is very high so pore-fluids are
usually replaced by an alcohol (e.g., ethanol), followed by liquid After the sample has
been subjected to the appropriate temperature and pressure, gaseous is removed and the
dry sample is ready for resin-impregnation (Bennet et al., 1981; Reynolds & Gorsline 1992).

Freeze drying

Freeze drying is carried out using liquid nitrogen (Bouma, 1969). Samples must be in
contact with the nitrogen at one face only so that it can move through the sediment block
as a front. Quick freezing turns water into ice without ice-crystal growth. Frozen samples
are placed into a freeze-drier immediately, and water is removed by sublimation (Crevello
et al., 1981). A variant of this method is used in the process of resin-embedding of freeze
cores (Lamoureux, 1994; 2001).
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Vacuum drying

During vacuum drying, the sample chamber is evacuated, removing any sediment pore-
fluids. This is carried out using a vacuum impregnation unit (e.g., Bull & Kemp, 1995)
such as that manufactured by Logitech. This unit introduces low-viscosity epoxy resin into
the evacuated sample chamber aiding resin penetration. After releasing the vacuum, the
resin-impregnated block is then cured in an oven. This is effective either for sediments
which are already dry or for porous (e.g., diatom-rich) sediments, but is not effective for
clay-rich sediment.
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Fluid displacive drying and resin-embedding of wet sediments

This technique of drying and resin-embedding provides the best quality thin sections for
microscopy. The method (described in Appendix I and illustrated in Figure 7) is adapted
after Jim (1985), Polysciences Inc. (1986), Lamoureux (1994) and Pike & Kemp (1996)
and uses low-viscosity Spurr epoxy resin (Spurr, 1969). Some of the component chemicals
of this resin are toxic, and the operation requires a fume cupboard.

Fluid displacive resin-embedding of wet sediment is a passive procedure, samples
are never physically dry and the fabric is supported by fluid throughout. Chemical de-
hydration prevents the cracking (common in vacuum dried sediment), and the technique
requires no specialized drying, or resin-impregnating equipment. Water-saturated samples
are more successfully embedded using fluid replacement than those which are partially dry.



RECOGNITION AND ANALYSIS OF BEDDING … 15

Increasing the number of replacements of solvent and resin aids the embedding of less
porous sediment. Thin sections produced by this technique show no sediment fabric dis-
turbance and preserve the most detail for SEM-scale studies (Figs. 3, 4).

Thin section preparation

Very little preparation is required to produce thin sections from indurated rocks (Krinsley
et al., 1983). Friable lithologies (e.g., diatomite), however, may require resin-impregnation
to hold them together. Once this has been completed either impregnated blocks, or saw-cut
samples of rock are glued to a glass microscope slide, the major portion of the block
cut away, and the remaining sample ground and polished (avoiding the use of water-
based lubricants which may cause swelling and rearrangement of the clay minerals and
fabric disturbance).

Thin sections of resin-impregnated blocks are prepared in the same way as saw-cut
rock samples. Oil-based rather than water-based lubricants should be used for cutting. For
SEM analysis, thin sections should be highly polished, using a range of grits down to
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particularly for BSEI (Krinsley et al., 1983). If thin sections are to be used for optical, as
well as electron, microscopy they should be polished down to at least Thin sections
are carbon-coated before being analysed in the SEM (Goldstein et al., 1992).

SEM analysis of laminated sediment

With digital imaging and X-radiography, variations in the thickness of the annual varve and
the thickness of the light and dark components may be obtained. To proceed further into
intra-annual resolution, scanning electron microscopy (SEM) must be adopted. The use of
SEM methods can unlock a plethora of paleoenvironmental information such as interannual
variability in the occurrence of individual microfossil species (e.g., Pike & Kemp, 1997).
A comprehensive summary of the principles and practice of SEM, and types of analyses
possible, is provided by Goldstein et al. (1992). The following is a description of BSEI, SEI
and X-ray microanalysis applied to fine grained sediments and the approach is summarized
in Figure 8.

Backscattered electron imagery (BSEI)

Analytical technique. Backscattered electrons are the result of elastic collisions between
energetic beam electrons and atoms within the specimen (Goldstein et al., 1992). The
number of backscattered electrons generated (backscatter coefficient, ) is primarily re-
lated to the average atomic number of the target (when using polished thin sections), and
is recorded on a photograph as image brightness. Mineral grains such as pyrite, quartz
and carbonate have relatively high average atomic numbers, and therefore have higher
backscatter coefficients and produce brighter images than organic matter and carbon-based
resin, which have low average atomic numbers, low backscatter coefficients, and produce
dark images, i.e., black. BSEI photomosaics of laminated sediments provide compositional
data, but may also be regarded as porosity maps which give sediment fabric information.
Biogenic laminae comprising diatoms, for example, have high porosity and are recorded
as dark layers on the photomosaic (carbon-based resin fills the frustules — Figs. 3, 4).
Lithogenic laminae, comprising silt and clays, have low porosity and are characterised by
bright layers. This contrast between components and resin, and the shallower sampling
depth within the thin section, provides greatly improved resolution images over optical
micrographs.

Sediment fabrics, such as bioturbation, may be investigated using BSEI photomosaics
(e.g., Brodie & Kemp, 1995). Porosity contrasts highlight biogenic and lithogenic material
redistributed by burrowing. BSEI can also be used for facies analysis of fine grained rocks
(e.g., the Jurassic Kimmeridge Clay Formation (UK); Macquaker & Gawthorpe, 1993).

Secondary electron imagery (SEI)

Analytical technique. Secondary electrons are produced by inelastic collisions between
high-energy beam electrons and atoms within the specimen (Goldstein et al., 1992). The
number of secondary electrons emitted, and the resulting secondary electron coefficient, is
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affected by the topography of the specimen, therefore the images produced are topographic
and may be considered analogous to binocular optical microscopy images.

High-magnification SEI images of gold-coated, fractured sediment surfaces mounted
on SEM stubs are used to aid characterization of laminations, e.g. component and mi-
crofossil taxa identification. If polished thin sections are thin enough, optical microscopy
(utilising the depth of view within the section) can be used to reduce the amount of SEI
imagery required.

Low vacuum scanning electron microscope (LVSEM)

Analytical technique. The LVSEM uses back-scatter electrons which are energetic enough
to move through the low vacuum in the specimen chamber to the detector; these contrast
with secondary electrons which have insufficient energy to pass through the low vacuum.
Thus, either wet sediment blocks or strew mounts may be analysed directly and topographic
images are produced without the need for carbon/gold coating. High magnification LVSEM
images have the same uses as traditional SEI images.

Summary

The aim of this chapter has been to provide a comprehensive introduction to the various
techniques involved in visualising bedding features at the appropriate scale required for
their identification. Of course, this is just the first step along the road of analysis, quantifi-
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cation and interpretation, but use of the optimal approaches can save time and aid in the
development of cost-effective and efficient exploitation of paleo-archives.

Our main recommendation to anyone embarking on the analysis of lake sediments
would be to adopt a systematic approach as outlined in Figure 1. Core material is generally
hard to obtain and precious, so the correct sequencing of the different analytical methods
is essential if the scientific outcome is to be maximized.
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Appendix 1

Fluid displacive low viscosity resin embedding technique

This technique is ideal for resin embedding of wet sediment samples for the purpose of fabric
studies using the scanning electron microscope (SEM). By the nature of the method, the
more water-saturated the samples, the better the results are as there will be a greater pathway
for the acetone, and subsequently resin, to enter the sediment block. Accordingly sediment
material should not be allowed to dry out, even slightly. The number of replacements
needed, of both acetone and resin, will vary with the type of material. Coarser-grained,
drier and/or thicker samples will require a greater number of replacements. It is advisable
to vary the replacements of both acetone and resin, until a suitable combination is found.
The succeeding method details 5 replacements only, and is suited to porous sediments such
as diatom oozes; for less porous sediments, such as those with a significant clay fraction,
more resin replacements (up to 12) are likely to be necessary.

Spurr Resin impregnation kits are available from Polysciences Ltd., Handelsstr. 3,
Postfach 1130, D-6904 Eppelheim, Germany. These kits contain the chemicals and some
of the equipment that is needed. However, the chemicals are supplied in significant mis-
proportions for the resin standard mixture used, so it is more cost effective to purchase the
individual chemicals.

Samples should be taken from the cores using a sediment slab cutter (Fig. 5) or rigid
plastic u-channels, or a similar rigid, box-like container. Care is needed to ensure dis-
turbance of the sediment is kept to a minimum. The sample and its container should be
securely taped together and a number of samples may be wrapped together, with a piece
of water-soaked oasis, and enclosed with cling film. This is to prevent the samples from
drying out. The wrapped samples should then be refrigerated at 4–6 °C unti l such time as
they are to be processed.
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Method

Place the container (high density polyethylene — HDPE) to be used on a balance and
tare. Fill with water to required depth (approx. 0.75–1.0 cm — enough to cover the sample
when it is placed into the container). This is the mass of resin mixture needed for each
replacement (round up to nearest gram), and the required mass of each reagent may be
calculated using the standard below.

Standard:

Vinyl cyclohexene dioxide, VCD 10.0 g

diglycidol ether of polypropyleneglycol, DER 6.0 g

Nonenyl succinic anhydride, NSA 26.0 g

Dimethylaminoethanol, DMAE 0.2 g

Label containers by scratching the sample details and direction (way-up) arrow on
the side. Any pen-drawn marks are likely to disappear in the acetone environment within
the desiccator.

Samples should be as small as possible, i.e. less than 1 cm thick, 0.75 cm wide with
length depending on the size of the containers. They should be prevented from drying out
as much as possible (before addition of acetone) as wet samples are better suited to this
technique. Place samples in either close-fitting foil, or fine wire mesh ‘boats’ so that samples
may be moved without disturbing the sediment. After placing samples into wire mesh/foil
containers, de-ionised water may be added using a syringe and replaced every couple of
hours, this process can be repeated 2–3 times. If the samples have previously dried out,
soaking them in water first is not advised, as some sediments are prone to expansion after
the addition of water. During the soaking of samples, the sediments should be left in a
sealed container to avoid desiccation.

Place the containers in a glass desiccator, over silica gel, and cover the samples with
acetone by adding the acetone slowly from a small syringe so that it flows down the side
of the container. Do not add to the tops of the samples. It is best to add small amounts of
acetone gently, as a strong stream may disturb the samples, which can have a tendency to
float, especially if broken or fragmented. A greater depth of acetone is required overnight
as it is volatile, and the samples must not be allowed to dry out.

Change acetone 3 times a day (at least 3 hrs between each change) and complete
10–15 soakings, removing the “waste” acetone from the container using a syringe. The
first 7 soakings are made using technical acetone and the final 8 using analytical acetone.

Prepare resin mixture immediately before adding to the containers. Contact of VCD
and DMAE may cause an exothermic reaction so it is important to weigh out the reagents
using separate syringes. Weigh the VCD, DER, NSA in separate tared containers (HDPE),
add together and stir gently. Then add the DMAE and stir thoroughly.

The initial resin replacements are diluted with acetone to facilitate the embedding
procedure. The resin content of each replacement is increased by stages in the following
way: (1) the first addition of the acetone/resin mixture were in the proportion 50:50, (2) the
second in the proportion 25:75, (3) the third in the proportion 10:90, and (4) the remaining
two consisted of resin only. An example calculation is given at the end of the method.
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Add the resin (or resin:acetone mixture) to the container, using a syringe, after the
last quantity of acetone has been removed. Gently move the samples, lifting them slightly
after each addition, to ensure fresh resin mixture reaches all around the sample. Keep the
containers in the desiccator as moisture will make the resin go milky. This does not cause
a major problem for backscatter electron imagery work because the resin will still appear
black in the SEM. However, it is not a good idea to let it go to cloudy as it will hinder
any comparisons between the slide and the remaining resin embedded block. Change the
resin once a day to prevent difficulties arising from increases in the viscosity, and complete
5 soakings. After the final addition of resin, leave samples to soak for up to four weeks
before curing. Ideally resin replacements should be made 24 hours apart, and for safety
reasons resin replacements should be undertaken during normal working hours.

Samples are cured in stages, initially at a temperature of 30 °C for 72 hrs. Thereafter,
samples are cured at 45 °C and 60 °C for 24 hours each. The resin should be left to cool
after each heating stage, and it is important to allow the oven temperature to stabilize for a
couple of hours before you put the samples in. It is important not to overheat the resin as
it will bubble and destroy the fabric of the sediment. If the resin is slightly soft after the
first stage of curing at 30 °C, this part of the process should be continued until the resin has
hardened, and no longer deforms under moderately applied pressure.

After curing, the casting is relatively inert and should be very hard. This can be mounted,
cut, ground and polished to give a polished thin section for optical microscopy or SEM
work. This polished thin section should be carbon-coated before examination in the SEM
using a back-scattered electron detector.
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Introduction

In recent time, the interest in proxy archives with annual time-resolution has increased
because of their potential as records for studying environmental change on a precise and
high-resolution time-scale (e.g.,Gasse et al., 1997; Maslin & Berger, 1997; Alverson, 1999).
The identification and analysis of rapid climatic changes is one example of a study, which
requires not only a high-resolution archive but also a method suitable for such an inves-
tigation. Palaeolimnological studies are, however, often based on the visual inspection
of microscope views, photos, or sediment core surfaces, and verbal descriptions of the
character of the sediment, making it difficult to obtain precise and objective measurements.
Image analysis is a powerful tool for quantitative analyses of sedimentary structures. The
appearance of the sediment is digitized without disturbing the sediment sample, and with
the obtained images it is possible to enhance or smooth desired structures with a number of
applications (Cooper, 1997). Description of colour changes and varve structures, together
with varve thickness measurements and grain size analyses, are examples of parameters
that benefit from an objective and fast high-resolution technique such as image analysis.

Image analysis has been defined as the technique of obtaining quantitative information
by measuring objects within an image (e.g., Mainwaring & Petruk, 1989; Russ, 1994;
Fortey, 1995). The human brain is excellent at detecting and recognising patterns and
spatial relationships, but very poor at estimating quantitative information from images (e.g.,
Russ, 1994; Krinsley et al., 1998). Image analysis has become very useful for industrial
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purposes and in research because of its ability to process digital images and objectively,
without disturbing the sample, analyse parameters such as size, distance, colour, number of
particles, etc. (e.g., Rosenfeld & Kak, 1982; Pratt, 1991; Gonzales & Woods, 1992; Russ,
1994; Jähne, 1997).

The very rapid development of computers, hardware and image analysis programs
during the last few years has opened up the opportunity of using image analysis as a
standard method in palaeolimnolgy. Until the late 1990s, image analysis had seldom been
used in palaeolimnology, although the technique had been successfully applied in related
research areas such as tree-ring analysis, geology, petrology, marine sedimentology and
soil morphology. Image analysis has three main advantages compared to conventional
descriptive sedimentology. (i) The technique is objective, i.e., every colour shade is given
a precise grey-scale or colour value compared to the subjective human description of a
greyish sediment colour. (ii) Image analysis is a fast method, especially compared to the
sub-sampling and subsequent analysis of biological parameters. (iii) Image analysis allows
high-resolution analysis for example of seasonal layers in varved lake sediments. With the
use of image analysis, either as a complement to other chemical, biological and physical
parameters, or as a substitute for some of them, new and important information about past
environmental changes can be gained.

An image can be obtained from different sources, but in a palaeolimnological context
images are often acquired from fresh sediments or thin sections using different cameras
and digitizing techniques. Working with image analysis involves three major steps: data
acquisition, image processing and image analysis, i.e., the actual measurement of the object
of interest (Fig. 1). In this chapter we will outline a basic approach for image analysis in
palaeolimnology, describe some of the problems, give some examples of research results
and discuss future prospects for the technique.

Image analysis in paleolimnology

The main application for image analysis in palaeolimnolgy has hitherto been varve count-
ing and varve thickness measurements. Thetford et al. (1991) and Ripepe et al. (1991)
showed how image analysis could be used to count and measure the thickness of tree-
rings and varved oil shales, respectively. Since then, image analysis has also been applied
to laminations and varves from lake sediments (Petterson et al., 1993; 1999; Dean et al.,
1994; Zolitschka, 1996), postglacial clays (Anderson, 1996; Godsey et al., 1999; Lindeberg
& Ringberg, 1999) and marine sediments (Schaaf & Thurow, 1994, 1997). The time-
consuming work using manual equipment such as a tree-ring-measuring microscope can be
replaced with image analysis. Varves or laminations are identified via alternating changes in
colour or grey-scale depending on changes in density, grain-size or sediment composition.
With methods developed for semi-automatic varve thickness measurements, artificial trends
caused by heterogeneous illumination and noise from disturbances within the sediment can
be handled (Ripepe et al., 1991; Bond et al., 1992; Schaaf & Thurow, 1994; 1997).

Image analysis can also be used to record changes in sediment composition. Rela-
tionships have been established between absolute grey-scale values or relative changes in
grey-scale versus light-coloured sediment components such as mineral grains and calcium
carbonate. Petterson et al. (1999) developed a model to infer the annual minerogenic matter
accumulation rate by calibrating corrected grey-scale values (mean grey-scale per varve ×
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varve thickness) against sediment component accumulation rates. Bond et al. (1992) used
relative changes in grey-scale to study the concentration of calcium carbonate in marine
sediments during different isotopic stages, and Anderson (1996) demonstrated a relationship
between grey-scale density and percentage calcium carbonate in glacial laminations from
Lake Estancia (New Mexico). Hughen et al. (1996) used grey-scale as a proxy for changes
in biogenic productivity.

Data obtained by image analysis has often been used in climatic contexts such as the
detection of cycles (Ripepe et al., 1991; Schaaf &Thurow, 1994, 1997) or identification of
major climatic changes (Bond et al., 1992; Hughen et al., 1996).

Another application for image analysis is to count and analyse the shape and size of par-
ticles. This technique has successfully been applied in petrology (Petruk, 1989), structural
geology (Bons & Jessell, 1996) and soil morphology (Tovey et al., 1992; Tovey & Hounslow,
1995). For palaeolimnological purposes, image analysis can be used to identify diatoms
(Stoermer, 1996), and to count and characterise charcoal particles (Clark & Hussey, 1996;
Goni, 1996; Earle et al., 1996) and mineral grains (Spooner, 1998; Bonardi & Tosi, 1995).



26 TIMO SAARINEN & GUNILLA PETTERSON

Image analysis has also been used to process back-scattered electron images to analyse the
grain-size distribution of clastic minerals (Francus, 1998) and for sedimentological analyses
(Krinsley et al., 1998). Finally, digital imaging is an excellent method for the documentation
of sediment cores (e.g., Dartnell & Gardner, 1993). Cores are often sub-sampled and thus
destroyed immediately after recovery, or left uncovered during, for example, varve counting
which causes some drying and subsequent change of the appearance. Images of the cores
can be preserved permanently and parameters analysed and reanalysed long after the cores
have disappeared. Digital images do not loose their colour information during storage as
conventional photographs do. The images are invaluable for core matching if new cores
must be taken, which is not unusual in palaeolimnology.

Material and methods

It is important to remember that the final outcome of a study involving digital images
depends on the quality of the sediment material used. It is easier and more reliable to
generate quantitative information from high quality original images rather than strongly
processed ones. Processing may modify image information, which can affect the grey-
scale and particle characteristics, producing results not in accordance with the original
sediment material.

Image acquisition and storing

A digital image is a two-dimensional array (x, y) of pixels where every pixel has a value
related to the characteristics of the image, for example light reflection from a sediment
sample (colour or grey-scale variation), density (x-ray radiography) or mean atomic number
(back-scattered electron image). The resolution of the images varies with the equipment;
if the sediment is digitized in a 8-bit grey-scale, each pixel represent a value ranging from
0 (black) to 255 (white). Digital images can be obtained from a number of macroscopic
as well as microscopic sediment sources. Images can be acquired directly with a digital
camera, which digitizes the sediment surface, or indirectly by a scanner, which digitizes a
photograph of a sediment surface (Table I). The aim of the study and the sediment material
determines the optimal technique to be used.

Digital cameras

Digital cameras produce high quality images from fresh sediment surfaces (Fig. 2a). Time
is saved compared to the use of conventional photographs since the work with development
and scanning can be omitted. It is, however, very important to prepare the sediment correctly
in order to obtain images with a high quality. Video cameras with a frame grabber system
have often been used to acquire digital images, but there is a trend towards replacing video
cameras with multipurpose digital cameras.

Procedure for digitizing a fresh sediment surface with a digital camera

1. Prepare a flat core surface. For example, curved surfaces of cores sampled with a
Livingstone or Russian corer must first be levelled off (Petterson et al., 1993, 1999).
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2.

3.

4.

5.

Proceed immediately with step 3, 4 and 5 if images of the fresh sediment surface are
desired. In varved sediments, the colour of the fresh sediment is sometimes determined
by iron species and the sediment must be oxidised for a couple of days before digitizing
(Renberg, 1981a; Petterson et al., 1993, 1999).

Clean and moisten the sediment surface and cover it with stripes of transparent plastic
film (Renberg, 1981b; Petterson et al., 1993, 1999). Water enhances the visibility of
sediment structures and plastic film prevents drying and water reflections.

Day light lamps, flashes or fluorescent tubes can be used to illuminate the sediment.
The lamps are placed on each side of the core, often with a direction of 45 ° towards the
sediment surface. There are two problems with digitizing cores, uneven illumination
and ageing of the lamps. If the room is dark apart from the sediment lighting, it is easier
to control the light-conditions. Mathematical routines, e.g., polynomial regressions,
can be used to correct for increasing grey-scale values towards the centre of the image
(Bond et al, 1992;Schaaf & Thurow, 1994, 1997; Godsey et al., 1999). If a Kodak grey-
scale is ditized as a standard in every image (Petterson et al., 1993, 1999) or regularly
(Lindeberg & Ringberg, 1999), changes in light intensity due to ageing lamps can be
compensated for.

Digitize, review the image and adjust the settings of the camera and the lighting. The
work is facilitated if the quality of the images can be seen immediately, either by
using a digital camera with a built-in LCD (liquid crystal display) screen or by adding
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a video-screen to the camera. Random noise caused by the equipment can be eliminated
if several identical images are acquired automatically and averaged into one image.

Scanners

With a scanner it is easy to obtain high-quality digital images from conventional pho-
tographs, thin-sections, X-ray films etc. (Table I). Film manufactures and developers may
also produce high-resolution slides and photographs in digital form on request. Manufac-
turers of scanners sometimes advertise high-interpolated resolution, but this does not really
improve the resolution of an image. A table scanner equipped with a transparent adapter
or a special tray for transparent films can be used to scan large negatives and X-ray films.
Slide scanners, which often have a higher resolution than table scanners, can be used for
thin sections. Polarizing images can be acquired with a slide scanner if thin polarize sheets
are added on both sides of the thin section during scanning (de Keyser, 1999). Zolitschka
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(1996) discusses possibilities and problems with scanning of thin-sections of laminated
sediments, e.g., uneven sample thickness.

Highly polished epoxy slabs and fresh sediment samples (Fig. 2b) can also be digitized
with a scanner, but do not forget to add a plastic sheet on the glass plate before placing
the sediment in the scanner. The advantage of scanning epoxy slabs compared to a digital
camera equipped with a flash is that it is easier to control the lighting. However, fresh
sediment samples and polished epoxy slabs are often very dark, and scanning fails because
of the scanner’s incapability to separate the darker tones. When dark originals are used,
the result is sometimes improved if a 10- or 12-bit grey-scale is used during scanning. The
brightness and contrast have to be adjusted before the image is transformed into a 8-bit
grey-scale for further analysis. Reflections caused by imperfect polishing of epoxy slabs
can be reduced by adding a thin film of water between the glass plate of the scanner and
the epoxy slab.

With digital scanning it is possible to acquire high-resolution images from both thin
sections and epoxy slabs, which bridges the gap between conventional photography and
photomicroscopy, and opens up new possibilities in varve analysis. As an example of work
completed at the Geological Survey of Finland in 1999, an AGFA Duoscan II was used
to scan 12 cm long thin sections, polished epoxy slabs and 21 × 26 cm long X-ray films
(Fig. 2c) using 1000-dpi resolution. The thin sections and X-rays were scanned using a
transparent tray and the epoxy slabs were scanned directly on the glass plate (Tiljander
et al.; unpublished). Several thin sections or epoxy slabs can be scanned simultaneously.

Procedure for digitizing a photograph with a scanner

1.

2.

3.

4.

5.

Acquire a high quality photograph. Avoid dark photos, since the resolution of a scanner
is often better for lighter tones than for darker tones.

Remove dust from the photograph and the glass plate of the scanner with an air duster.

Avoid fingerprints when placing the photograph on the glass plane.

Preview the image and adjust the contrast and brightness. By optimizing the image in
this step, the need for additional touch-up and enhancement during image processing
can be reduced or eliminated.

Perform the final scan. The resolution, grey-scale or colour-scale depends on the aim
of the study and the properties of the hardware/software.

Storing of images

Digital images are often saved as disk files when working with computer-based image
analysis systems. It is important to save both the original and processed images. There are
several convenient media for storing of images, e.g., tape drivers, CD- or DVD-ROMs.
Digital cameras, scanning programs and photo processing programs usually provides sev-
eral image formats suitable for data storage. Avoid file formats that use compression, e.g.,
JPEG. During compression, pixels can be lost, which decreases the quality of the images. If
the images are going to be moved between different computer platforms, it is advantageous



30 TIMO SAARINEN & GUNILLA PETTERSON

to use a common image formats like TIFF (tagged image file format). Certain formats may
be unique to a particular type of computer.

Image processing

The main purpose of image processing is to enhance the quality of the images prior to further
analysis. The graphical presentation of an image usually also benefits from enhancement
(Fig. 3). The most common type of enhancement is to adjust the contrast and brightness
of an image. A more thorough correction using filters is needed if erroneous pixels from
reflections, dust particles or scratches on a photograph are present in the image.
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Contrast and brightness

The contrast and brightness of an image can be modified using histogram operations such
as equalize and stretch. Sometimes an image does not include the total grey-scale range and
consequently results in low contrast. The visual impact of the image can be improved by
expanding the grey-scale using histogram functions (Fig. 3). With equalize, the grey-level
values within the image are redistributed in order to place an equal number of pixels at
each grey-level (Marion, 1991; Cooper, 1997). If the histogram does not cover the entire
spectrum, i.e., the image does not include the almost black and/or white values, the stretch
operation adjusts the grey-scale range to cover the entire spectrum.

Filters

There are a number of filters available with which it is possible to, for example, reduce
noise (e.g., median filter), enhance the contrast of edges (e.g., Laplacian filter), and outline
or skeletonize objects within an image (e.g., Russ, 1994). During smoothing with a mean
or median filter, a ‘neighbouring operation’ is performed, i.e., the new grey-scale value of
an individual pixel depends on the values of the surrounding pixels. A mean filter calculates
the mean value of a selected number of pixels and a median filter ranks a chosen number
of pixels and calculates a median value. Medium filters are often better in reducing noise
since mean filters smooth sharp lines and edges (Cooper, 1997). Modification of contrast
or brightness are ‘pixel operations’, i.e., the new grey-scale value of a specific pixel is
independent of the surrounding grey-scale values. If the x- and y-axis of an image consist
of an equal number of pixels (e.g., 256 × 256 or 512 × 512 pixels), it is possible to enhance
an image using Fourier transformation. Processing images in the frequency domain is useful
for removing certain types of noise, enhance periodic structures, and measure images to
determine periodicity or preferred orientation (Russ, 1994). When filters are used, care is
needed to select the most suitable filter for each specific operation. In Figure 4, the effect
of using median, outline and shadow filters on a BSE-image is demonstrated.

Segmentation

The purpose of segmentation and thresholding is to divide the image into regions that
hopefully correspond to structural units in the sediment, and to distinguish objects of interest
for further measurements (Russ, 1994). Density slicing can be used to highlight pixels within
a chosen grey-scale range. This method is useful for selecting specified minerals within
BSE-images and to identify, for example, dark-coloured winter layers in a varved sediment.
Thresholding produces a binary image since pixels with a grey-scale value greater than the
threshold turns black and those below the threshold turns white.

Binary images

In a binary image the background is white and the foreground or objects of interest is black
(or vice versa). Binary images generally contain small artefacts. Rank filters (e.g., median
filters) may be used to clean the image, but they also slightly modify the contour of the
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objects. Erosion and dilation are morphological operations that correct specific erroneous
pixels. Erosion removes pixels and dilation add pixels, either by filling small holes within
the object or by adding a layer of pixels around the border of the object. Dilation slightly
increases the size of the object. The two operations are often combined into an opening,
where erosion is performed prior to dilation, or a closing where dilation precedes erosion.
Dilation and erosion can also be used to separate adjoining objects. It is important that
individual objects are clearly separated to avoid incorrect results when parameters such as
area and perimeter are measured.

Image analysis

Once the images have been processed, several measurements can be performed. However,
care must be taken not to perform measurements on highly processed images if the results
are going to be related to, for example, the actual appearance of the sediment surface.

Calibration

The unit in image analysis is the pixel. The actual size of one pixel has to be calculated in
order to transform the results into metric scale. Spatial calibration of images is included in
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all image analysis software packages. If the scanning resolution is stored in the header of
the image files, some programs automatically use this information. Within an image, the
actual length of a distance or the actual size of an object can be used for calibration. Pixel
size can also be calculated by placing a scale at the sediment surface prior to digitization
or by measuring the size of the digitized sediment surface. Optical and X-ray densities
can be calibrated by using a standard sample with known density. Bresson & Moran
(1998) calibrated X-ray radiography images to obtain high-resolution bulk density data
from impregnated soil slices.

Objects and grain-size

Binary images are commonly used for measurements of objects, although some analyses,
such as spatial measurements (distance, length and angle) of particles, can be done from non-
treated images. The most common operation is to count objects, but other measurements
can be routinely made, such as: area, perimeter, roundness, elongation, centre point, and
orientation and length of major and minor axes. All objects have to be separated from each
other before they are counted, either by morphological operations or manually by drawing
lines between them using the background colour. Results from measurements can be saved
as computer files and imported to spreadsheet programs for further analyses.

The grain size distribution in a varved or laminated sediment sequence is often related
to the inflow of clastic material to the lake. For example, during spring the high water
discharges cause erosion in the catchment, which transports both more mineral matter
and coarser grain sizes to the deep basin of the lake. BSE-images of polished thin sections
(Fig. 5) can be used to determine grain-size variations (Francus, 1998). In varved sediments,
BSE images can be used to study palaeodischarge conditions, which in a boreal environment
presumably reflects winter/spring conditions in the lake catchement. During image process-
ing, it is recommended to remove noise by excluding objects less than, for example, five
pixels. The mineral content of varves can also be estimated from BSE-images by counting
the number of black and white pixels along every line in the binary image (Fig. 6).

Grey-scale, varve thickness and varve counting

In varved or laminated sediments, it is common to define individual varves, measure varve
thickness or analyse seasonal variability by using line plots, which is a useful tool in many
image analysis programs. A line is drawn perpendicular to the varves or laminations and
the grey-scale values are presented in a line plot (Fig. 7). Depending on the software,
varves can be defined either by manual selection in the plot or by semi-automatic or
automatic selection (Ripepe et al., 1991; Thetford et al., 1991; Schaaf & Thurow, 1997).
The beginning of a varve is often defined as a turning point in the grey-scale record,
which means that automatic selection seldom can solve problems with disturbances or
define varves containing complicated structures, e.g., several alternating light and dark
laminae. With the use of X-ray-images or strongly processed images, the contrast between
different layers can be enhanced and the counting facilitated. Semi-automatic programs,
e.g., programs developed for tree-ring analysis, produce reliable results since the automatic
processing is followed by a manual final correction. If the varve boundaries are sharp, the
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program can count with an exactness of about 95% compared to the human eye. Figure 8
demonstrates automatic varve counting before and after correction by an operator. Image
analysis can also be used to measure density changes in X-ray films, for example annual
relative density, annual sum density (all pixel together), maximum and minimum densities.
Figure 9 compares density data and varve thickness data obtained from an epoxy slab from
the varved Lake Korttajärvi in Finland.

The methods for producing line plots differ from using a one pixel wide line perpendic-
ular to the varves (Schaaf & Thurow, 1994, 1997) to averaging several lines (Ripepe et al.,
1991; Dean et al., 1994; Petterson et al., 1993, 1999; Godsey et al., 1999). The quality
of a grey-scale record is enhanced by (i) manually selecting the lines from which the
record is obtained, i.e., local disturbances within the varves can be avoided, and (ii) using
several lines and calculating a mean grey-scale record, which is more representative since
a wider area of the sediment surface is used. The grey-scale variability within the whole
image can be presented in a surface plot, where every grey-scale value is shown (Fig. 7).
This presentation is useful to emphasis gradient changes and to visualise the structure of
the image.

Future perspectives

Today, image analysis has made it possible to speed up time-consuming analyses and to
perform manual work automatically, but the technique has also laid the base for expanding
analyses to new parameters. By using a colour system instead of a black and white system,
additional information about sediment composition and appearance can be gained, espe-
cially if the cores contain colour banding from bacteria or minerals. This chapter has only
discussed digitizing during normal light-conditions, but with the use of other wave-lengths,
new and exciting information about sediment composition might be obtained. One example
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is the near-infrared spectrum, which might give information about the organic content or
characterise the organic matter present in a thin section or a fresh sediment sample. NIR has
already been used in palaeolimnology but for other purposes (Korsman et al., this volume).

Provided that a statistical relationship between grey-scale and sediment composition
can be established, image analysis can be used to infer fluxes of sediment components in
records containing thousands of years. If a varved sediment is used, annual or perhaps even
seasonal resolution can be obtained. Petterson et al. (unpublished) have inferred the annual
accumulation rate of minerogenic matter for 6400 years in Kassjön (Sweden).

Because of the constant progress in the development of computers, hardware and soft-
ware, image analyses is a rapidly developing technique where the only limit to future use
in palaeolimnolgy is the researcher’s imagination!

Conclusion

Image analysis is definitively a tool that will provide palaeolimnologists with new and
exciting information about past environmental changes. The method is fast, objective and
non-destructive, and performs high-resolution measurements on a regular basis. Image
analysis is very suitable for documentation of cores, varve counting, varve thickness
measurements, analyses of sediment composition, and studies of grain size variability
and mineral content. On the Internet, there are several freeware image analysis program
with versatile properties, which are quite easy to learn. Due to the rapid development of
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computers, images will continue to be shared via the Internet or FTP (file transfer protocol),
and problems concerning interpretation of results wil l be more effectively discussed.

Summary

Image analysis is a high-resolution technique that provides new possibilities for the study
of sedimentary structures. The often subjective visual study of for example sediment core
surfaces can today be replaced by the objective analysis of digital images which is both
fast and non-destructive. The images, acquired by a digital camera or a scanner, can be
transformed by a number of applications to enhance or smooth desired structures. Image
analysis has proved to be useful for the rapid documentation of cores, varve counting and
varve thickness measurements together with quantitative and qualitative analyses of grain
size and sediment composition. The applications of image analysis in palaeolimnology wi l l
continue to increase and develop in the future, especially due to the ongoing development
of computers, hardware and software.
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Introduction and importance of texture

Texture is the general physical appearance or character of a sediment or rock. It is used
to describe the geometric aspects and mutual relationships among the component particles
or crystals and, as emphasized by Lewis (1984), is one of the three basic descriptors of a
sedimentary deposit, the others being structure and composition. Within the sedimentary
realm of Earth science, the term “texture” usually includes the fundamental attributes of:
(i) size, ( i i ) shape, and ( i i i ) arrangement or fabric as listed in Table I. Pettijohn (1975) defines
texture as essentially the microgeometry of sediment, a definition which emphasizes the
characteristics of individual grains and grain-to-grain relations, versus larger scale features
of the deposit, such as sedimentary structures, bedding character or stratigraphic sequence.
It is also important to differentiate these primary textural attributes of sediment (e.g., size,
shape, fabric) from derived properties. For example, porosity, permeability, bulk density,
and color are all very important properties of sediments that are largely derived from, or
strongly dependant on, the primary textural properties.

Much of the importance of texture, as with composition and structure, lies in its inherent
role as a means of description and communication. Just as we might describe a lacustrine
deposit as black, organic-rich sediment or finely laminated, siliciclastic-dominated sed-
iment, we also routinely use the textural aspects of the material for classification and
communication: fine sand, well-sorted silt, poorly-sorted mud, matrix-supported gravel
all convey an explicit and quantitative meaning. Secondly, in addition to fundamental
description, classification, and communication, careful study of the various textural pa-
rameters can lead to important clues about: (i) source (provenance), (ii) the mechanisms
responsible for the transport of the material, ( i i i ) past physical and chemical environmental
and limnological conditions at the depositional site within the basin, and (iv) paleoclimatic
and paleohydrological conditions within the surrounding watershed. Thirdly, knowledge of
the texture of a lacustrine deposit is important because of its influence on other key properties
of the sediment. For example, much engineering construction design is dependant upon
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textural data because factors such as slope stability, compaction, and strength are all, in
part, a function of texture. Similarly, the mechanisms and rate of transfer of solutes between
the pore waters, the sediment, and any overlying lake water are controlled by textural
properties. Finally, from a practical perspective, the texture of a sedimentary deposit is an
essential component in the analytical schemes of many other parameters of the sediment. For
example, if we wanted to know about the clay mineralogy of a lake deposit, it is necessary
to fractionate the sediment according to size and undertake mineralogical analyses of only
the clay sized component. Similarly, many inorganic geochemical analytical techniques
call for examination of only certain size fractions of the deposit.
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As fundamental as these textural parameters are, unfortunately, we are faced with an
often bewildering array of techniques and equipment used to evaluate aspects of texture,
and an equally diverse and sometimes confusing system of nomenclatures. Although over
twenty years have passed since Potter et al. (1980) contended that our understanding of how

to measure and interpret texture lags far behind that of composition, it is still valid to say
that sediment textural analysis, particularly of fine-grained material, is at the petrographic
frontier of sedimentary studies.

The objectives of this chapter are to provide an overview of the basic concepts involved in
texture, summarize the main techniques and methods of textural analysis, and demonstrate
how an understanding of textural parameters can assist in paleoenvironmental research by
briefly outlining a study from a lake in western Canada in which detailed particle size and
shape data help decipher the recent history of the basin. Much of the emphasis of this chapter
is on the textural component of size and specifically size characterization of relatively fine-
grained sediment. This emphasis is for two reasons. First, most paleolimnological research
(but certainly not all) is done on sedimentary sequences from the offshore areas of the lake
basin. The materials comprising the lacustrine deposits in these offshore areas are usually
fine particles. Second, although geoscientists have long recognized the paleoenvironmental
importance of shape, particle surface morphology, and fabric, there have been surprisingly
few efforts made to apply these non-size components of textural analysis to lake sediments.

Size

The concept of size

Intuitively, size should be an easy concept to understand. If we were given a beaker full
of spherical glass beads, we would likely have no problem determining the size of the
beads: we would simply evaluate the size of each bead by measuring the distance from one
side of the bead to its opposite side (i.e., the diameter). For a spherical particle, the size is
uniquely defined by its diameter. Alternatively, if our container held small cubes, we could,
likewise, easily measure the length of one side of each cube and thereby describe the size
characteristics of the material. It would take little effort to apply this simple concept of size
to other regularly shaped particles, such as a container full of cones or cylinders. We would
quickly realize, however, in most cases it is necessary to measure more than one dimension
in order to evaluate the size (e.g., both diameter and height for the cones). To illustrate this
point, attempt to assign a size to each of the following items: a golf ball, a needle, and
a 35mm film cartridge. Each has at least one linear measurement approximately equal:
the golf ball is ~40mm in diameter; both the needle and the film cartridge have a long
dimension of ~40 mm. However, few would argue that these three simple, regularly shaped
items are all the same size.

To further complicate size measurement, most naturally occurring particles are irregular
in shape and many are non-equant. Hence, the problem with conceptualizing the size of
particles comprising a sediment is threefold: ( i) because the particles are irregularly shaped,
it becomes difficult to assign one or even a few simple measurements as the ‘size’ parameter;
( i i) the farther the particle is from an equant shape (i.e., sphere or cube), the greater the
discrepancy between the various measures of size; and ( i i i ) particles having the same “size”
can have vastly different shapes.
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This dilemma of attempting to evaluate the size of irregularly shaped solids has attracted
the interest of geoscientists for many years. Krumbein & Pettijohn (1938) provide an
eloquent and detailed summary of the various measures of size and the properties of
sediments that can be used to evaluate size. More recently, excellent overviews appear
in many of the papers in Knapp et al. (1996) and Syvitski (1991). In fact, for naturally-
occurring material we have the rather unusual situation that the size parameter of texture is
determined entirely by the method, technique, or equipment used to do the measuring. For
example, it is common practice to evaluate the size characteristics of a sandy sediment by
passing the sand through a series of nested sieves. The ‘sieve diameter’, then, is defined as
the length of the side of the minimum square aperture through which the particle will pass.
In our example above with a golf ball, needle, and film cartridge, a sieve with aperture size
of 38 mm will not allow the golf ball to pass through but, with enough bouncing, both the
film cartridge and the needle will eventually pass through.

Table II summarizes some of the many definitions of size. Although by no means
consistent, many of these attempts to identify and quantify the parameter of size do so by
trying to relate the irregularly shaped particle to the diameter of a sphere that is in some
way equivalent to the particle being measured. This diameter is referred to as the equivalent
diameter. For example, for a large particle we could conceivably measure its weight and
density and thereby find the particle’s volume. The volume diameter, then, would be the
diameter of a sphere having the same volume as the irregularly shaped particle. Similarly,
we could evaluate the surface area of the irregular grain and characterize the size of this
particle by relating it to the diameter of a sphere having the same surface area (i.e., the
surface diameter in Table II).

Terminology

Sediment grade scale

Lacustrine sediments can contain a wide range of particle sizes, with diameters spanning
as much as seven orders of magnitude. This large range in sizes, from material measured
in terms of tens of centimeters to submicron particles, necessitates the use of a logarithmic
scale in describing and classifying the deposit. Udden (1898, 1914) first recognized this
over a century ago and devised a grade scale consisting of a series of size classes that
had a constant geometric relationship to one another based on the factor of 2 (or 0.5). The
original terminology suggested by Udden was modified by Wentworth (1922) to create the
now commonly-used Udden-Wentworth size classification shown in Table III.

Phi scale

In order to circumvent the problem of unwieldy numerical fractions having several digits
(e.g., the clay-silt boundary at 0.001953mm) and to simplify (at that time) the labori-
ous hand calculations of various statistical parameters for the particle size distributions,
Krumbein (1934) subsequently proposed that the size of particles should be measured in
dimensionless units of (phi). Phi is defined as:

where is the diameter measured in millimeters. Note that this logarithmic scale is
based on 2 (rather than the more conventional 10 or e) and that coarser sediments are more
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negative and finer sediments are more positive (see Table III). Although equation (1) is
the usual statement of the phi-mm relationship, as pointed out by numerous authors (e.g.,
Håkanson & Jansson, 1983; Leeder, 1982), to be dimensionless, the correct equation is:

where is the grain diameter of 1 mm. Conversion between and metric units can be
done graphically (Fig. 1) or by equations (1), (2) or (3):

Clearly, with today’s widespread use of electronic hand calculators and computers, the
advantage gained in ease of calculation using the phi-based numbers is largely negated.
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However, despite this and the observation that phi notation is essentially meaningless to
other groups of scientists (Lindholm, 1987; Pierce & Graus, 1981), it still remains deeply
infused in sedimentological and geolimnological literature. Virtually all current university-
level sedimentology and stratigraphy textbooks describe and use phi notation. Over 60%
of the papers using or discussing particle size published in the past decade (1990–1999)
in Journal of Sedimentary Research, Sedimentology, Sedimentary Geology, and Journal of

Paleolimnology cite phi units.
Although the boundaries of the various size classes are generally well agreed upon (see,

for example, Table 3-3 in Blatt et al., 1980, or Fig. 16 in Müller, 1967), for researchers
dealing with relatively fine sediments, unfortunately the very important division between
silt and clay still remains ambiguous. Despite a call for standardization of this boundary
at Friedman et al., 1992; McCave & Syvitski, 1991; Jackson, 1985; Fried-
man & Johnson, 1982;Tanner, 1969), in most sedimentological literature the use of
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is more common (e.g., Boggs, 1995; Blatt, 1992; McManus, 1988; Leeder, 1982;
Brownell, 1978).

Naming the sediment

In addition to the specific textural class of individual particles, the range of particle sizes
common in naturally-occurring lake sediments necessitates use of an additional sediment
mixture classification system to actually name the material. Several such systems are in
common use (Fig. 2), and, as with sediment compositional classification systems, there is
little uniformity of practice or nomenclature.

Techniques and instruments

Because there are many ways to define particle size, it follows that there are many different
methods for analysis of size involving an equally diverse array of instruments and tech-
niques. Up-to-date summaries of these methods and instruments, and the theory behind the
size determination, can be found in Knapp et al. (1996), Washington (1992), Syvitski (1991)
and McManus (1988). The more traditional techniques (i.e., non-automated and generally
non-electronic) have been discussed in Krumbein & Pettijohn (1938), A.S.T.M. (1959),
Irani & Callis (1963), Müller (1967) and Jelínek (1971), and are also summarized in most
standard sedimentological textbooks and laboratory manuals (e.g., Lewis & McConchie,
1994a, b; Boggs, 1995; Lewis, 1984; Friedman & Johnson, 1982; Blatt et al., 1980).

In any discussion of particle size analysis techniques, it is important to re-emphasize
several points made by McCave & Syvitski (1991). During the past several decades, ad-
vances in particle size instrumentation have been so rapid that most electronic instruments
are outdated by the time they are purchased. Similarly, it must be realized that most of the
sizing instrumentation used by Earth scientists today was designed for different purposes
and different areas of investigation (e.g., pharmaceutical sciences, medical research, paint
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and pigment industries, food and beverage monitoring, etc.). Thus, there may be inherent
design factors and other constraints that can significantly limit the widespread application
of the particular technique or equipment in paleolimnological research. It is imperative the
researcher knows what is being measured (i.e., specifically what component of size is being
evaluated) and understands the limitations and constraints of the technique and equipment.
Particularly within the realm of automated and electronic sizing equipment, Washington’s
(1992) contention that the less we understand about the technique the more likely we are
to blindly accept the data is not far from the truth.

Finally, the researcher contemplating acquisition of size data or use of particle size
information in any paleolimnological effort must be cognizant of data quality. Many cri-
teria must be considered when examining scientific data quality, including technician and
operator factors, sample character, equipment conditions, detection level, etc. Most (if not
all) modern particle size equipment is probably best characterized as precisely inaccurate.
However, given the many definitions of size and the wide variety of parameters that are
evaluated as size, the concept of accuracy (i.e., how close our measured value is to the true
value) with respect to size analysis of natural materials is meaningless. Although a variety of
synthetic reference materials exist (e.g., glass beads, polymer latex spheres; see Xu, 1996)
from which standard mixtures of given particle sizes can be prepared, in a comparison
study of seven automated electronic size analyzers, Syvitski et al. (1991a) found that none
of the instruments tested provided truly accurate results (Fig. 3). This same study found
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that nearly all commercial size analytical devices were very precise (i.e., the instrument
provided consistent results).

Because of the great diversity of size analysis equipment that is available to pale-
olimnologists and the often significantly different sample preparation techniques that are
required for the various techniques discussed below, it is not practical to recommend any
specific analytical sequence. Clearly, the sample handling and preparation flow chart used
in a laboratory in which particle size analysis is done by equipment such as Galai CIS
would not be applicable to a researcher interested in acquiring size data by SediGraph,
laser diffraction or Coulter Counter. General-purpose analytical sequence guidelines that
can be modified to the individual researcher’s situation and equipment have been prepared
by numerous authors. Probably the best of these appear in Lewis & McConchie (1994a).
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It must be emphasized, however, that many of today’s automated electronic size analysis
instruments require very small quantities of sample for optimum performance. This places
considerable importance on the pretreatment, sample splitting, and preparation techniques
(see also discussions in Matthews, 199la; McManus, 1988).

Direct measurement of particle size

Measurement of particle size directly by visual observation is one of the oldest and most
straightforward techniques available. Today, with widespread use of desktop image analysis
equipment and other computer-assisted techniques, direct estimation of size still holds
considerable promise as a routine paleolimnological tool.

Direct visual estimation of size is routinely done in the field with relatively coarse
sediments (coarser than silt) using calipers for the gravels or a particle size comparator
(with the assistance of a hand lens or low power binocular microscope) for sands (see, for
example, sheets 16-1 and 16-2 in Dietrich et al., 1982, Fig. 4-1 in Blatt,1982, or Fig. 7 in
Müller,1967).

In the laboratory, unconsolidated grains can be mounted in epoxy using a simple hy-
draulic press, or thin sections of either unconsolidated or consolidated sediments can be
prepared (e.g., Kemp et al., this volume; Pike & Kemp, 1991; Murphy, 1986), and examined
using higher-power transmitted or reflected light microscopy in conjunction with standard
petrographic analysis (Nesse, 1991; Fleischer et al., 1984; McCrone et al, 1978). It is
beyond the scope of this chapter to discuss the details of this petrographic analysis, but the
topic is well covered in most introductory petrology textbooks (e.g., Boggs, 1992; Blatt,
1992; Williams et al., 1982; Müller, 1967). Delly (1996) provides an up-to-date summary
of the recommended equipment and procedures for size analysis in the microscope lab.

Because of the array of possible diameters that can be evaluated (Fig. 4), traditional
textural analysis by this type of direct measurement can be labor intensive. In addition,
the number of particles that must be counted in order to provide a statistically significant
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evaluation can significantly increase data collection time: As shown in Figure 5, a 95%
confidence level is achieved only after measuring approximately 400 grains in a well sorted
sample on a standard petrographic slide (see also Solomon, 1963; Solomon & Green,
1963: Friedman, 1958; Chayes, 1956). Kennedy & Mazzullo (1991) indicate that samples
with more complex size distributions may require on the order of 1000 grains. However,
microscopic image analysis systems, such as those described by Barber (1996), Kennedy
& Mazzullo (1991), and Tianrui (1991) are now in fairly widespread use in most sedi-
mentological laboratories. These computer assisted image analysis (IA) techniques have
the capability of extending direct measurement of particle size down to the micrometer
level. Russ (1991) summarizes this IA sizing and associated statistical techniques using
mainly non-geological examples. These techniques have already been used successfully to
characterize components of texture of selected particles (e.g., the size of charcoal, quartz,
salt minerals, porosity, etc.; Clark & Hussey, 1996; Stirling, 1989; Smith, 1989; Ehrlich
et al., 1980; Murphy et al., 1977). However, the inability to readily distinguish boundaries
between adjacent particles and poor resolution of the fine components in low magnification
images are problems that have constrained the widespread application of these IAS sizing
techniques in lake sediment research. Nonetheless, perhaps the success demonstrated by
Francus (1998) in his study of grain size variation of clay-silt laminae from Lake Baikal
will provide the impetus needed for continued refinement of ‘whole sediment’ particle size
by image analysis techniques.

Single particle counters

One of the earliest electronic particle sizing devices available was developed in the late-
1940’s and was originally designed to count blood cells (Coulter, 1956). The Coulter
Counter rapidly gained immense popularity in many industry and research applications,
including the Earth sciences, and is still a very commonly used instrument in sedimento-
logical laboratories. The “Coulter Principle” is sufficiently well established to be included
in many A.S.T.M. (American Society for Testing Materials) reference method standards.
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The basic principle of size measurement employed by the Coulter Counter and similar
sizing equipment (e.g., Elzone) is remarkably simple: A tube containing a small pinhole
opening (aperture) between electrodes is immersed in a suspension of particles (Fig. 6).
The application of a negative pressure inside the tube will cause the suspended particles to
be sucked into the tube through the pinhole. As a single particle passes through the opening,
it partially closes the orifice which, in turn, reduces the amount of electrical current passing
between the electrodes (i.e., increases the electrical resistance). A small diameter particle
causes only a small change in resistance; a larger particle generates a proportionally larger
resistance fluctuation. Thus, the amplitude of the voltage pulse produced by the particle
is proportional to the size (i.e., projected area diameter) of the particle. The equipment
then simply counts and classifies the pulses according to size. Counting rates are about
2000–5000 particles per second, with a total of 100,000 to 250,000 counts being typical per
sample. The equipment reports equivalent spherical diameter. Current top-line models of
Coulter equipment (e.g., Multisizer 3) are autocalibrated (earlier models had to be calibrated
by running a latex sphere standard) and can subdivide the acquired size data into 256 classes
(channels) over the spectrum of sizes being evaluated. Because size sensing is, in part, a
function of the aperture size, multiple tubes with different aperture sizes can evaluate a
wide range of sizes from

The advantages of electrical resistance pulse measurement sizing equipment like the
Coulter Counter and Elzone Analyzer are their speed of analyses (typically 10 to 100
seconds per sample), the absence of problems associated with varying indices of refraction
caused by variable mineralogy, and the ability to analyze small quantities of sample (see also
discussions in Lines, 1996; Milligan & Krank, 1991; McCave & Jarvis, 1973). However,
the small sample size (typically milligrams of sample) also presents splitting problems and
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raises concerns about whether the sample being analyzed is actually representative of the
whole population. This aspect of subsample “representativeness” is a problem common
to most of the modern electronic size equipment. For the Coulter Counter, the amount of
dilution required by the equipment in order to avoid the phenomenon of “coincidence” (i.e.,
more than one particle passing through the sensing zone at once) is significant; particle
concentrations of less than 1000 ppm are recommended. Other disadvantages noted by
researchers are frequent clogging of the orifice, the necessity of having to use an aque-
ous electrolytic solution (typically about 1% salinity), and particle breakage associated
with the high shears experienced as the particle passes through the aperture (Lieberman,
1996; Washington, 1992; McCave & Syvitski, 1991). Because of their popularity for many
decades, the published literature on these electroresistance analyzes is large; guidelines for
optimum laboratory procedures can be found in Lines (1996), Milligan & Kranck (1991),
Shideler (1976), and McCave & Jarvis (1973).

Another newer-generation type of particle counting device, the Galai CIS particle size
analyzer, uses a “time-of-transition” phenomenon to directly measure particle size. A finely
focused He-Ne laser beam is rotated through a solution containing the particles
(Fig. 7). As the particles within the solution intersect the beam, the light is blocked from the
detector. This creates an electrical pulse. The size of each individual particle is calculated
by the duration (i.e., time-of-transition) of the pulse. The form of the detector signal is used
to reject out-of-focus or off-center interactions. Signals are collected and reported in 300
size intervals per measurement spectrum. The size of the focused beam controls the size
resolution and the range of sizes evaluated. By changing the focusing lenses, it is possible to
examine ranges from to to and to although
the top-of-line model (CIS-100) provides a range from to

The advantages of the Galai equipment are similar to those described above for the
electroresistance analyzers (e.g., small sample size, rapid analysis) plus the problems
associated with coincidence and orifice clogging are also avoided. Analyses can be run
until either a specified number of particles are counted (generally >200,000) or until a
desired level of confidence in the distribution is reached (95%, 98% or 99%). Because
the solution in which the particles are suspended does not have to be either aqueous nor
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electrolytic, the system offers a distinct advantage over Coulter-type of counters for the
study of highly soluble materials or freshwater sediments that may undergo flocculation
upon introduction to a saline solution. The Galai size analyzer is also integrated with
a powerful image viewing, acquisition, and analysis system which, together with the
sizer, provides an impressively comprehensive approach to textural analysis. The major
disadvantage is, like that of the electroresistance equipment, sample “representativeness”.
Also, the laser equipment is particularly susceptible to alignment problems and laboratory
bench (and building) vibrations, and requires moderate to high level of technician skill
and training. The Galai unit in the author’s laboratory uses a magnetic stirrer to keep
the particles suspended during analyses; this undoubtedly biases the data when samples
containing abundant magnetic grains are examined.

Sieving

After direct visual estimation, sieving is probably the earliest particle sizing technique
known. According to Agricola (1556), it was in common use during the century,
although high precision sieves were not available until the century. Today, woven
metal wire sieves of standard 200 mm diameter are available from (coarse silt) up to
125 mm (cobble) (Table IV). Finer sieves, down to openings, can be made by metal
foil etching technology, although these are generally too delicate for most sedimentological
work. Most sedimentology laboratories are equipped with sieves spanning the range of
particle size from sand/silt through pebble (32 mm), and sieving still remains the
most commonly used method of size analysis of unconsolidated materials coarser than silt.

In standard sieve analysis, a weighed1 subsample of dry sediment is put into the top
of a series of vertically stacked sieves. This column of nested sieves is then placed in
a mechanical or sonic shaker/vibrator device (e.g., Ro-Tap, Allen-Bradley, Haver-Tyler,
and Gilsonic are the most commonly used in North America) and after a suitable period
of shaking (generally 15–20 minutes; Fig. 8), the contents of each sieve are weighed.
As mentioned above, the sieve diameter is defined as the size of a sphere which passes
through the mesh of a particular sieve but not through the underlying sieve, and as we
saw in our example with sizing the golf ball, needle, and film cartridge, sieving generally
measures the minimum cross-sectional dimension. Numerous texts and laboratory manuals
provide details on the sieving procedure and templates for data collection and manipulation
(e.g., Lewis & McConchie, 1994a; Lindholm, 1987; Lewis, 1984; Friedman & Johnson,
1982; Müller, 1967). The classic manual on sieve (and pipette) size analysis, Petrology of

Sedimentary Rocks, by R. L. Folk (1980), is now available at no cost on the internet at:
http://www.lib.utexas.edu/Libs/GEO/FolkReady/folkprefRev.html.

Sedimentation/settling rate

It is axiomatic that a large particle settles through a water column faster than a small
particle. Following elucidation of the basic parameters and force relationships that govern
the velocity of an object falling through a liquid by Stokes in the mid- 1800’s (Stokes, 1851),

1 A large amount of sample may result in clogging of the screens, mass-trapping effects, or even screen
distortion and damage, whereas a small amount of sample may result in lowered statistical significance. Lewis
& McConchie (1994a) recommend “the greatest load on a sieve should not exceed 5 grain diameter thickness”.
Folk (1980) recommends 30–70 g; if there are many screens, a larger amount should be used; if there are only
4–6 screens in the stack, a smaller amount should be used.
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fine particle size analysis during much of the past century was dominated by the technique
of sedimentation.

A great range of instruments have been produced to evaluate size of particles controlled
by this differential settling rate, but they all exploit the basic concept of Stokes’ Law, namely
that the settling velocity of fine-grained material varies according to the square root of the
diameter of the grain. When a particle is put into a liquid, it will be exposed to the force
of gravity pulling it downward and to the viscous drag force in the opposite
direction. These are related according to:

and

where d is the particle diameter, v is the dynamic velocity, g is the acceleration due to
gravity, is the viscosity of the fluid, is the particle density, and  is the liquid density.
Since the gravitational force is fixed and constant and is initially zero, the particle begins
to accelerate downward, thereby resulting in increased drag from the fluid. Soon the net
forces control the movement and the particle will fall with a constant velocity (i.e., terminal
velocity), represented by:

or

Thus, the particles can be characterized according to diameter,

by placing them into the top of a particle-free column of liquid and measuring the quantity
of particles which have settled to a particular level in the column as a function of time.

There are a number of important limitations to the practical application of Stokes’ Law.
First, it applies only to spherical particles. Anything not spherical will be described in
terms of Stokes’ equivalent diameter (Table II), which can be significantly different than
the equivalent diameters evaluated by electroresistance analyzers for example. Second,
the application of Stokes’ Law assumes dilute suspensions. If the particle concentration is
not low (as is frequently the case), the falling particles interact with one another and the
settling velocity is lower than it should be. Similarly, Stokes’ Law assumes the particles are
settling under laminar flow conditions. Unfortunately, relatively large particles settle with
such velocity as to set up turbulence within the water column, again adversely affecting
the settling rate of the small particles. Finally, and most important from the perspective
of analyzing naturally occurring materials, Stokes’ Law assumes constant densities (or a
constant difference in densities between the liquid and the solid). Clearly, this is not the
case in a multimineralic sample consisting of, for example, feldspars
quartz calcite dolomite and micas
Furthermore, minor temperature changes within the liquid during the course of the settling
experiment change the viscosity of the liquid.
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It is beyond the scope of this chapter to summarize all of the many types of equipment
that evaluate size by the sedimentation technique. Some, such as settling tubes, are one-of-
a-kind type of instruments. Settling tube design is summarized by Syvitski et al. (1991b).
Most of the classical approaches are reviewed and described in Müller (1967), Irani &
Callis (1963), Milner (1962), and Krumbein & Pettijohn (1938). Few of these techniques
are in common use today. Folk (1980), as well as many other sedimentology textbooks (e.g.,
Lewis & McConchie, 1994a; Lindholm, 1987; Lewis, 1984; Friedman & Johnson, 1982)
describe the step-by-step procedure for the classical pipette method, which, for many years
was the mainstay for size analysis of sediment finer than In essence, the technique
involves taking multiple samples over time of a solution through which particles are settling.
By knowing the depth at which the sample was taken (i.e., the distance the particles have
settled) and the length of time the particles have been settling, it is possible to calculate the
diameter of the grains that have settled past the sampling point.

Other than the amount of laboratory space and technician time required for classical
pipette analysis, the major practical problem with the pipette method is that withdrawal of
multiple samples, even if done carefully, disturbs the sedimentation column. So a variety of
other techniques were designed to ‘remotely’ estimate the amount of material in suspension
at a given point. Intuitively, it would appear the most straight-forward technique, instead
of actually removing samples, is rather simply shine a light through the settling column
and evaluate the amount of light attenuation at a given point with time. The photosedimen-
tometer (e.g., Lumosed) uses multiple light beams at different levels within the column
to evaluate changes in the concentration of solid material (Fig. 9). A uniform suspension
of particles is placed in a settling column and, as the particles move to the bottom of the
column, their decreasing concentration is recorded at the different levels by the increasing
light transmission through the column.

However, gravitational settling of fine material is slow (a particle requires nearly
15 hours to settle 5cm in a water column). Thus, to further decrease the time required
to measure slowly settling particles, some instruments (e.g., Fritsch Scanning Photosedi-
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mentograph) use a gradually moving light and detector system so that the smaller particles
towards the top of the sedimentation column are measured after having settled through much
shorter distances. The moving photometer records optical density as it travels upwards along
a sedimentation column and the equipment uses the change in the concentration of settling
particles as a function the height to calculate particle diameter.

Alternatively, other devices (e.g., Brookhaven Bl-DCP Disk Centrifuge; Chemical Pro-
cess Specialists Disc Centrifuge) have been manufactured that use a similar detection
scheme but increase the rate of sedimentation by applying a centrifugal force. The time for
a particle to travel from the initial point at the surface or edge of the rotating disk to the
detector can be calculated according to:

where t is the time, is the fluid viscosity, and are the final and initial radii,
respectively, is the centrifuge angular velocity, and and are the densities of the
solid and liquid, respectively. By varying rotational speed and fluid viscosities, analyses
down to are claimed.

Photosedimentometers, whether gravitational or centrifugal, all have one distinct the-
oretical disadvantage: they are based on the assumption that the light cut off by a particle
is equal to its projected area. Unfortunately, the particles not only directly block the light
by simple absorption, but they also scatter the light by refraction. This ability to scatter the
light varies according to size and composition of the material. Thus, a detailed knowledge
of the mineralogy, or at least the index of refraction, of the solid material is essential so
that appropriate corrections can be made. This significantly limits the use of photosedi-
mentometers in analyzing the size of material a naturally occurring sample with variable
(and probably unknown) mineralogy. Other problems are that it is assumed the particles are
opaque (probably not the case for many fine-grained solids) and that the concentration of
the particles in suspension is low enough that no two particles fall on the same line parallel
to the light beam.

To circumvent the problems of using light, remarkable success has been achieved by
using X-rays (Hendrix & Orr, 1972). The extremely short wavelength of X-rays prevents
the waves from being diffracted by the particles. Thus, the attenuation of the beam is due
entirely to absorbance and is proportional to the amount of material in the beam such that
the relative transmittance of the X-rays (T) is:

where and are the X-ray absorption coefficients of the particles and liquid, respec-
tively, C is the particle mass concentration, and L is the length of the path. The most
widely known of these X-ray attenuation devices, the SediGraph manufactured by Mi-
cromeritics, is the equipment most commonly used to analyze fine-grained sediment over
the past decade and is the preferred method for finer-than-sand analyses in many major
sedimentological laboratories (see summary provided by Micromeritics at their internet
web site: http://www.micromeritics.com/ps_sedigraph.html).

The principle of operation of this equipment has been described in many other places
(e.g., Washington, 1992; Coakley & Syvitski, 1991; Singer et al., 1988; Jones et al., 1988;
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Stein, 1985). The dispersed sample is placed in a chamber through which a narrow beam
of X-ray radiation is passed (Fig. 10). As with the photosedimentometers described above,
as the particles settle through the chamber, the density of material in the beam falls and
the X-ray intensity at the detector increases. Initially the X-ray beam is passed through the
solution near the base of the chamber, but as the analysis continues the chamber moved
downward so that the very slowly settling fine-grained material near the top of the chamber
can be evaluated.

The popularity of X-ray attenuation equipment for routine size analysis of relatively
fine material lies in the combination of moderately rapid speed of analysis (~40 minutes
for an analysis of a sample from fine sand to clay), moderate sample size requirements
(1–5 g sample), and the lack of interference from variable indices of refraction. However,
several disadvantages are evident. First, the size of the sample (and the density of particles
in the sample chamber) required to obtain optimum results limits the analysis of individual
laminae or small subsamples such as might be obtained from sediment traps. Second,
the absorption of X-rays varies considerably depending on the elemental composition of
the material. Light elements (e.g., carbon, oxygen) absorb X-rays only weakly, whereas
relatively heavy elements (e.g., iron, titanium, magnesium) absorb much more strongly.
Thus, in a multimineralogic sample, it is possible particles such as illmenite, hornblende,
or chlorite could ‘blind’ the equipment from detecting particles composed of elements less
effective at blocking the X-rays, as shown by Coakley & Syvitski (1991) and Jones et al.
(1988) and, conversely, ignore particles such as charcoal and other organic materials. The
use of a magnetic stirrer presents the same problem as that described above for the Galai
device. Finally, the SediGraph equipment in the author’s laboratory has experienced an
unusually high frequency of pump failures. These mechanical problems have also been
noted by others (e.g., Coakley & Syvitski, 1991).

Laser diffraction

It was mentioned above that a significant problem with size analysis using the attenuation
of a light beam passing through a settling tube is that the small particles scattered the light
rather than blocked it. However, with the advent of laser technology coupled with high
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speed computer manipulation of data, in the past several decades is has become possible to
use the physics of this light scattering to actually deduce the size of the particles responsible
for the scattering.

As light impinges on a particle, a combination of absorption and refraction takes place.
The net result, the relative refractive index, is controlled by the composition of the material
and the medium. In addition, the size of the particle (relative to the wavelength of the
light) also affects its light scattering ability. If the particle is large, scattering occurs in
all directions; as the particle becomes progressively smaller, scattering becomes more and
more in the forward direction. A detailed quantification of these principles (i.e., Mie theory)
is covered in Bohren & Huffman (1983). Essentially, if a column of liquid containing
particles is illuminated by a laser beam, particles in the size range of about 0.7 to
scatter light in the forward direction at angles inversely proportional to their size but at
intensities directly proportional to size (Fig. 11) . The resulting patterns can be resolved
mathematically using a series of data fitting processes as summarized by Agrawal et al.
(1991).

Despite the ease of operation of most of the laser diffraction sizing equipment and
the manufacturers’ claims about analytical size range (e.g., to for the
Malvern’s Mastersizer 2000; 2 nanometers to for Brookhaven’s 90Plus Dynamic Light
Scattering Analyzer), diffraction equipment has not been used extensively in sedimento-
logical laboratories. Although this is one of the newest techniques in the particle size field
and the equipment is undoubtedly rapidly evolving, many authors within the past decade
have reported less than desirable resolutions at the fine end of the spectrum, inappropriate
data fitting algorithms for polymodal distributions, and systematic errors inherent in the
analysis of non-equant particles (e.g., Washington, 1992; McCave&Syvitski, 1991; Singer
et al., 1988; and McCave, 1986).
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Particle size distributions

Many of the automated electronic size analyzers summarized above also provide an im-
pressive array of graphing and statistical manipulation capabilities. Data presentation and
treatment of the size data from a statistical perspective are clearly very important parts of
textural analysis and the literature in this area is immense (see, for example, references
listed in Lewis, 1984). Traditionally, sedimentologists have used mainly graphical means
of describing and analyzing the particle size data. Simple histograms, size frequency
curves, and cumulative frequency curves are all straight-forward graphical displays of
the collected size data (Fig. 12). Histograms are usually plotted with arithmetic-log or

scales, with each bar coinciding with a single size class. The traditional use of
% (increasing upward on the vertical axis) versus size ( numbers increasing to the right
on the horizontal axis), following Krumbein & Pettijohn’s (1938) recommendation, is still
in common use, although there is now a tendency to plot the size data in reverse (i.e., the
absolute size of the particle class increasing to the right). A frequency curve can be drawn by
joining the midpoints of each size bar. The cumulative frequency curve, particularly when
drawn using scales, is useful for quickly assessing the distribution’s characteristics.
Much early work with mainly sandy sediments assumed normal (Gaussian) distributions.
In a normal distribution, the central part of the population contains the bulk of the particle
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sizes and the coarser and finer parts are equally distributed on each side of this central
part. When plotted as a frequency curve, the classic bell-shaped curve results; when plotted
as a cumulative curve using scales, the data approximate a straight line (i.e., the
distribution is referred to as lognormal).

From this basic assumption of lognormalcy, a large number of descriptive statistics
have been defined and are regularly used. Table V lists the formulae used to calculate these
descriptive statistics from the cumulative frequency curve. Mean (average) and median (size
at the middle of the population) are the most frequently used descriptors. Sorting, which
refers to uniformity of the size distribution, is usually expressed as the inclusive graphical
standard deviation. Material that is well sorted (i.e., contains only a small range of particle
sizes) has a low standard deviation, whereas high standard deviations indicate the sediment
has a wide range of sizes and is poorly sorted. Table VI lists the numerical subdivisions of
sorting. In a normal bell-shaped distribution (i.e., the mean is equal to the median), the two
halves of the distribution are mirror images. However, if the distribution is asymmetrical,
or skewed, the mean does not equal the median. If the deposit has excess fine particles, it
is referred to as positively skewed; negatively skewed deposits have an excess of coarse
material. The inclusive graphic skewness parameter is used to quantify this asymmetry.
Finally, the peakedness of the frequency curve can be evaluated by calculating the graphic
kurtosis. Kurtosis measures the ratio between the sorting in the tails of the distribution and
the sorting in the central portion of the distribution. If the central portion is better sorted
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than the tails, the distribution is excessively peaked or leptokurtic. Conversely, if the tails
are better sorted than the central portion, the distribution is ‘flat peaked’ (deficiently peaked)
or platykurtic.

With automated size analyzers and ready computer access, various analogous descriptive
parameters can be much more easily and accurately calculated by moment statistics. Most
sedimentology texts provide introductions to moment measures, but see the discussions in
Friedman et al. (1992) and Friedman & Johnson (1982) for particularly lucid descriptions
of the computation technique. Lindholm (1987), Lewis (1984), and Griffiths (1967) provide
several worked examples using sieve-derived size data. Swan et al. (1979) report the results
of an interesting comparison study of moment and graphic statistics.

In the method of moments, the measure of central tendency is the first moment (arith-
metic mean):

where D is the midpoint of each size group and W is the weight of each size group.
Alternatively, if frequency data are being used (see also Lindholm, 1987, Blatt et al, 1980,
and Swan et al., 1978, for discussion of the inherent limitations of using frequency versus
weight data), equation (11) becomes:
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where F is the frequency in weight percent. Once the first moment (average) is established,
higher order moments are usually calculated about this value according to:

The values analogous to the graphic statistics are:

Although these moment statistics are, today, very easily acquired, it must be emphasized
that their use implies a knowledge of the complete size distribution. For example, in sieving,
the grain size distribution is often open-ended (i.e., undifferentiated fines that have passed
through the finest sieve in the stack). Alternatively, in the analysis of many relatively fine-
grained sediments by any of the electronic size analyzers discussed above, there is an upper
limit above which the equipment cannot evaluate. In these situations, the moment statistics
can provide misleading, if not meaningless, results (McManus, 1988; Lewis, 1984). Finally,
both sets of descriptive statistics (i.e., graphical and method of moments) assume the particle
size distribution is normal or lognormal. In fact, it has been repeatedly shown that this
assumption is generally false. This has lead to the view that use of the more sophisticated
moment measures or other complex statistical handling of the data (e.g., factor analysis;
see papers in Syvitski, 1991) may be unwarranted (Lindholm, 1987; Krumbein, 1975).

What does it all mean?

The interpretive use (versus descriptive use) of particle size data is one of the more con-
troversial areas in the entire realm of sedimentology. Despite many decades of effort, there
has been little agreement about the application of size data in the area of paleoenviron-
mental research (e.g., see discussions in Pettijohn, 1975; Ehrlich, 1983; Lindholm, 1987;
McManus, 1988). For fine-grained sediments, for example, although precise data can be
collected from a stratigraphic sequence and statistically significant summary parameters can
be calculated, these numbers may be meaningless in terms of paleohydrological interpreta-
tions. This is because most fine particles are deposited as fragile but often larger aggregates
(e.g., inorganic floccules, organic fecal pellets) which respond differently to hydrological
conditions than if they were individual particles. Even with coarser sediments, the simple
intuitive relationship between particle size, energy level, and water depth can be ambiguous
as reviewed by Teller & Last (1990). Krumbein (1975) concludes that it is still questionable
whether the grain size distribution is indicative of any particular erosion/transport agent
and/or specific environmental setting. Nonetheless, particle size still remains one of the
primary indicators of energy level in lacustrine sequences (e.g., Sly, 1978, 1977).
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Form and fabric

Most naturally occurring particles are of irregular shape. This presents considerable problem
not only in simply defining what we mean by size as discussed above, but also, from
a more practical standpoint, in deciphering effect that irregular grain shape has on size
measurement. The difficulties of quantitatively assessing particle shape are not trivial (e.g.,
Matthews, 1991b; Orford & Whalley, 1991; Allen, 1981; Barrett, 1980) and a considerable
amount of geoscientific literature has accumulated dealing with this. As with many other
aspects of textural analysis, future advances in the area of particle shape and fabric will
be largely tied to developments in automated image analysis systems (e.g., Persson, 1998)
combined with advanced statistical approaches (e.g., Nelson & Full, 1998; Thomas et al.,
1995; Lilje, 1991). Boggs (1992) provides a very readable summary of the most promis-
ing of these tools, Fourier analysis. Orford & Whalley (1991,1987, 1983) summarize the
application of fractals and harmonics (together with Fourier analysis).

Sphericity and its measurement

The classification of particle shapes by symmetry, a system used by crystallographers, or
by pure geometrical standards (cubes, cylinders, spheres, cones, etc.), is neither convenient
nor applicable in most cases. The simplest concept of shape that can be applied to most
common non-clay mineral particles is sphericity (i.e., the degree to which the shape of the
particle approaches that of a sphere). The sphere is a convenient shape for reference because
it has certain unique properties. Of all possible shapes for a given volume, the sphere has
the least surface area, the greatest settling velocity, and the greatest tendency to roll. Ideally,
the sphericity of a particle is the ratio of the surface area of a sphere of the same volume to
the surface area of the particle. However, because of measurement difficulties, sphericity is
generally calculated as the ratio of the diameter of a sphere of the same volume as the particle
to the diameter of a circumscribing sphere (Fig. 13). Even this presents some measurement
difficulties unless the researcher is working with gravels or is undertaking image analysis.
The most practical method for estimating sphericity involves simple visual comparison
of the projected two-dimensional image of the particles to images of calculated sphericity.
Numerous charts have been prepared for this purpose (e.g., Zingg, 1935; Rittenhouse, 1943;
Blatt et al., 1980), and, for gravels, a variety of quantitative methods of classifying the shapes
(Fig. 14; Sneed&Folk, 1958; Krumbein, 1941).

Roundness and its measurement

Roundness or angularity has to do with the sharpness of the edges or corners of a particle.
It is independent of shape. Roundness has been expressed as the ratio of the average
radius of curvature of the corners to the radius of the maximum inscribed sphere (Fig. 13).
For practical purposes this definition is normally applied to the two-dimensional case,
commonly a section or projection of the particle. Without IAS, calculation of roundness is
tedious, and the most common method of measurement is by visual comparison of grains
or grain images with standards of calculated degrees of roundness as furnished by Powers
(1953) or Krumbein (1941) and reproduced in most modern sedimentology textbooks.



TEXTURAL ANALYSIS OF LAKE SEDIMENTS 67



68 WILLIAM M. LAST

Surface texture

Another attribute of particles is their surface texture. Surface textures are exceedingly
diverse but Pettijohn (1975) has grouped them into two categories. One class is concerned
with dullness or polish of the surface; the other has to do with surface markings, such as
striations, percussion scars, etc. The widespread use of the scanning electron microscope
by sedimentologists beginning in the 1970s provided the impetus for considerably more
detail and improved methodology for studying particle surface texture. For example, Bull
(1986) distinguished some 60 different types of surface features on quartz grains, many
of which hold potential for paleoenvironmental interpretation. Krinsley & Trusty (1986)
summarize the major applications of quartz surface texture analysis.

The application of particle form in geolimnological studies has, to date, lagged behind
that of other environments. Although this avenue of research has not been extensively
applied by paleolimnologists, the area hold considerable promise as a means of better
understanding climatic and hydrological conditions within a lake’s watershed, and the
chemical and diagenetic conditions at the depositional site. Studies of particle form will
also give paleolimnologists the ability to make better interpretations about the provenance
(source areas) of the materials in the lake and inferences of transport distances and genesis.

Fabric

The concept of fabric in sediments refers to the arrangement of particles in terms of their
(i) sorting (discussed above), (ii) packing, and ( i i i ) spatial relationship (orientation) of
individual non-equant grains. The literature on this topic is at least as voluminous as that
on size because of the obvious importance of fabric to derived properties like porosity,
permeability, and strength. An understanding of sedimentary fabric is also essential in
deciphering flux and in modeling diagenetic and transport processes within sediments as
discussed by Boudreau (1997), Berner (1980) and Lerman (1979). Despite this wealth of
literature, few would argue with Pettijohn’s (1975) assessment that the results of particle
fabric investigation have not been commensurate with the efforts made.

The spatial density of particles, or packing, is easily understood if we imagine that the
particles in our sediment are all uniform, perfectly sorted spheres. These spheres can be
arranged in a container in a loose (open) packing pattern or in a t ight (close) pattern. A cubic
arrangement of the particles is the most open, whereas a rhombohedral pattern produces
the tightest packing. Unfortunately, naturally occurring sediments are not spherical, nor
are the deposits perfectly sorted, so simple descriptions and classifications based on these
assumptions have little relevance. Sedimentary particle packing is a complex phenomenon
controlled by the interplay of many factors including: (i) the shapes and sorting of the parti-
cles, ( i i) the depositional processes, and ( i i i ) postdepositional modification by compaction,
organism activity, authigenic mineral formation, etc. Packing of sedimentary deposits plays
a significant role in how the material behaves from an engineering perspective. Some clay-
rich lacustrine (and marine) sediments can be troublesome for foundations because the
deposits can undergo a rapid change in packing, resulting in spontaneous liquefaction
(Graham & Shields, 1985; Rahn, 1996). Liquefaction, or the loss of shear strength, affects
the sediment’s ability to support the load of a structure or the stability on a slope. Several
attempts have been made to quantify the aspect of packing (see overviews in Boggs, 1992;
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Pettijohn et al., 1987; Pandalai & Basumallick, 1984; Griffiths, 1967), but these have not
yet been applied to lacustrine sequences or paleolimnological efforts.

Studies of the orientation of non-equant particles within a sediment have been directed
primarily toward the coarse fraction of the deposit with particular emphasis placed on
the usefulness of a preferred orientation (versus an isotropic or random orientation) in
paleocurrent analysis (Martini, 1978; Potter & Pettijohn, 1977; Bonham & Spotts, 1971;
Griffiths, 1967). In finer grained sediments, use of scanning electron microscopy and
xradiography techniques in conjunction with petrographic studies are essential (e.g., Potter
et al., 1980; Keller, 1976; 1970; O’Brien, 1970; Heling, 1970; Gilliot, 1969) and hold
consider promise in helping to identify exposure horizons and flocculation changes (i.e.,
water chemistry fluctuations) in lacustrine sequences.

Example of application of textural studies

As pointed out in the introductory comments, the textural investigation of lake sediments is
very common and is undertaken for a great many purposes. There is a wealth of published
work using sediment texture to describe lacustrine deposits, understand the mechanisms
of modern and past depositional and diagenetic processes, assess the environmental and
contaminant chemical dynamics of the lake, and decipher past changes in hydrology,
climate, source areas, and limnology of lacustrine basins and their watersheds. Much of
this vast literature is reviewed in a number of excellent synthesis papers and monographs
including Talbot & Allen (1996), Gierlowski-Kordesch & Kelts (1994), Anadón et al.
(1991), Håkanson & Jansson (1983), Sly (1978), Matter & Tucker (1978), Jopling (1975),
Picard & High (1972), and Reeves (1968). Among the many examples that can be cited, the
classic work on the Great Lakes of North America (e.g., Cahill, 1981; Sly, 1977; Thomas et
al.,1976, 1972) and the efforts of Håkanson (e.g., 1982, 1981,1977, 1974) and his associates
on the sedimentary regime of Swedish lakes deserve special mention.

An example from western Canada

The following is a somewhat unusual example of textural analysis of lake sediments using
the size and shape of endogenic rather than detrital components in the stratigraphic record.
The northern Great Plains of western Canada form a unique setting for literally millions of
saline and hypersaline, closed basin lakes. The lakes are generally small and shallow; many
exhibit playa characteristics. However, the region also contains several of North America’s
largest and deepest salt lakes. The subject of over thirty papers, technical reports and theses,
Waldsea Lake(52°10’N; 105° 10’W), located in south-central Saskatchewan, has received
considerable attention from the scientific community over the past three decades, and is one
of Canada’s best-studied perennial saline lakes. Much of the scientific interest in Waldsea
Lake stems from the fact that it is one of only four meromictic lakes in the entire Plains
region of Canada. Absence of both bioturbation and reworking of the sediments by waves
permits excellent preservation of sedimentary structures in the offshore areas of the lake.
Summaries of the geolimnology, hydrology, and neolimnology of the lake can be found in
Hammer (1978, 1986), Hammer et al. (1978), Lawrence et al. (1978), Parker et al. (1983),



70 WILLIAM M. LAST

Schweyen & Last (1983), Schweyen (1984), Last & Schweyen (1985), and Last & Slezak
(1986, 1988).

The water in Waldsea Lake is saline to hypersaline, with an average salinity of the
mixolimnion of 25ppt TDS and 70ppt TDS for the monimolimnion. Both water masses
are alkaline, strongly dominated by and and saturated or supersat-
urated with respect to various carbonate minerals at all times of the year. Because of
the high Mg/Ca ratio of the brines, aragonite is the stable phase being precip-
itated in the lake today. The monimolimnion is also perennially saturated with respect
to gypsum, as is the upper meter of the mixolimnion during winter. During winter, the
surface water can also approach saturation with respect to various hydrated sodium and
magnesium sulfates. The offshore stratigraphic record of the past 6000 years consists of
laminated to massive, chemically-precipitated sediments (mainly aragonite with some
gypsum, mirabilite, magnesite, hydromagnesite, and protodolomite) mixed with relatively
fine-grained siliciclastics.

Aragonite laminae petrography

The particle size and shape characteristics of the aragonite in the deep-water laminated
sequence of the lake offer considerable insight into the paleolimnology of the basin.

The aragonite laminae, which range in thickness from ~0.2 mm to 2 mm, are irregularly
spaced from 2–3 laminae per centimeter to much closer spacing. Individual laminae are
composed entirely of extremely well-sorted, euhedral, micrometre-sized crystals.
There is an almost complete absence of biological and other non-carbonate grains, sug-
gesting that the layers represent rapid inorganic precipitation and accumulation without
dilution by non-carbonate endogenic minerals, siliciclastics, or organic debris.

These aragonite crystals show considerable variation in both size and morphology.
Individual crystals range from acicular to ellipsoidal, but are usually uniform in
any single layer (Fig. 15). Many of the laminae have fine, needle-like crystals that are typical
of the aragonite formed in many other perennial saline lakes in the northern Great Plains
region. The aragonite in other laminae, however, have a distinctive wheat grain or rice grain
morphology. This ellipsoidal aragonite has been noted in other deep water saline lakes in
Canada and Australia , as well as from the Black Sea, and is indicative of newly-formed

crystals settling through a relatively deep, stagnant, somewhat undersaturated water
column (Sack & Last, 1994; Last & De Deckker, 1990; Hsü, 1978).

Conditions in Waldsea Lake today are such that ellipsoidal aragonite does not form
and the modern bottom sediments contain only acicular However, geochemical
modeling (Schweyen, 1984) indicates that shallowing of the chemocline by about 4 m
would produce undersaturated conditions in the lower water mass and, in turn, create
conditions favorable for the generation of rice-grain aragonite crystals. Thus, laminae with
ellipsoidal aragonite crystals indicate the presence of a stratified water column in which
the chemocline was considerably shallower than that of the modern lake, or, alternatively,
the monimolimnion was less saturated (more undersaturated) with respect to

As shown in Figure 16, the proportion of euhedral acicular aragonite crystals relative to
other shapes in laminae from one of the cores near the basin center increased dramatically at
about 500 years B.P. This suggests that the depth to the chemocline increased significantly
in the lake about that time possibly due to the influx of more freshwater via precipitation
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and steam runoff, increased wind mixing of the mixolimnion, or an increase in the degree
of saturation with respect to of the monimolimnion.

The crystals in individual laminae are extremely well sorted (average ) and
have a mean size ranging from less than to more than (Fig. 17). There is a gen-
eral trend toward increasing crystal size upward in the cores. Although many geochemical
and environmental factors combine to determine the size of precipitated inorganic crystals,
one of the most important is the length of time the crystal resides in the supersaturated solu-
tion. Thus, the stratigraphic variation in aragonite crystal size in the laminae is a reflection of
the depth of the supersaturated water column. In the modern lake, this is essentially the depth
of the mixolimnion (or the depth to the chemocline). Using aragonite crystals collected in
sediment traps from modern Waldsea Lake and other aragonite-precipitating basins, it is
possible to calibrate the stratigraphic variation in crystal size in terms of approximate depth
to the paleochemocline (or, more correctly, the vertical extent of the supersaturated water
column; Greengrass et al., 1999; Deleqiat et al., 1999). Other factors, such as the degree
of supersaturation and the amount of crystal size modification that may take place during
settling through an undersaturated monimolimnion, may affect these estimates, but this
crystal size parameter should offer a reliable means of estimating past chemocline depths.

Figure 18 shows the fluctuation in interpreted chemocline depth of Waldsea Lake over
the past 2000 years based on the mean crystal size of aragonite crystals in two cores in the
basin. The Core A, the same core on which the detailed aragonite shape analysis was done,
is located near the deepest (14 m) part of the basin. Core B is located about a kilometer
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north in ~ 10 m water depth. Although the fluctuations do not match precisely, there is good
general correspondence between the two cores. Both cores show a significant increase
in interpreted chemocline depth during the most recent ~500 year period and generally
shallower chemocline depths between about 500 and 1700 years B.P. This corresponds
well with the changes in water column conditions interpreted from the aragonite crystal
shape analyses.

Summary

Texture is the size, shape and arrangement of component particles in a sedimentary deposit.
Texture has to do with the geometric characteristics of individual particles and the grain-to-
grain relationships, whereas structure refers to larger features of the deposit and describes
such characteristics as bedding features and stratigraphic sequence. Size, although an
intuitively easy concept to understand, presents considerable practical problems in terms
of measurement because most naturally occurring particles are irregular and non-equant.
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A wide range of definitions of size have been proposed and the equipment designed to
measure size records a similarly great diversity of size-related components. Traditional
methods of particle size analysis, which tended to be time consuming, have been, over the
past several decades, largely replaced by automated and electronic methods. Probably the
most successful of these are the single particle counters, several of which also offer particle
shape analysis systems. There has been a long history of debate and discussion about the
interpretive use particle size distributions. Traditional graphic-based summary descriptive
statistics have given way to more sophisticated methods but some contend that the errors
inherent in the data collection do not warrant the higher level of refinement.
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History & scope

Introduction

Inorganic geochemical analysis of sediment has played a central role in palaeolimnology
since its establishment as a research field. This chapter outlines methods that can be
applied, explores the issues affecting reliability of interpretations, and refers readers to
the appropriate literature.

A distinction is made between inorganic geochemical palaeolimnology and inorganic
geochemistry in general. While sharing many techniques and information sources, the
two subjects differ fundamentally in purpose. Inorganic geochemistry aims to understand
the chemical properties of the natural world, and the behaviour of chemical substances
within it. Geochemical palaeolimnology uses such information to describe and quantify
the environment. Furthermore, whereas palaeolimnological analysis is about lake, catch-
ment or even landscape scale processes, geochemistry often considers minute scales. This
contrast in scale has lead to conflicting interpretations. Geochemists working with labora-
tory experiments, and studying speciation and small-scale mobility, emphasize complexity.
Palaeolimnologists, on the other hand, tend to look at large scale phenomena, and often
find consistent patterns, even where a full geochemical understanding is lacking.

The two disciplines should not be seen as separate. Inorganic geochemistry feeds into
geochemical palaeolimnology because it is important to have a good understanding of the
behaviour of the elements being measured. Conversely, palaeolimnological data can help
to constrain geochemical models. Nevertheless, the contrasts in purpose and scale must be
kept firmly in mind.

A further distinction is made between organic and inorganic methods. For many inor-
ganic elements, behaviour is highly dependent upon organic substances, and the two topics
cannot be treated in isolation. Rather, inorganic methods must include a basic evaluation
of organic components.
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Scope of inorganic geochemical palaeolimnology

Inorganic geochemical palaeolimnology is constrained by the available analytical tools.
Geochemists have sought to describe the elemental compositions of soils and sediment, and
to understand the interactions between different parts of the environment. They have also
sought to understand the transport mechanisms of elements through the atmosphere, living
organisms, surface waters, soils, and sediment. In doing this they have devised analytical
procedures to quantify elemental compositions, and have developed models to explain vari-
ation in the environment. Palaeolimnologists have used these methods, and the knowledge
thus gained about environment-composition links, to infer environmental change from lake
sediment chemical stratigraphy. However, many substances examined by geochemists leave
no record in sediments. Furthermore, there is a difference in how the geochemical tools are
applied. In palaeolimnological geochemistry, there is less emphasis on the molecular scale,
and much more emphasis on macroscale patterns. While the inorganic geochemist isolates
components in lake sediments, with the hope of constructing rigorous chemical models, the
palaeolimnologist works at a larger scale, perhaps applying the geochemist’s models, but
basically using an inductive/deductive empirical methodology to link macroscale features
of the sediment with gross environmental factors.

This empirical emphasis in palaeolimnology is unfortunate, but at present necessary.
Natural materials, such as lake water and sediment, are chemically highly complex heteroge-
neous materials, in which most separate components are poorly characterized. Geochemists
are making progress in studying the different components present, but we are a very long
way from having comprehensive chemical models. In the mean time, the empirical approach
can still be usefully applied to constraining present or past lake environments.

Some aspects of organic chemistry fall within the scope of inorganic geochemical
palaeolimnology. A central aim of the discipline is characterization of particle types within
the sediment. Many of these particles are partially or wholly organic in origin. A minimum
quantitative description of these components is thus essential to inorganic analysis of
sediments. Basic characterization of the organic matter, at least determination of total
C, but preferably N and H as well, is a minimum requirement.

In summary, inorganic geochemical palaeolimnology can be defined as the application
of mainly inorganic geochemical techniques (chiefly elemental determinations and models)
to sediment core samples with a view to shedding light on past environments.

Historical development

Geochemical analysis in palaeolimnology can be traced back to Mackereth (1966) who
attempted to construct an interpretational framework from observations on Holocene sedi-
ments in the English Lake District. Three particularly influential palaeolimnological princi-
ples (for freshwater, clastic-dominated lake systems) were established. First, stratigraphic
changes in lake sediment composition could be most easily explained if they were viewed
as a sequence of soils derived from the catchment. Second, sediment composition is largely
governed by the catchment. Third, peaks in the mineral matter concentration in lake sed-
iment correspond with erosion events. In addition, he showed how both the catchment
and lake conditions influence the concentrations of Fe and Mn, and he established proto-
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cols for distinguishing catchment effects from within-lake redox effects using Fe and Mn
concentrations and ratios.

The work of Mackereth (1966) was based largely on total element concentrations, and
was undertaken at a time when relatively little was known about the geochemistry of lake
sediments. This situation changed in the two decades that followed, as more sophisticated
methods were developed for extracting and analyzing elements in soils and sediments.
At the same time, dating tools for recent sediments, based on radioisotope concentrations
(particularly  and ) and exotic pollen from introduced weeds in North America,
allowed sediment cores to be used in the study of recent human impact. During the 1970s,
human impact histories were published from both Europe and North America (e.g., Shapiro
et al., 1971; Digerfeldt, 1972, 1975; Likens & Davis, 1975; Renberg, 1976; Huttunen &
Tolonen, 1977; Davis & Norton, 1978; Huttunen et al., 1978).

The work up to the 1980s is reviewed by Engstrom & Wright (1984) in what is probably
the most influential text on chemical palaeolimnology. A number of the general principles
laid down by Mackereth (1966) were supported, but others were rejected or modified. They
concluded that:

Mackereth’s evidence for chemical weathering of soils was flawed.

In oligotrophic systems the sediment reflects catchment as suggested by Mackereth;
but in richer systems, sediments are strongly modified by the lake. Lake and catchment
effects are superimposed in such lakes.

Chemical stratigraphy is best interpreted alongside biological methods.

By the 1980s, much more was known about the many mineral and biological particles
which make up lake sediments. Studies in the oceans had lead to greater appreciation of the
role of early diagenesis in altering sediment composition. Yet, in spite of these advances,
Engstrom & Wright (1984) argued that ignorance both about the nature of the particles and
about their sources, prevented optimal interpretation of lake chemical stratigraphies. As a
step towards solving these problems they championed chemical fractionation of sediments,
separating a residual fraction from a more available element pool. They argued strongly
that the use of total element concentrations had obscured interpretation of lake sediments.

The refinement of geochemical palaeolimnological methods described by Engstrom &
Wright (1984) coincided with a growing awareness of anthropogenic trace element contam-
ination in lake sediment (e.g., Thomas, 1972; Crecelius & Piper, 1973; Kemp & Thomas,
1976; Förstner, 1976; Bertine & Mendeck, 1978; Hamilton-Taylor, 1979; Rippey et al.,
1982; Norton, 1986). The role of atmospheric pollution was recognized, and procedures
were developed for distinguishing natural from anthropogenic sources of the elements
(Hilton et al., 1985; Renberg, 1986; Norton & Kahl, 1987).

During the 1980s and 1990s this work continued, benefiting from a number of ad-
vances in geochemical understanding of lakes and catchments. Some particularly important
topics include:

Fe and Mn cycling in lakes (e.g., Davison, 1993; Nürnberg & Dillon, 1993; Bryant
et al., 1997).
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Trace elements in sediments (e.g., Norton et al., 1992) and lake systems (e.g.,
Schindler, 1975; Imboden et al., 1980; Santschi, 1984; Diamond et al., 1990).

Particles, surfaces, and trace elements (e.g., Tessier et al., 1996; Benoit & Rozan,
1999).

The role of diffusion in transferring elements from lake to sediment (e.g., Carignan &
Tessier, 1985; Diamond et al., 1990).

In addition, there is a better understanding of chemical fractionation methods (e.g.,
Mester et al., 1998; Sahuquillo et al., 1999).

At present, inorganic geochemical methods are best used as a supporting tool in general
palaeolimnology, as was suggested by Engstrom & Wright (1984). However, there is no
doubting the magnitude of the contribution of sediment geochemistry to multidisciplinary
studies of lake history (e.g., Digerfeldt, 1975; Mathewes & D’Auria, 1982; Gaillard et al.,
1991; Punning et al., 1997; Valero-Garcés et al., 1997). Together with diatom and pollen
data, sediment chemical data provide a comprehensive picture of long-term environmental
change, or of recent human impact. In the absence of biological methods, geochemical
palaeolimnology is more speculative. However, it remains valuable because of its relatively
low cost (e.g., Boyle, 2000). For preliminary data analysis, and for extrapolation from more
comprehensively studied sites, it has a great deal to offer as an independent method.

Objectives of inorganic geochemical research

The principal objective of this branch of inorganic geochemistry is palaeoenvironmental
reconstruction. To achieve this it is necessary to characterize both contemporary and
past sediments, and to establish the link between sediment composition and environ-
ment. At the heart of this are characterization, classification and measurement of sediment
chemical components.

Classification of sediment components

Sediments are mixtures; analysis of their component parts is essential to their geochemical
interpretation. For example, the palaeolimnological significance Si depends upon whether
it is in diatoms or clay minerals. Before such sediment components can be identified or
measured, they must be classified.

The palaeolimnological research community has long used the terms ‘authigenic’ and
‘allogenic’ at the heart of sediment component classification. While this remains appro-
priate, there is a need for clarity in the way these terms are used. At present, the term
‘authigenic’ is used in three different ways. First, in the geological literature it is used of
minerals formed within the sediment after burial (e.g., Jones & Bowser, 1978). Second, in
most palaeolimnological literature it refers to a sediment component formed within the lake
water or at the surface of the sediment (e.g., Engstrom & Wright, 1984), and is essentially
synonymous with the term ‘endogenic’ (see Jones & Bowser, 1978). Under this definition,
components formed within the sediment are termed ‘diagenetic’. Third, some operational
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classification schemes use ‘authigenic’ to refer to the readily extractable element fraction,
thereby including any extractable allogenic contribution (see Engstrom & Wright, 1984).

Before considering which of these definitions is most appropriate, there are a number
of more general problems with defining sediment compositional components which must
be considered. At the heart of this is interference between three contrasting approaches to
classification:

Classification based on particle origin (genetic classification): authigenic (= endo-
genic, particles formed within the lake of inorganic and/or biological origin),
hydrogenic (particles formed within the lake of inorganic origin), biogenic (= bio-
phile, derived from biological sources), allogenic (particles derived outside the lake),
anthropogenic (= technogenic, materials derived from human sources); cosmogenic

(from space); aeolian (windblown allogenic particles), minerogenic (= lithogenic,
terrigenous, derived from catchment mineral sources), diagenetic (supplied through
post-burial modification of the sediment).

Classification based on idealized compositional components in the sediment: organic

(elements bound to organic matter); sorbed (elements sorbed to particle surfaces);
Fe-Mn oxide (elements bound to or within oxides), lattice (= mineral-bound, elements
contained within the structure of allogenic rock-forming mineral).

Classification based on measurable fractions (operational classification). There are
numerous schemes. A typical example might include: acid extractable (dilute acid
reagent); reducible (reducing agent); oxidizable (oxidizing agent); residual (total
digestion).

Each of these schemes has both merits and limitations. Problems arise where different
schemes use similar or identical labels. As mentioned above, the label ‘authigenic’ is
sometimes used for the acid-extractable fraction. The danger is that this brings with it
concepts associated with its definition under the genetic classification scheme.

Genetic classification of some kind is essential; palaeolimnological interpretation de-
pends upon subdivision of components by origin. However, such a scheme must be treated as
strictly hypothetical for a number of reasons. First, even authigenic materials are of external
origin; only the particle formation is authigenic (Engstrom & Wright, 1984). Second, many
components will be from mixed sources; allogenic particles that capture metals from the
water column are both allogenic and authigenic in origin (Engstrom & Wright, 1984).

Compositional classification avoids the difficulty of l inking components to sources. As
a compositional component, the Fe-Mn oxyhydroxide fraction is unambiguous even if its
origin is uncertain (mixed allogenic, authigenic, and diagenetic), and we cannot, in practice,
measure it with certainty. Nevertheless, this classification scheme is the one to keep most
clearly in mind, as it can be used to infer origin, and can be deduced from data analysis
and/or sequential extraction.

Operational classification (by extraction agent, or procedure) has the advantage of being
unambiguous (though not necessarily repeatable unless very strict conditions are adhered
to). However, numerous schemes exist leading to problems with comparability. There is
also the problem of what to call the fractions, and how the fraction labels link with the
genetic and composition classifications. The fractions are operationally defined and should
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be named accordingly. Engstrom & Wright (1984) introduced an ‘operational’ definition
of ‘allogenic’ (i.e., it ‘consists entirely of mineral particles resulting from erosion of the
catchment soils’) allowing the term to be used for the residual fraction. Conflict between
this definition and their more general definition of  ‘authigenic’ (Engstrom & Wright, 1984)
has led to considerable confusion in subsequent literature.

A number of genetic terms are widely used in the recent literature. These are generally
well defined, and are useful where clearly distinguished from any operational definitions.
Included are: authigenic, diagenetic, allogenic, anthropogenic and minerogenic. Some
compositional terms are also widely used: organic, aluminosilicate, oxide, etc. Again,
these are useful where distinguished from operational definitions. The real problem is
what terms to use for the sequentially extracted fractions. The original labels of Tessier et
al. (1979) are cumbersome (C1 to C5), which has encouraged substitution by genetic or
composition labels.

Some conclusions can be drawn from this.

The term ‘authigenic’ should be used as discussed by Engstrom & Wright (1984),
having the same meaning as ‘endogenic’ (see Jones & Bowser, 1978).

When using multifraction schemes, e.g., that of Tessier et al. (1979), the labels should
refer to the extraction methods (e.g., mildly reducible).

In simpler two stage schemes, such as that of Engstrom & Wright (1984), the terms
‘extractable’ or ‘labile’, and ‘residual’ are appropriate, and the terms ‘authigenic’ and
‘allogenic’ should not be used.

Measurement of components

Once a system for classifying sediment components has been devised, there remains the
problem of identifying and quantifying these in the sediment. There are two approaches to
this problem. First, selective chemical extractions can be used to measure the components
directly (described above). This has the advantage of being direct, but there are problems
with specificity of the extractions. Second, inter-element correlations can be used to ‘unmix’
the whole-sample compositions. This has the advantage of not altering the sample, but has
the problem that correlated component cannot be unambiguously separated. Fortunately,
there is little overlap between the various advantages and disadvantages of these two
approaches, and they may therefore be used effectively in tandem. Current methods for
both techniques are discussed below.

Component-environment links

Where did the sediment component come from? What mechanism transported the compo-
nent? These are key questions in palaeolimnology. Passive tracing methods are widely used
to provide answers. To achieve this the components must be quantitatively characterized
in the sediment, and the composition of potential source materials must be known. For
example, Punning et al. (1997) showed that a new minerogenic component had appeared in
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the sediment, and that its composition resembled mining waste but not the other potential
sources. Multivariate analysis of elemental variations makes identification of end-member
compositions relatively simple. However, much more work needs to be done on characteri-
zation of potential source materials, and allowing for the effect of particle size fractionation
in the catchment/lake system on changes in elemental concentrations (e.g., Moalla, 1997).
Techniques in this area need development.

In addition to component identification, we need to know how lake and catchment
environments influence the component concentrations. Many observations have been made
over the last c. 40 years, and there is a steadily growing number of case studies which
examine stratigraphic changes, and which attempt to explain these in terms of environmental
change. These topics are described in detail in the section Inorganic geochemical data in

palaeolimnology, including the impacts of acidification, eutrophication, water balance and
human physical disturbance, etc. on lake sediments.

Elemental analysis

Most chemical analytical procedures applied in palaeolimnological inorganic geochemistry
involve determining the total concentration of chemical elements. Even where speciation is
involved, this does not usually conform to definite chemical species, and in essence involves
determination of the concentration of chemical elements in a specified chemical extract.
Basic approaches to elemental analysis are outlined in Figure 1. Procedures fall into two
main categories. First, total elemental concentrations can be determined in the original solid
material. Second, total elemental concentrations can be determined in extracted solutions.
The relative merits of these depend both on the technique and the objectives. Directly
analyzing the solid material means that total elemental concentrations are measured. This
is not suitable if any kind of analytical partitioning is required. However, some methods for
the analysis of solids are non-destructive, which may be an advantage where little sediment
is available. It also minimizes sample handling, reducing the risk of contamination or
handling error.

Analysis of derived solutions is more versatile, as total or partial determinations are
both possible (Fig. 1). It is always destructive, but sample size is usually small so this need
not be a problem. Generally, there is greater handling of the samples, which increases the
risk of contamination or handling errors.

Many chemical extraction methods involve the use of reagents that are highly haz-
ardous; particularly hydrofluoric and perchloric acids; great care must be taken in using
them. Authoritative advice (conforming with national legislation) must be sought on risk
assessment, appropriate fume cupboards, protective clothing, safe working practices, and
emergency procedures.

Analysis of solid material

Methods for analysis of the solid material can be classified in a number of ways, depending
upon the physical basis and sample size. One class of techniques is based on nuclear
processes, stimulated by neutron irradiation. However, most techniques are based on inner
electron shell atomic properties, centred on x-ray fluorescence stimulated by irradiation
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of the sample by primary x-rays or electrons. X-ray methods are further subdivided by
detector type, e.g., wavelength dispersive or energy dispersive, and sample size e.g., x-ray
fluorescence spectrometry (XRF) on powder, and microprobe or EDS (electron microscopy
with energy dispersive analysis capability) on individual crystals or particles.

Instrumental neutron activation analysis (INAA)

The are a number of different procedures, the most popular of which is termed the
method (e.g., Negi et al. 1997). Small samples of sediment (c. 0.15 g) are irradiated by
neutrons from a nuclear reactor for a few tens of hours. This activates the nuclei of atoms
in the sample, leading to gamma emission which can be measured using a Ge detector. The
method can measure a wide range of elements simultaneously, with excellent sensitivity
and detection limits for some elements (e.g., Smodiš et al., 1993; Negi et al., 1997).

X-ray fluorescence spectrometry (XRF)

The basis of any XRF technique is the photoelectric fluorescence of characteristic secondary
x-rays from a sample. These are stimulated by irradiation with suitable primary photons. In
isotope source systems, primary photons are provided by radioisotopes that emit photons
in the x-ray energy band. In tube source instruments, x-rays are generated by accelerating
electrons onto a suitable target in the tube. In both cases, energies of the secondary x-rays



INORGANIC GEOCHEMICAL METHODS IN PALAEOLIMNOLOGY 91

generated within the sample are characteristic tor the elements present, and the rate of
emission is largely a function of the concentration of the element and absorption of the
outgoing x-rays by the sample. Instruments are calibrated using known reference materials
(e.g., Boyle, 2000).

A further distinction in XRF instruments is the method of x-ray detection. Wavelength
dispersive instruments (XRF-WD) are more precise, but more time consuming. Energy-
dispersive instruments (XRF-ED) are more rapid, but less precise and with poorer detection
limits. An isotope-source energy-dispersive system can process 70 samples per day for
14 elements (Boyle, 2000).

For most elements, XRF has far poorer detection limits than the solution techniques
described below. However, for many elements of interest this is not important, as observed
concentrations are far above the detection limit. In such cases the minimal handling, and
excellent precision of XRF make it highly suitable for the analysis of sediments.

Energy dispersive x-ray spectroscopy (EDS) and Microprobe

Both of these methods share similarities with XRF in that they stimulate and measure x-
rays. They can be energy-dispersive or wave-length dispersive (microprobe only). They
differ from XRF in two main respects. First, they stimulate x-rays using an electron beam.
Second, the beam is narrow, so individual minerals can be determined. Application in
palaeolimnology is relatively restricted. EDS has been used for automatic characterization
of spheroidal carbonaceous particles (Watt, 1998), which could equally well be applied to
minerals in sediments. Microprobe can also be used to characterize fine-grained sediments
by measuring localized whole-sample composition (by defocusing the electron beam) at
random locations. The observed variation in element concentrations can be unmixed using
numerical methods (Boyle, 1984). A microprobe can also be used to measure total element
concentrations in small samples by preparation of small beads by fusion (comparable to
the laser ICP-MS technique of Fedorowich et al., 1993).

Carbon

In palaeolimnological studies carbon has been divided into two fractions: organic carbon,
which is the residual remains of plant and animal tissues; and inorganic carbon, mainly
calcium carbonate (e.g., Dean, 1981). Both these fractions can be measured accurately,
under favourable circumstances, by determining the weight loss on heating (Dean, 1974).

Dry samples thoroughly at 105 °C, cool and weigh Heat for 4 hours at 550 °C,
cool and reweigh Heat again for 2 hours at 1000 °C, cool and reweigh

Weight percent organic matter =
Weight percent carbonate =
The accuracy of the loss-on-ignition (LOI) method depends on both the organic matter

concentration and the nature of the sediment. The main problem is that most minerals
contain structurally bound water that is released progressively on heating. Some clay
minerals contain ten weight percent structural water; thus an LOI of 10% need not indicate
that organic matter is present. Mackereth (1966) discusses this problem, and shows that
there is significant discrepancy between measured carbon and LOI if the LOI is less than
c. 10% (Fig. 2). The problem can be minimized by not igniting above 375 °C for organic
matter (Ball, 1964). However, not all organic carbon will be ignited at this temperature,
and a compromise must be identified, based on the abundance of organic matter and the
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questions being addressed. Generally, where LOI is low, the relationship of LOI to C should
be evaluated by direct C determination, and a correction applied if necessary.

There are two classes of method for C determination. If only occasional measurements
are required, then wet oxidation and titration are suitable (e.g., Tinsley, 1950). If large
numbers of samples are to be determined, an instrumental carbon analyzer is preferred.
This has the added advantage that with many instruments S, N and H can be analyzed at the
same time. However, the technique has high consumable costs and is not likely to replace
LOI as a routine method for organic matter determination in palaeolimnology.

Analysis of solutions

Atomic emission spectrometry (AES)

Thermal excitation of atoms results in emission of narrow radiation lines of characteris-
tic wavelength within the visible spectrum. With an appropriate experimental setup, line
intensity is proportional to element concentration, an effect that has been employed by
chemical analysts since the middle of the 19th century. The analytical value of the technique
is severely limited due to the large number of lines emitted by each element, and the
consequent spectral interferences. This is not a problem for the alkalis, and AES, usually
by propane flame photometers, is better than AAS for the measurement Na, K and Li.

A more recent addition to the AES family uses high temperature plasma to promote
emission. Inductively coupled plasma atomic absorption spectrometry (ICP-AES) has the
advantage that a wide range of elements may be measured simultaneously. However, great
problems with spectral interferences restrict the value of this technique for complex mixture
such as sediments.
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Atomic absorption spectrometry (AAS)

Atomic absorption analysis is based on the absorption by free atoms of light at a specific
wavelength. Near-monochromatic light of the appropriate wavelength is usually provided
by a hollow cathode lamp. Absorption is generally free from spectral interferences, and is
linearly related to concentrations over a wide concentration range. There are non-specific
background effects varying with the matrix, so background correction is essential in trace
element analysis, particularly for electrothermal methods. This is simply achieved using a
deuterium lamp.

AAS is split into two types according to the method by which the sample is atomized. In
flame atomic absorption spectrometry (FAAS) the sample is aspirated into a flame which
is placed in the path of the light. In electrothermal atomic absorption (EAAS) the sample is
placed in a graphite tube and heated in a brief pulse by passing an electric current through
the tube. Generally, EAAS is more sensitive, giving better detection limits, but suffers from
more matrix interference effects than FAAS.

Recent improvements in FAAS include the addition of a flow injection sample delivery
system. This allows for automatic dilution and reagent addition, and also provides for
automated cold vapour or hydride generation needed for As, Se and Hg (e.g., Saraswati et
al., 1995). Other new techniques are improving the sensitivity of FAAS. A slotted silica
tube placed in the flame improves the sensitivity 8 fold for Cd and c. 3 fold for Cu, Pb, and
Zn. Experimental application of graphite tubes in the flame can improve Pb sensitivity 50
fold (Alvarado & Jaffé, 1998).

Cost, simplicity, and sensitivity make FAAS an ideal instrument for measuring a wide
range of elements appropriate to palaeolimnological inorganic geochemistry.

Inductively coupled plasma mass spectrometry (ICP-MS)

ICP-MS uses a high-temperature plasma to atomize samples for mass spectrometric anal-
ysis. In contrast with ICP-AES, the method is highly selective and has excellent detection
limits (e.g., Catterick et al., 1995). For most elements, ICP-MS is the method giving best
accuracy and detection limits. The disadvantages are its high cost compared with FAAS,
and greater sample handling when compared with XRF.

Colorimetric methods

Colorimetric methods, whereby chemical species are determined by their ability to alter
the colour intensity of a dye, have limited application in palaeolimnology, because there
are more suitable alternative methods for most elements. However, colorimetry remains
the method of choice for P (e.g., APHA, 1980). A flow injection method can be used to
automate the analysis (e.g., Mas et al., 1990). If the total P concentration of a sample is
required, wavelength dispersive XRF is a good alternative.

Summary of methods: comparison of detection limits

The figures in Table I are based on the assumption of good practice with respect to clean
water, glassware and laboratory working practices. The detection limits in solid material
for the solution techniques are based on 0.5 g samples diluted to 25 ml. For the last three
columns, the data are two standard deviations for fitted values through reference materials.
They are essentially measures of precision.
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Note that Cr is particularly problematic with AAS and ICP-AES methods due to matrix
enhancement effects (Liu et al., 1996).

Extraction methods

Total digestion

Total digestion of mineral-bearing material can be achieved by fusion or acid attack us-
ing hydrofluoric acid (HF). Fusion methods are rarely used today. A recent review by
Kowalewska et al. (1998) found no advantage of fusion over acid digestion. The preferred
method is total digestion by a mixture of hydrofluoric and perchloric acids. There are two
main approaches. Allen et al. (1974) uses perchloric acid in open vessels to fume off the
hydrofluoric acid and silica. This has the advantage of improving analytical accuracy by
eliminating Si interferences. It has the disadvantage of preventing Si determination. The
alternative method (e.g., Buckley & Cranston, 1971; Kowalewska et al. 1998) is to use a
sealed PTFE (polytetrafluoroethylene) bomb, which retains the silica. The free hydrofluoric
acid is made safe by adding boric acid.

Partial and sequential extraction

Sediment can be separated simply into two fractions (easily extractable and the rest), or in
a more complex way where progressively more aggressive chemical attacks are applied in
succession. Issues relating to this are discussed at length below.

Partial extraction techniques aim to bring ‘readily available’ ions into solution, while
leaving behind those that are inert with respect to the lake system (i.e., lattice bound
elements). The problem is to find a reagent which will efficiently extract the available ions,
while not significantly attacking the aluminosilicate minerals. A good review is offered by
Malo (1977), who recommended using 0.3 M HCl. Engstrom & Wright (1984) basically
support this, but add an oxidizing step (using ). This is then not very different from
other oxidizing acid attacks, such as aqua regia (e.g., Hornburg & Luer, 1999) or nitric acid.

Sequential analysis aims to distinguish a greater number of fractions. The validity of
this approach is discussed below. The most widely used method for lake sediment is that
of Tessier et al. (1979). This defines five classes of element associations, but can only be
applied if suitable precautions are taken with the samples, such as sampling and storing
under nitrogen. An alternative approach is that of the European Community Bureau of
Reference (BCR). This has the advantage that it has been critically tested against a standard
reference material (Quevauviller et al., 1997; Mester et al., 1998).

Some elements may require special extraction procedures, e.g., Phosphorus  (Pardo et
al., 1999); Sulphur  (Fiedler et al., 1999); Arsenic (Yehl & Tyson, 1997); Silica (Ragueneau
& Treguer, 1994); Mercury  (Quevauviller et al., 1996).

Sampling

Lake sediments are commonly highly heterogeneous, showing strong lateral and strati-
graphic variation. These variations are typically far greater than analytical uncertainty,
and lateral variation may be as great as stratigraphic variations. If it is intended that
surface sample concentrations should represent averages for the lake, or that cores should
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represent the average profile, then great care must be taken in sampling. The problem of
sampling surface sediments, and a protocol for determining average values, is discussed by
Baudo (1989) for Lake Orta in Italy. The number of cores and choice of sites required for
determining an average profile is discussed by Rowan et al. (1995a; 1995b). They suggest
that 5–10 cores are needed to give a good indication of the mean profile. Engstrom &
Swain (1986) clearly illustrate the value of multiple core studies within a single basin, as
this allows far better discrimination between the possible causal factors.

An additional, and frequently disregarded, problem is the role of particle size. Strati-
graphic variation in sediment particle size will cause corresponding variations in elemental
concentrations. It may be desirable to size fractionate sediment samples by sieving or
settling prior to elemental analysis.

Quality control and reference materials

Accurate and precise elemental determinations are essential and relatively easily achieved.
A number of steps can be taken to avoid problems, detect contamination and verify accuracy.

Reagents, laboratory, and equipment

Issues of cleanliness in the laboratory are discussed by APHA (1980). The essentials are:
Water: double distilled, deionized water, with regular quality control. All reagents should be
prepared using this water. Laboratory: for major elements a regularly cleaned laboratory is
sufficient. For most trace elements it is essential that the laboratory is dust-free. Equipment:
the most important factor is proper cleaning of all items which come in contact with
extractant solutions. All beakers, in addition to standard cleaning, should be acid-washed
in concentrated HCl, and rinsed thoroughly in double distilled water.

Blanks and quality control samples

The use of reagent blanks, prepared at the same time as the samples using identical pro-
cedures and the same quantity of reagents, is an essential step in evaluating contamination
(APHA, 1980). At least 5% of the sample number, or a minimum of six blanks, should be
prepared. High, but constant, blank values point to contaminated reagents. Subtraction of
the mean blank value from the solution concentrations for the samples is the remedy if the
contamination is minor. If blanks are high with respect to the measured values, ways to
reduce the blank values must be found. Erratic high blanks point to contamination either
by dust or dirty glassware. This can be serious if it is significant. Running a number of
suitable blanks allows such effects to be identified. Analysis of 5% or more of the samples
as duplicates serves to evaluate overall precision.

Reference materials

With the relative analysis techniques described above, accuracy is best evaluated by ref-
erence to external standards. Inter-laboratory comparisons have a role to play in multi-
laboratory projects, but the basic tool is the certified reference material. These are natural
materials which have been homogenized and analyzed by a range of laboratories, and have
agreed, or ‘certified’, concentrations for some of the elements they contain.

Most reference materials have been certified for total concentrations only. They can,
however, still be used for partial extractions, as they provide constraints on concentrations,
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and some published data exist, providing a guide to expected results (e.g., Hall et al. 1996).
Furthermore, a laboratory can ensure internal consistency by monitoring results through
time. More recently, there has been an attempt to develop reference materials with certified
values for extractable ions. The best studied of these at present is a lake sediment from Italy,
CRM601 (From Lake Flumendosa, Quevauviller et al. 1997; López-Sánchez et al., 1998).

In every batch of determinations, a range of appropriate reference materials should be
included. There are a number of considerations affecting the choice of reference materials.

Ideally, the range of concentrations should bracket those of the study. It is as important
to have low concentration materials as to have high concentration materials.

Ideally, the matrices should be similar.

In studies where successive batches are analyzed, it is particularly important that a
suitable set of reference materials is analyzed in each batch. An internal reference material
(or set of materials) can be useful; these can be ideally matched for concentration range and
matrix. Issues relating to the preparation and validation of reference materials are discussed
by Quevauviller (1998). Table II shows a range of suitable international reference materials.
Note that there are no standard reference materials for peat. For highly organic sediments
or peats, plant tissue materials are a reasonable alternative.
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Identifying, characterizing, and quantifying sediment components

Characterization of sediment components can be achieved directly using sequential chemi-
cal extractions. The advantages and limitations of this approach are discussed in the section,
Partial chemical extractions and sediment sourcing. In this section, numerical approaches
to determining the sediment components are addressed.

Graphing, correlation, and regression

Graphical representation of inter-element relationships is the most basic method in the
discipline, and is valuable even where more sophisticated numerical methods are employed.
There are numerous examples in the literature, from the earliest studies (Mackereth, 1966)
through to the present (e.g., Boyle & Birks, 1999). Graphical methods serve to evaluate the
strength of a relationship robustly regardless of distribution and linearity, in a way that no
numerical method can. Indeed, while correlation coefficients are valuable, they should not
be used without supporting graphical analysis. This is not to underestimate the usefulness
of the R value. Where graphical analysis shows that linear regression is a reasonable model,

values are a very useful way of quantifying inter-element associations (e.g., Boyle et al.,
1998). Where values are very high, regression is a useful tool for determining element
ratios in components of the sediment. This is particularly effective where elements are
distributed between only a few sediment components. For example, Hilton et al. (1985) use
regression analysis to apportion the trace elements to a constant background parameter and
to the mineral fraction, and Ochsenbein et al. (1983) use regression analysis to determine
the association of Mg with chlorite in Blelham Tarn. Figure 3 illustrates the use of regression
to find the relationship between Zn and residual Fe, a tracer for natural supply, in Antonelli
Pond, California.

Simple bivariate scatter plots have the disadvantage that dilution distorts the relationship.
Triangular diagrams have the advantage of eliminating dilution effects, and of increasing
the number of elements represented. This approach is particularly useful for highlighting
compositional differences (e.g., Englund & Jørgensen, 1973).

Matrix methods and unmixing

The process of determining the end-members that make up a mixture can be referred to as
unmixing. Simple approaches to unmixing often use ratios to an index element. For example,
Norton & Kahl (1987) use element: Ti ratios to quantifying trace element baselines, and
ten Hulscher et al. (1992) use Sc as a sediment source tracer. However, if there is prior
knowledge of end-member compositions, then their contributions to the mixture can be
found by least-squares approximation (e.g., Bryan et al., 1969). Such end-members can be
selected in many ways. The method of Miesch (1981), discussed below (Positive subspace

and unmixing), offers a method based on observed data structure. Alternatively, extreme
compositions may be used, or expected end-members such as mineral compositions (A
good basic source reference for mineral chemical compositions is Deer et al. 1966). The
method is easily coded on a computer; code and discussion are offered by Davis (1986).
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A different approach to unmixing involves the use of multivariate discriminant func-
tions. Collins et al. (1996, 1997) successfully apply this technique to sediment source
discrimination in suspended river particulates and river over-bank deposits.

PCA and related methods

Description and pitfalls

Principal components analysis (PCA), and other techniques based on eigen analysis (factor
analysis), have been widely applied to geological data since the 1970s. An excellent general
introduction and FORTRAN computer code are given by Davis (1986). The methods can
also be performed using many modern data analysis software packages. The following
brief description of eigen analysis introduces aspects relevant to unmixing of multivariate
data sets.

For any data set comprising objects (e.g., sediment samples) on which a number of
variables have been measured (e.g., element concentrations), an abstract composition
space can be defined in which the variables are the dimensions. Within this space, the
position of a sediment sample is determined by its elemental concentrations. Dissimilarity
between sediment samples is measured by the Euclidean distances between them in the
composition space. If all of the elements varied in concentration independently (i.e., they
were uncorrelated), then the concentrations of all elements would be needed to describe
the positions and inter-relationships of the samples. However, in all real sediment data
sets, the element concentrations are partially interrelated; sediment samples can be seen as
mixtures of a small number of independent multi-element sediment components. In such a
case, the composition space can be accurately represented by fewer axes (dimensions). The
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number of axes is equal to one less than the number of independent sediment components.
Thus, if the mixture contained only two minerals, then variation across the samples can be
represented by only one axis, the opposite ends of which represent the two minerals. More
commonly there 3–4 significant axes, but that is a lot better than the sometimes tens of
original variables. Eigen analysis is simply a mathematical procedure for identifying these
combination axes.

There are several key issues in the application of these techniques.

Euclidean distance is not the only possible measure of dissimilarity. It is, however,
ideal for dealing with mixtures.

Data transformation and re-scaling may be appropriate. As with all methods based on
Euclidean distances, outlying objects have a disproportionately great influence on the
outcome. Data cleaning or transformation is necessary to deal with this. Furthermore,
in the most basic form of PCA (in which a simple cross product matrix is used), high
magnitude variables have more influence than low. This can be overcome by scaling.
The most common practice is to standardize the variables.

Should factors be defined? In its most basic form, PCA provides a relatively objective
assessment of the relationships between both the samples and variables (it is not,
however, without subjectivity, as decisions have to be made about inclusion of vari-
ables, and about transformation and scaling). In factor analysis, there is further erosion
of the objectivity. Instead of simply displaying the patterns, factor analysis attempts
to determine the number of independent components (or factors) which underlie the
data set, and to find their composition. While there are procedures to help choose
the appropriate number (e.g., Hsu et al., 1986), in practice the approach tends to be
rather arbitrary (see Dean et al., 1988; 1993). Nevertheless, in its Q-mode form, factor
analysis has been widely applied to unmixing problems.

Correlated components. The method can only work perfectly if all of the contributing
sediment sources are uncorrelated. If they are correlated, then even if they are func-
tionally independent, no amount of rigid rotation of the axes can fully separate them.

Q-mode factor analysis

The various factor analysis methods which became widely available during the 1970s are
ideally suited to the examination of conservative mixing (Klovan & Imbrie, 1971). They can
be used to simultaneously classify sites and identify independently varying compositional
components. Dean et al. (1988; 1993) apply Q-mode factor analysis to total elemental
analyses of lake surface sediments, with a view to regional classification and sediment
source characterization. The approach uses a varimax rotation. This is a numerical procedure
that rigidly rotates the selected axes to maximize or minimize the variable scores on each
axis. This helps in the interpretation of the factors as real end-members.

Such techniques have the distinct advantage that once the elements are selected, the
method is not subject to user-bias, beyond the choice of the number of factors to be
included in the varimax rotation. The resulting factors are truly independent of each other,
and faithfully reflect the composition of the original data set, within certain transparent
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limits. However, there are problems. Once the analysis is complete, the normal practice
is to interpret the factors by identifying them with known actual processes or sediment
components on the basis of the element loadings. This process is subjective, reducing any
advantage of factor analysis over more basic PCA methods.

In conclusion, the appeal of ‘objective’ factors is great. However, except in simple cases,
there is little advantage in this approach compared with using PCA biplots to examine
multivariate relations and possible end-members (see Birks, 1987).

Positive subspace and unmixing

The factor analysis methods described above can be used to explore mixing, and to identify
components. However, they do not yield estimates of the end-member compositions. Miesch
(1981) proposed an alternative method, starting with Q-mode factor analysis, which aims
to identify and quantify sensible end-member compositions based on the structure of the
data. The concept is developed as follows;

No components of a real mixture have any elements with negative concentrations.

In a Q-mode factor analysis of data that have not been standardized, the first axis
will have positive values for all elements, but the remaining axes will contain some
negative elements.

The second and further axes cannot represent real end-members, because of the
negative values they contain. However, there is a region of composition space close
to the first axis where all compositions are positive. This contains all the realistic
end-member vectors.

For a simple mixture, the boundary of this positive composition space describes a
shape with straight sides and intervening apices. The number of apices equals the
number of axes, or end-members if fewer. Thus, if three end-members are found, the
shape bounding the positive solutions is triangular. The apices of the shape give the
best possible estimates of the end-member compositions.

In the ideal case, where one element at least of each actual end-member is zero, then
this method perfectly identifies the end-members in artificial data sets (Miesch, 1981).
Furthermore, in such a case the end-member vectors are orthogonal and the data set is
perfectly accounted for. If, however, no elements are zero in the true end-members, then
perfect unmixing is not achieved, and the axes are not orthogonal. The end-members found
this way only imperfectly account for the original data.

The method is easy to apply to three axes, yielding a maximum of three end-members.
Because real data sets are complex, a perfectly triangular positive subspace is rarely ob-
served. However, by considering the changing compositions around the perimeter of the
subspace, realistic estimates of the end-members can be identified. For example, the sedi-
ment in Pinto Lake, California (Fig. 4) has a broadly triangular subspace, with five apices.
By comparing the compositions represented by these apices, it is possible to constrain the
end-member compositions.

In spite of the obvious merits of this approach to dealing with conservative mixing in
soils and sediments, it has been little applied.
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Normative calculations

Calculation of normative mineral concentrations is common practice in igneous petrology.
This is a standardized scheme for deducing the concentration of idealized, or ‘norma-
tive’, minerals from whole-sample elemental concentrations. Garrels & MacKenzie (1971)
propose a normative method for sedimentary rocks. As they state, it is not intended that
the ‘norms’ so calculated should portray the actual minerals present, rather that a feel for
the mineralogy is given. The method below is slightly modified to allow for the different
mineral assemblages found in lake sediments; illite, organic matter, and Mn have been
added, and a mixed Fe and Mg chlorite is used in place of the original Fe-free chlorite. The
method is appropriate only for fine-grained sediments, and is likely to work best on clastic
dominated systems.

To apply the method, all the major elements must be known. Then a series of steps must
be taken:

1. Recalculate the elements as wt. % oxides total
FeOOH = Fe × 1.43; MgO = Mg × 1.66; CaO = Ca × 1.40;

Organic matter = wt. % LOI.
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2.

3.

Sum the oxides, LOI, and (if significant) for each sample, and make sum equal to
100 (i.e. multiply each value by 100/sum).

Divide each oxide by its molecular weight; the components will then be in moles/100g
of sediment.

Idealized minerals assumed to be present; calcite Ca-feldspar
magnesite chlorite Na-feldspar illite

 kaolinite     r      1        K-feldspar silica Fe oxy-
hydroxide (FeOOH); Mn oxide

Progressively apportion the elements (as oxides) to the minerals using the following
sequence. After each step subtract from the element totals all of the elements contained
within the mineral of that step.

1.

2.

3.

4.

5.

6.

7.

8.

9.

If calcite = and Ca -feldspar = remaining CaO

If  then calcite = CaO, and magnesite = remaining

Chlorite = remaining MgO/3.5

Na-feldspar =

Illite =

K-feldspar = remaining

Kaolinite = remaining

Silica = remaining

Fe oxyhydroxide = remaining FeOOH

Mn oxide =

Finally multiply the sum for each mineral by its molecular weight to get its weight
percent concentration (calcite; 100.09; Ca-feldspar, 278.2; magnesite 84.3; chlorite, 531.0;
Na-feldspar, 262.2; illite, 705.4; kaolinite; 222.1; K-feldspar, 278.3; silica 60.1; Fe oxyhy-
droxide, 88.8; Mn oxide 86.9).

This system can be applied very easily using a spreadsheet. It must be remembered
that the minerals identified are hypothetical. At any one site the method can be improved
by refining the mineral compositions on the basis of local knowledge. For example, in a
site with low chemical weathering, mica (muscovite, ) might be more
appropriate than illite. Alternatively, if significant Ti is present in minerals other than micas
or illite, this will need to be allowed for.

Calculating trace element baselines in pollution studies

As Norton & Kahl (1987) state, identification of the natural trace element contribution is
essential if lake sediments are to be used as recorders of pollution. Early studies simply
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used ratios to Al to allow for variations in the natural supply (e.g., Kemp & Thomas, 1976;
Bertine & Mendeck, 1978). Norton & Kahl (1987) instead apply a correction using element:

ratios. The principle is that the natural trace element supply can be divided into two
fractions; soil minerals with associated trace elements, and the rest of the sediment lacking
trace elements. Thus, unpolluted sediments will have trace element concentrations that vary
with a soil mineral tracer, for example The anthropogenic fraction can be found by
subtracting the background fraction from the total concentration. i.e.,

where: suffix a = anthropogenic, (x) is any depth, and b = background.
This approach is particularly appropriate where total element concentrations are used,

because a high fraction of elements such as Zn, Cu, Ni, Co and V are firmly bound in mineral
lattices. For elements such as Hg, Cd and Pb, the labile fraction is generally greater. When
acid extractable concentrations are measured, the strength of the correlation between trace
elements and weakens, reducing the value of the method. Further, given the key role
of organic matter in binding elements such as Hg, Cd, Cu and Pb, it may actually introduce
errors. Renberg (1986), for example, working with extractable trace element concentrations,
concluded that normalization to organic matter can be appropriate, in complete contrast
to Norton & Kahl (1987). A further potential problem in highly organic sediments is that
acid-extractable can be significant (Engstrom & Wright, 1984).

An alternative model was suggested by Hilton et al. (1985). Rather than assume a
fixed ratio of trace elements (total concentrations) to the catchment source tracer, they use
regression to determine a model. The method is compared with that of Norton & Kahl
(1987), using data for Zn from Antonelli Pond, California. Residual Fe is used here as a
natural source tracer (Fig. 5). The method is not without problems. Hilton et al. (1985)
argued that, in addition to the soil particulate component, some of the trace element would
be supplied in solution leading to a positive value for the regression intercept. However,
in practice, they found negative intercepts for all trace elements for which a significant
regression model was found, suggesting that the theoretical basis is incorrect. A plausible
explanation for the discrepancy may be vertical differentiation of the source soils. The ratio
of natural trace elements to (or any other passive tracer such as Mg or residual Fe is
unlikely to be constant throughout the soil profile. Alternatively, if and trace elements
are associated with different particle sizes, mechanical sorting in the lake system may cause
separation (e.g., Norton et al., 1992). This problem does not mean that the method of Hilton
et al. (1985) should not be used; it remains the best available method. It may well be better,
however, to look for tracers which discriminate between parts of the soil profile, or which
correlate better with trace elements in soils.

Two possible alternative soil tracers are organic matter and acid-extractable Al. Organic
matter has a well-known association with trace elements in sediment cores (Renberg, 1986).
Boyle et al. (1998) also observed this effect in Lake Baikal, as do Boyle et al. (in prep)
in Spitzbergen. However, variable amounts of authigenic organic matter prevent the use of
total organic matter as a normalizing index. On the other hand, a measure of soil organic
matter, based on N : P : C ratios, might be a suitable tracer to soil trace elements in many
lakes. An alternative is acid-extractable Al, which, like trace elements, is strongly associated
with the soil organic fraction. In a system where physical transport of soil particles to the
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lake dominates the supply of trace elements (i.e., not acidic), acid-extractable Al may be
a suitable tracer. The chosen tracer can then be applied using the procedure of Hilton et
al. (1985). As an example, consider concentration profiles from Nunatak Lake, Greenland
(Fig. 6). A striking similarity is seen between the Pb and the acid-extractable Al and
Mn profiles.

Areas of contention

Partial chemical extractions and sediment sourcing

Chemical fractionation by sequential extraction has been developed as a tool in environ-
mental geochemistry for two main reasons. First, to understand the behaviour and fate
of elements. Second, to predict aqueous speciation, mainly for toxicological reasons. The
various techniques employed have greatly advanced our understanding in environmental
geochemistry, though they are not without their problems. Palaeolimnologists would like
access to such methods and information, but are faced with additional problems; has the
speciation changed since accumulation?

There are two main issues. First, are the extracted chemical fractions specific and free
from redistribution? Second, can the methods be applied to buried sediment. The second
question involves three different points. Does speciation change on sampling? Does it
change during diagenesis? Most importantly, is any useful palaeolimnological information
recorded in the extracted fractions?

There are a number of studies which have looked at speciation in aqueous particu-
lates. The method of Tessier et al. (1979) is a good example. These methods have been
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used to explore geochemical processes relating to contemporary sediments (Tessier et
al., 1989). The European Community Bureau of Reference (BCR) has also developed
a method (e.g., Sahuquillo et al., 1999). The reproducibility of such techniques has been
recently improved by the development of appropriate reference materials (Sahuquillo et al.,
1999; Lopez-Sánchez, 1998: Quevauviller et al., 1997). However, there remain concerns
about the interpretation of these extractions. Raksasataya et al. (1996), comparing the
Tessier et al. (1979) and BCR methods, found that on synthetic soils and spiked natural
soils, both methods failed to correctly characterize Pb. Both methods removed Pb in early
stages in spite of the fact that most was actually associated with humic substances. Nev-
ertheless, sequential extraction methods are well established as a technique for examining
contemporary sediments.

The same techniques have been applied to sediment cores (e.g., Reuter et al., 1981;Tsai
et al., 1998), but it is not possible to verify that the data can be interpreted in the same way
as for surface sediments. White & Gubala (1990) found that speciation changes rapidly on
exposure to the air, requiring very careful handling of the sediment material, and argue that
the initial particulate speciation is unlikely to be preserved. They conclude, as did Engstrom
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& Wright (1984), that only the residual, aluminosilicate fraction, is resistant to alteration.
This suggests that only two fractions can realistically be measured; the residual fraction,
and the rest.

If a two-part division is made of the sediment, it is important to be very clear about the
environmental significance of the fractions. The residual, or lattice-bound, fraction is largely
bound up in insoluble silicate minerals, and thus is completely inert with respect to the lake
system. The only information derived by measuring this fraction is about the character of
the drift and bedrock of the catchment, and any aeolian mineral influx. The non-residual
fraction is more complex. From the lake water, it can derive pore-water ions, sorbed ions,
organic residue from partially decomposed organisms, biogenic silica, biogenic carbonate,
sulphides, precipitated humic substance and oxyhydroxides of Mn and Fe, with associated
organic matter and trace elements. From the catchment, it receives residues from decom-
posed plant tissues, soil oxyhydroxides of Fe and Mn with associated organic matter and
trace elements. In other words, whereas the residual fraction is entirely allogenic in origin,
the non-residual fraction is a complex mixture of allogenic and authigenic components.
Clearly, it is very important to be cautious about interpreting the origin of lake sediment
materials on the basis of partial extractions.

Finally, it is important that the objectives of the sequential extraction are kept in mind.
If speciation is being studied, then sequential extraction must be used, and interpreted with
due caution. If a palaeolimnological analysis is the objective, then it is necessary to consider
the reliability of the speciation in the context of the questions being addressed.

Concentrations versus accumulation rates; issues, problems and models

Issues

Chemical elements in lake sediments are measured as concentrations. Yet, for a number
of reasons, it is often desirable to convert the concentrations to accumulation rates. This
issue is reviewed at length by Engstrom & Wright (1984). Concentrations are measured
relative to the sample mass, and are therefore not independent from each other. If the
rate of supply of one component increases relative to the others, then its concentration
increases, while the others decrease. Thus, an up-core increase in the concentration of
any particular element might be explained either by an increase in its supply rate, or by a
decrease in the supply rate of one or more of the other components. Only accumulation
rate data can unambiguously distinguish these cases. The obvious solution is to express
the elements as fluxes. However, this is not straightforward for a number of reasons. First,
even where data are available, sediment accumulation rate data are considerably less
precise than the concentration data. Therefore, presenting results as accumulation rates
reduces precision. Second, accumulation rate values are not usually measured for
every sampling interval. Interpolation is required, adding unknown biases to the data. Third,
accumulation rate data from any one core may differ greatly from the accumulation rate
history of the lake as a whole. A variety of redistribution processes ensure that local effects
dominate the accumulation rate history at any one location within a lake. In consequence, the
measured accumulation rate history will be noisier than that of the whole lake. Any observed
accumulation rate events (maxima, minima, steps, etc.) might be either redistribution events
or supply rate change events, having very different significance for the element supply
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fluxes. To eliminate these effects it is necessary to study many cores; Rowan et al. (1995a)
argue that 5–10 cores are needed to obtain reasonably precise estimates of whole-lake
sedimentation rates. A procedure for determining an optimal number of sediment cores has
been proposed (Rowan et al., 1995b).

Concentration data are precise by comparison, recording subtle changes in the supplied
sediment. If the relative importance of any component changes, then this is faithfully
recorded in the sediment record. To determine which of the components has changed, two
approaches are possible. First, accumulation rate data, if they exist, can be used to show
which components show greatest flux changes. Second, a logical analysis of variation in
the components may indicate which is most likely to have changed. For example, if one
component goes down, while the three other independent components go up, then it is most
likely that the flux of the single component has changed.

These arguments lead to the conclusion that concentrations are the primary data type;
by comparison with accumulation rates, they are more precise, less open to interference,
and often easier to interpret. Nevertheless, accumulation rate data are often necessary to
interpret concentration changes, and a case can be made for displaying graphs of both
concentration and accumulation rates (Engstrom & Wright, 1984; Renberg, 1986).

There is, however, an additional dimension to the problem of accumulation rates. The
interpretation of two specific types of component is very sensitive to mass accumulation
rate. First, elements that are transported to the lake in a soluble form, and only partially
captured by the lake, have concentrations which can be highly sensitive to the sediment
accumulation rate. Second, any component for which the supply rate is completely in-
dependent of catchment particle supply rates, is sensitive to variable dilution. For many
atmospherically supplied trace elements both of these situations apply. The model described
below can be used to evaluate these effects.

Models linking flux and concentration

The role of water column particles in capturing dissolved trace elements has been known
for a long time (e.g., Schindler, 1975). The practical significance of this was demonstrated
by Santschi (1984), who showed how the water column residence times of trace elements
could be predicted from the particle flux. The simplest model which links fluxes of particles,
supply of trace elements, and capture by sediments, is that of Schindler (1975). At the heart
of the model is the distribution coefficient, (sometimes referred to as the partition
coefficient), which quantifies the relationship between the dissolved and particulate con-
centrations. Most subsequent formulations of the model are built around this concept (e.g.,
Imboden et al., 1980; Diamond et al., 1990; Hilton et al. 1995;Appleby, 1997). These models
all assume reversible sorption of dissolved elements to particle surfaces. This simplistic
view is broadly supported by recent studies of suspended particles in rivers (Findlay et al.,
1996; Ferriera et al., 1997) and more rigorous chemical models of binding (e.g., Lofts &
Tipping, 1998).

The model of Schindler (1975) can be expressed in terms of sediment concentration,
which is convenient for palaeolimnological studies. The model derivation is outlined in
Figure 7. A simpler steady state version of this, which is suitable for most purposes, is
discussed at length by Boyle & Birks (1999). Both forms of the model exclude diffusion
of dissolved elements into the sediment from the water column. This issue is discussed by
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Diamond et al. (1990), and suggests that omission of diffusion is a problem for highly solu-
ble elements such as As, Cs and Ni, or acid sensitive elements (Cd, Co, Zn) in acidic lakes.

Variable dilution

If an element that is independent of the dominant panicle supply (i.e., in solution from
catchment, or from the atmosphere) is captured efficiently by the lake system, then varia-
tion in the particle mass accumulation rate will cause an inverse variation in its sediment
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concentration. This is due to variable dilution. As stated above, it is not sufficient to measure
the accumulation rate of the specific core to correct this. The particle accumulation rate
of the core will vary with redistribution, while the dilution will be controlled by particle
supply to the whole lake. In principle, a sufficient number of cores from a lake can solve
this problem.

If a significant proportion of the element remains dissolved in the water column, then
the situation is more complicated. The proportion of the element retained by the lake
sediment will then vary with the sediment supply rate. For example, for an atmospherically
supplied trace element which is entirely sorbed to particles, doubling the particle accu-
mulation rate will halve the sediment concentration. However, if only 10% of the element
is bound to particles, then the sediment concentration is very nearly independent of the
particle accumulation rate. Furthermore, the concentration will vary with the water flux.
These effects can be evaluated using the simple partition model presented in Figure 7 and
discussed by Boyle & Birks (1999). The model can be used to correct for the effect of
changing particle accumulation rate. However, as discussed in the previous section, good
accumulation rate data are rarely available. Instead, corrections for the effect of flux using
local accumulation rate data can be used to constrain interpretation of changes, and to
estimate average trace element supply rates. However, just as with the discussion about
accumulation rate approaches above, the most reliable, and therefore primary, data type
is concentration.

Deep lakes

The relationships between particle flux, trace element flux and trace element concentration
in sediment are more complicated in deep lakes. In a deep lake, there may be a significant
proportion of dissolved element held in the water column. If the water column dissolved
element inventory approaches the magnitude of the annual flux for that element, then a
steady state model is invalid. Instead, the dynamic model outlined in Figure 7 must be used
to allow for the time delay in the response of the sediment to changes in trace element
supply rate. The disadvantage of this, compared with the steady state situation, is that an
observed trace element concentration profile does not lead back to a unique trace element
supply history. However, a trace element supply history does lead to a definite trace element
concentration profile, so it is possible to see if any particular supply history is compatible
with the observed concentration data. A practical example of this from Lake Baikal is shown
in Boyle et al. (1998), where the exceptional water depth makes this effect particularly
strong.

The dynamic model of Figure 7 can be used to illustrate the impact of water depth
on the response of the sediment to changes in trace element supply. The effects on the
sediment composition are illustrated of five year episodes of doubled trace element supply

different combinations of water depth and  initial
rate (Fig. 8a), doubled particle deposition rate (Fig. 8b) and doubled (Fig. 8c), for

For a trace element with doubling the trace element supply rate produces a
smoothed sediment concentration record in even a 10 m deep lake. In 500 m, five years is
not enough time for a well developed peak to form (Fig. 8a). Such a lake will be insensitive
to short term changes in trace element supply. Clearly, in very deep lakes smoothing can
seriously reduce the value of the sediment record.
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The insensitivity of the sediment record of deep lakes to changes in trace element
supply, does not mean that the trace element concentration profile in the sediment cannot
show sharp changes. A change in the particle deposition rate will cause an instantaneous
change in sediment composition through dilution. However, for deep lakes, particularly
for low values, this dilution effect is reduced by the high water column trace element
inventory (Fig. 8b). This means that in deep lakes it is important not to infer external trace
element supply simply using sediment trace element accumulation rates.

Rapid changes in sediment composition can also be caused by changes in An
increase in can result from an increased proportion of algal matter, while a decrease in

can be caused by increasing calcium carbonate (Sigg et al., 1987) and biogenic silica
(Boyle & Birks, 1999). Increasing the causes an instantaneous increase in trace element
concentration because the particles can take elements from the water column reservoir
(Fig. 8c). Of course, this reservoir is not inexhaustible, and eventually a new steady state
will be reached in which the concentrations return approximately to their pre-change values
(not quite the same, as the change in will have altered the outflow losses). This effect
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increases with the solubility of the trace element, and the depth of the lake. In the 10 m
deep lake (Fig. 8c), for the values typical for Pb (c. we see that the increase
in concentration is very short lived; the panicles take more Pb, but rapidly deplete the
reservoir and establish a new equilibrium. When the returns to normal the reverse
happens. In a shallow lake, and with typical sedimentation rates, sediment mixing, and
sampling intervals, such an event is probably undetectable for Pb. However, for the more
soluble there is a chance of seeing an effect in even a shallow lake, while
at 500 m water depth (Fig. 8c) even Pb shows distinct peaks associated with changes in

The various effects of deep water, illustrated in Figure 8, mean that a trace element
concentration peak in the sediment of a deep lake need not imply a supply event. While
the model makes this clear, as discussed above, unique deconvolution of the smoothed
and distorted sediment record is not possible. However, the model does allow constraints
to be placed on possible interpretations of the record. For example, in Lake Baikal the
model served to demonstrate that the sediment Pb record is compatible with the expected
Pb supply history (Boyle et al., 1998). It also showed that observed stratigraphic changes in
the sediment trace element concentration were too sharp to be explained by supply effects,
and that changes in needed to be considered.

Diagenesis, diffusion and signal preservation

If palaeolimnological methods are to be reliably applied to element concentration profiles,
then two, often unstated, assumptions must hold true.

At any one time the sediment concentration must be proportional to the external
element loading.

The sediment concentrations must not change after burial.

The former seems generally true, within the constraints of water depth (see section
above) and sediment mixing (this important topic, relevant to all branches of palaeolimnol-
ogy, is not addressed here. See Boudreau, 1999). However, the latter has long been known
not to be true for some metals (Fe and Mn), and there has been much conflicting evidence
and conjecture about other elements. This topic has been thoroughly reviewed by Hamilton-
Taylor & Davison (1995) and Boudreau (1999), and it is concluded that remobilization of
trace elements in sediment is not an overriding factor in most situations. The topic is,
however, of such significance to inorganic geochemical palaeolimnology, that it is worth
looking in detail at the evidence.

This section will consider three specific issues of relevance to palaeolimnology: surface
sediment trace element enrichment; diffusion of elements within the sediment; and the role
of Fe and Mn reduction in the potential remobilization of trace elements.

Surface sediment trace element enrichment

Enrichment of the sediment surface in trace elements, such as Cd, Cu, Zn and Ra, is
not uncommon (e.g., Boyle et al., 1998). What do such enrichments mean? How can the
sediment preserve an element supply record, when there is a mechanism generating surface
enrichments?
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The enrichments are usually reported only on the surface of the sediment. Three situa-
tions could explain this.

Coincidence of trace element supply increase with the present; implausible as these
have been observed for years without sign of burial.

Constant surface enrichment due to continuous upward migration, and dissolution
upon burial.

Ephemeral surface enrichment due to cycling in processes in the water column.

At present, evidence points to the third alternative. Morfett et al. (1988) made repeat ob-
servations of lake sediment composition profiles, which showed that the surface enrichment
was indeed temporary, and was coupled with trace element cycling in the water column.
While few detailed studies of this kind exist, the generality of the phenomenon is attested
to by studies of element cycling in lakes. Hamilton-Taylor et al. (1984) showed that C, Cu
and Mn in particular were being recycled in the lower part of Windermere, Britain. Cu was
released by rapid microbial decomposition of diatoms in the surface sediment, while Mn
release was linked to redox cycling in the sediment. Some evidence for cycling of Pb and
Zn was also found, but no clear cause could be demonstrated. A similar result was found in
Greifensee, Switzerland, by Xue et al. (1997). Other studies have emphasized the instability
of the fresh surface sediments and the rapid mineralization of the organic matter (McKee
et al., 1989; Jonsson & Jansson, 1997). The significance of this mineralization for trace
element release from river sediments has also been demonstrated (Song & Müller, 1995;
Petersen et al., 1995). The trace elements released by the mineralization move dominantly
upward into the water column because of the far greater upward diffusivity. Hamilton-
Taylor et al. (1996) found that the downward diffusive flux for Cu and Zn was only about
1% of the total trace element sedimentation rate.

The escape of the trace elements back to the water column could be prevented by
burial, thereby preserving a sediment record. However, such fossilized enrichments might
be difficult to detect; the surface sediments commonly have extremely low densities, and
thus comprise very little material. On burial, we can expect that any enrichment will be
strongly diluted by the ‘normal’ underlying and overlying sediment. There are, however,
some potential examples in the sediment of Lake Baikal (Boyle et al., 1998), where frequent
small turbidity flows provide an ideal mechanism for burying the surface enrichments.

In conclusion, surface trace element enrichments are most likely to be linked to trace
element cycling in lakes. This need not, however, have much impact on the longer term
sediment record. The trace elements scavenged and re-released by the organic sediment are
returned to the water column, mostly to be recaptured by falling particles at a later date.
Simply, there are two scales of trace element cycling; one fast and temporary; the other
slow and long-lived. The former appears to have little impact on the latter.

Diffusion of trace elements

There are problems for palaeolimnological interpretation of element concentration profiles
if: diffusion from the water column to the sediment is greater than sedimentation; and if
elements migrate within the sediment after burial. Diffusion between the water column
and the sediment is potentially a huge problem. Diffusive loss or gain to the upper surface
of the sediment would matter little, as the effect would be similar to sedimentation. If,
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however, diffusive exchange occurs between the water column and deeper layers, then
severe limitations could be placed on the temporal resolution of the record.

The first firm evidence for diffusive transport from water to sediment came from
Carignan & Tessier (1985). In two lakes in Ontario (Clearwater and Tantaré Lakes), they
showed that the diffusive flux of Zn exceeded the sedimentation flux. These results were
supported by Tessier et al. (1989), who showed how widespread the effect was. Other studies
showed significant, though lower, diffusion of Cu (Carignan & Nriagu, 1985). At both sites,
they found highly significant diffusion of Ni, which at least equaled the sediment settling
component. For both Ni and Cu, subsurface peaks were attributed to this effect. For all
three metals these sites are rather unusual. The sediment concentrations are high through
proximity to the Sudbury smelter, and the dissolved concentrations are high because of
acidification, leading to high diffusive fluxes. In the long run, metal mobility at these sites
is thought to be very low because of sulphide available in the sediment (Huerta-Diaz et
al., 1998). An important question is whether significant diffusion of these or other trace
elements is occurring at other less acidic and less polluted sites, and in sites where sediments
are sulphide-free. Direct evidence from sediment studies is scarce. However, Diamond et
al. (1990) present a simple model of diffusion of trace elements from the water column
to the sediment. This is useful in that it predicts the relative importance of diffusion as
a transport mechanism based on the value (Fig. 9). However, this model is designed
to study water quality, and does not deal specifically with where the trace element goes.
The model gave a best fit if the depth of sediment involved in diffusion is 1 cm, which
is similar to the depth for diffusive accumulation of Zn observed by Carignan & Tessier
(1985). Using the model of Diamond et al. (1990), knowing the sediment accumulation
rate, and assuming a 1 cm diffusive penetration, it is possible to place crude constraints on
the impact of diffusion on a sediment trace element profile. It must be stressed, however,
how crude this is. It would not be difficult to construct a more sophisticated model, using,
for example, approaches suggested by Golterman (1995), but it is difficult to collect the
kind of data needed to parameterize the model.

Evidence for diffusive redistribution of elements within the sediment must also be con-
sidered. Redox impacts are considered in the next section. However, diffusion in sediments
need not be related to redox effects. There is no doubt that can migrate in sediments
(e.g., Davis et al., 1984). However, this is complex matter, and profiles examined by Crusius
& Anderson (1995) could not be interpreted with a single value. A fraction of more
mobile Cs had to be present with a of about 5000.

Pore water data have been presented by Benoit & Hemond (1991) to support redistri-
bution of Such a finding has not been reported by other researchers. Indeed, studies
of in varved sediments have failed to detect migration (e.g., Appleby et al., 1979;
Crusius & Anderson, 1995). While not being able to explain this discrepancy, Hamilton-
Taylor & Davison (1995) conclude that an overwhelming body of evidence supports the
view that Pb is only minimally mobile in lake sediments.

From these examples, it is clear that diffusion can be a problem under some circum-
stances. From the palaeolimnologist’s perspective, it is important to be able to predict where
such problems will occur, and what their potential significance is. A promising approach
to this is via modeling. Some hope is also offered by the diffusive gradients in thin-films
(DGT) technique (e.g., Harper et al., 1998), because it may then be possible to estimate at
each site the relative mobility of the elements under study.
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Redox effects and trace elements

The affinity of trace elements for Fe and Mn oxides has been known for a long time. It
has also long been known that redox cycling of Fe and Mn takes place in lake sediments
(e.g., Mackereth, 1966). What is less certain is whether redox remobilization of Fe and Mn
oxides causes remobilization of trace elements (e.g., Förstner & Wittmann, 1979).

Correlation of trace elements with Fe-Mn oxide concentrations within sediment profiles
has been attributed to remobilization. This is particularly the case for surface sediment
enrichments (e.g., Cornwell, 1986; Williams, 1992), but also for subsurface sediments
(e.g., Boyle et al., 1998). In all of these cases, redox remobilization is plausible, but not
demonstrated as there are a number of alternative possible explanations. Many sediment
cores have elevated Fe and Mn in their surface sediment due to redox recycling. Many
sediment cores likewise have elevated trace elements due to the cycling within the water
column. If sampling intervals are coarse with respect to these effects, then a good correlation
between Fe-Mn oxides and trace elements is inevitable for many cores (e.g., Cornwell, 1986,
for Cu, Pb and Zn). Looking in detail at six fine-resolution Lake Baikal cores, Boyle et al.
(1998) show that apart from the surface samples, which are typically elevated in both Fe-Mn
oxides and trace elements, there is either no correlation or a negative correlation between
Fe-Mn oxides and trace elements. This suggests that far from capturing trace elements, the
diagenetic Fe-Mn oxides simply dilute them. This is not the case for all trace elements;
Flower et al. (1995) found that Co correlated with Mn in a sediment core from Lake Baikal,
supporting mobilization of Co on reduction.

The evidence presented above does not discount redox remobilization, but does serve to
show that patterns in sediment composition are not likely to prove anything. To demonstrate
redox remobilization it is necessary to find evidence for change. The most direct approach
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is to look for gradients in pore water concentrations. Both Co (Wang et al., 1986; Williams,
1992; Petersen et al., 1995; Achterberg et al., 1997) and Cr (Petersen et al., 1995) remo-
bilization have been demonstrated in freshwater sediments. Arsenic is also shows strong
pore water gradients. Cornett et al. (1992) studied the As polluted Moira Lake (Ontario)
and found that the diffusive flux of As was greater than the current external loading.
declined sharply with depth, as the sediment becomes more reducing. In Loch Lomond,
Scotland, a strong sub-surface sediment enrichment in As is observed, driven by pore-water
fluxes towards an oxidation front just below the sediment surface (Farmer & Lovell, 1986;
Farmer, 1994).

As, Co and Cr can become remobilized because they have multiple oxidation states
in sediments. A crucial question is whether trace elements that do not change oxidation
state are remobilized in response to redox changes in Fe and Mn. The pore water data of
Williams (1992) offers some evidence for movement of Cu and Zn, though the patterns are
complex. Klinkhammer (1980) and Klinkhammer et al. (1982) show that Cu and Ni diffuse
upward in anoxic marine sediments in the equatorial Pacific; but the higher accumulation
rates observed in lake sediments make any comparison problematic. Shaw et al., (1990)
also find migration of transition elements, but in faster accumulating marine sediments.
They find a striking similarity between the Mn and Co pore water profiles. They conclude
that there is significant decoupling between transport and burial processes. The strength of
this finding depends upon the assumption that water centrifuged from sediment is a good
proxy for pore water.

Thus, pore water studies provide evidence that some trace elements (As, Co, Cr) become
more soluble on redox dissolution of Mn-Fe oxides in marine and sediments. However,
these studies have failed to detect a parallel release of trace elements (other than Co) with
Fe and Mn during redox events (Sakata, 1985; Morfett et al., 1988; Achterberg et al., 1997).
It appears that in spite of the loss of labile organic matter and oxides of Fe and Mn, the
trace elements remain relatively immobile. In oceanic or estuarine sediments it has been
proposed that sulphides have a role to play in fixing the trace elements under reducing
conditions. This has also been demonstrated in sulphate-rich freshwater systems (Huerta-
Diaz et al., 1998). However, Cu and Pb, at least, clearly remain firmly attached to freshwater
sediment even in the absence of measurable sulphides, and where Mn and Fe are being
actively released via reduction (Sakata, 1985).

One question to consider is why the trace elements are not released. If a key binding site
for trace elements is brought into solution (Mn-Fe-oxides), how is it that the trace elements
are not also dissolved? The logical argument that trace elements should go into solution
when their binding surfaces are disrupted appears to be based on too simplistic a model.
Substantial loss of Fe and Mn are experienced on reduction, yet this does not necessarily
mean total loss of oxide binding sites. In fact, reduction of oxides is rarely complete even
where conditions are sufficiently reducing that sulphides are present (Davison, 1994). Thus,
reduction need not eliminate oxides, while at the same time offering fixation by sulphide.

Furthermore, it may be that the significance of Fe and Mn oxides for binding trace
elements in freshwaters has been overestimated. There is good evidence that in freshwater
systems humic substances are as important. Indeed, Tipping (1980) showed that in the
presence of dissolved humic substances Fe oxyhydroxides became coated and behaved as
humic substances. Further studies have emphasized this effect, stressing its importance in
acidic systems (Tessier et al. 1996). Given the effectiveness of humic substances in binding
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trace elements (e.g., Tipping & Hurley, 1992; Tipping, 1994; Lofts & Tipping, 1998), and
their tendency to coat oxide particles present in freshwater systems (Findlay et al., 1996),
it need not be concluded that removing the Fe must have a dramatic effect on total binding.

Finally, diffusive fluxes are driven by solution gradients. Fe and Mn diffuse out of
sediments on reduction because they become 2–3 orders of magnitude more soluble. For
trace elements such as Cu, Pb and Zn, any increase in solubility due to loss of binding
sites is very small by comparison. Therefore, relative diffusive losses are expected to be
far lower.

In conclusion, it is not possible to prove or disprove the existence of redox remobilization
of the common pollutant trace elements (Cd, Cu, Hg, Pb and Zn). However, evidence at
present suggest that any effect is usually too small to be detected against the larger advective
fluxes (Hamilton-Taylor & Davison, 1995).

Uses of inorganic geochemical data in palaeolimnology

Inorganic geochemical data have been used in palaeolimnological studies for a long time,
and a number of key environment-composition associations have been studied. There is a
danger that such methods get used blindly, without adequate consideration of alternative
interpretations. In particular, there has been a tendency to disregard particle size effects
when interpreting variation in elemental composition (See Moalla, 1997, for an example
of how great such effects can be). Most of this section is devoted not to specific ele-
ments, but to environmental factors and the effect they have on the inorganic chemistry of
lake sediments. Table III provides information about some elements that have been used
in palaeolimnological studies, listing their properties and providing some references to
the literature.

Changes in the lake environment

Trophic status

At an early stage in palaeolimnological method development, it was argued that autochth-
onous organic matter was so susceptible to oxidation, that it contributed little to the sediment
carbon record (Mackereth, 1966). While other studies have concluded that within-lake
sources can be important in some cases, most studies have supported Mackereth’s conclu-
sion (e.g., Engstrom & Wright, 1984; Rowan et al., 1992). Dean & Gorham (1998), on the
other hand, argue that in all but the most oligotrophic systems, organic matter is mostly
autochthonous. This uncertainty, and the susceptibility of organic carbon to mineralization
(e.g., Dean, 1981), severely limits its use as an indicator of lake productivity.

Phosphorus, on the other hand, has long been used to reconstruct lake productivity.
The early work is reviewed in detail by Engstrom & Wright (1984). Under favourable
conditions, sedimentary P is a useful productivity indicator. The problem is that it is hard
to be certain about when the conditions are not favourable. For these reasons, and because
diatom transfer functions have proved so reliable (Hall & Smol, 1999), this technique is
less used than it might be.

Engstrom & Wright (1984) noted that some fractionation of the sediment P is desirable
because there is a detrital component. Since then, many studies have applied a number of
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different sequential extraction procedures. Most of these determine non-apatite inorganic

phosphorus (NAI-P), apatite phosphorus (AP) and organic phosphorus (OP), but a number
of finer distinctions are also made. The method of Williams et al. (1976) is the most widely
used, but there are both alternative procedures (e.g., Oluyedin et al., 1991), and objections
to steps in the Williams method (e.g., Golterman et al. 1998). There are currently attempts to
develop standard reference materials for a modified Williams method (Pardo et al., 1999).

Both the OP and NAI-P fractions are potentially related to lake productivity. However,
a series of factors affect the retention of P by lake sediments (Engstrom & Wright, 1984).

In lakes rich in authigenic Fe, stratigraphic variations in P correlate with stratigraphic
variations in extractable Fe.

In lakes poorer in authigenic Fe, P does not correlate with extractable Fe.

Hypolimnetic anoxia causes loss of sediment P. Thus, in cases of excessive produc-
tivity leading to hypolimnetic anoxia, sediment P can be anticorrelated with water
column P. Bacterial processes are thought to cause the release of the P (Davison,
1993; de Montigny & Prairie, 1993).

Reductive remobilization of P can lead to a stationary surface maximum which could
be falsely interpreted as indicating recent eutrophication (Farmer, 1994).

In addition to these problems, Belzile et al. (1996) show that lateral fluxes of P in a
eutrophic lake can make up a significant part of the local load, and can exceed vertical dia-
genetic remobilization. On the other hand, Dillon & Evans (1993) observed good agreement
between mass balance data and sediment core evidence for P loadings to lakes in Ontario.
They suggest that sediment cores make a good alternative to the logistically more difficult
mass balance studies, provided that several cores are used. So, if a lake has not become
severely anoxic, and if sediment mass accumulation rates are high enough to minimize
diagenetic effects, and the P signals being looked for are not subtle, then P reconstruction
can be achieved (Engstrom & Wright, 1984). For some successful case studies see Shapiro
et al. (1971), Williams et al. (1976), Farmer (1994), Heathwaite (1994) and Brezonik &
Engstrom (1998).

Another approach to quantifying lake productivity is to measure biogenic silica (e.g.,
Mortlock & Froelich, 1989). This, again, is reviewed by Engstrom & Wright (1984). The
principle is that the extractable silica will measure biogenic silica, chiefly diatoms, and
will thus be a measure of biological productivity. Engstrom & Wright (1984) explore the
weaknesses in this argument, which may be summarized as follows.

NaOH (or other reagents) attacks readily soluble clays in addition to biogenic silica.
Conversely, not all of the biogenic silica is dissolved. Thus, extractable Si may be a
poor measure of biogenic silica.

Biogenic silica is subject to variable and rather unpredictable dissolution on burial in
sediment, which interferes with the method. There are ways to estimate the amount
of dissolution using electron microscopic methods (Battarbee, 1980).
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Diatoms make up only a portion of the total phytoplankton population; variations in
diatoms need not reflect general productivity.

This much said, there are examples of lake sediment studies where estimates of biogenic
silica, or diatom counts, have contributed to the overall picture emerging from holistic
palaeoecological analysis (e.g., Coleman et al., 1995; Flower et al., 1995; Verschuren et
al., 1998).

Lake trophic status can also affect calcium carbonate. Increased productivity in lakes
can lead to biological consumption, consequent increased pH, and precipitation of
calcium carbonate. Under the right circumstances this can be preserved in the sediment
(Kelts & Hsü, 1978; Dean, 1981; 1999).

Lake redox

Mackereth (1966) studied the link between lake redox conditions and the capture of Fe and
Mn by lake sediments. In reducing conditions both Fe and Mn can become soluble, but Mn
more readily. Mackereth interpreted the redox history of lakes in the English Lake District
using this principle. He also recognized that it was difficult to separate source changes
from lake redox effects. He proposed, however, that this could be done by comparing
the Fe profiles with the Fe : Mn ratio profiles. If peaks in Fe concentration coincided
with peaks in the Fe : Mn ratio, then he argued that this was most simply explained by
changes in supply from the catchment. However, if peaks in Fe coincided with minima
in the Fe : Mn ratio, then it was best explained by reducing conditions in the lake. These
arguments, and related evidence based on Fe and Mn enrichment with respect to lithospheric
concentrations, are illustrated in Figure 10. This is one of the most widely applied tools in
chemical palaeolimnology. Many studies of lake history have invoked related arguments
(see Engstrom & Wright, 1984).

Engstrom & Wright (1984) point out a number of problems with this simple view.

Remobilization of reduced Fe and Mn within the sediment causes changes in the
Fe : Mn ratios. This means that small scale changes in the ratio need have nothing to
do with either supply or capture (e.g., Bryant et al., 1997).

In some systems, chemical reduction of the sediment leads to sulphide production,
and capture of Fe with loss of Mn. However, in sulphate depleted systems, there is
insufficient sulphide, and Fe is also lost.

Acidification can cause reduced Mn in sediments (e.g., Renberg, 1985).

There is poor agreement on redox conditions between chironimid data and that of
Mackereth.

These concerns are reinforced by Davison’s (1993) review of the aqueous chemistry of
Fe and Mn in lakes, emphasizing their complex behaviour. While the key role of redox in
governing concentrations is reinforced, many exceptions are identified. It is stressed that
both Fe and Mn have substantial colloidal fractions, which allows aqueous transport of both
in oxidizing conditions. In addition, photoreduction of Fe and Mn is active, particularly in
the presence of organic substances, and leads to measurable amounts of reduced Mn and Fe
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even in oxygenated water. It is also noted that geochemical models that predict the survival
of oxyhydroxide under reducing conditions are inadequate; Fe oxyhydroxides are capable
of coexisting with sulphide.

There are some additional considerations. The Fe and Mn fluxes to a lake can be altered
by acidification (Davis et al., 1983; Dillon et al., 1988). Further, if major changes in the
acid-soluble allogenic sediment fraction occur, the Fe : Mn ratio can alter substantially
without this meaning anything about the lake conditions.

A number of additional chemical species can be used to validate an interpretation
based on Fe and Mn. A promising approach is proposed by Schaller et al. (1997), who
include additional information from the distribution of Cr, Mo, V and As to better constrain
possible interpretations. Alternatively, the presence of sulphide in the lake sediment can
be used (detected by correlated stratigraphic increases in Fe and S, Engstrom & Wright,
1984; Carignan & Tessier, 1988), though interpretation is not simple. An increase in the
concentration of sulphides in the sediment can indicate a reduction in hypolimnetic oxygen,
but might instead be due to an increase in reducing capacity of the sediments. Both are
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likely to accompany increased lake productivity, but may also indicate reduced mixing, as
might accompany isolation of a lake basin or onset of meromixis. All three of these have
been invoked to explain the presence of sulphides (Engstrom & Wright, 1984). However,
there are more problems. At low concentrations, sulphide in sediment is usually determined
from total sulphur. This, however, can be enriched through diagenesis of sulphur-rich humic
substances (Ferdelman et al., 1991), and can be affected by atmospheric loading (Baker
et al., 1992). Clearly, it is necessary to fully understand the S budget before interpreting
sulphur variations in the sediment (e.g., Evans et al., 1997).

Human impact

Acidification

A number of significant impacts of acidification on lake sediment chemical composition
have been documented. Enhanced supply of trace metals leached from the catchment can
compete with reduced capture of trace metals by lake sediments, leading to a complex
response.

Catchment acidification has been invoked to explain increases in the catchment contri-
bution of Mn in Sweden (Renberg, 1985) and Fe in Norway (Davis et al., 1983). Enhanced
supply of Al due to catchment acidification is also reported (White & Gubala, 1990). The
export of trace metals is demonstrated in acidified parts of Sweden, where stream water
concentrations of Cd and Zn are enhanced in acidified areas (Johansson et al., 1995). In a
study of catchment and lake budgets in the highly acidified area around Sudbury, Ontario,
Dillon et al. (1988) found that the acidified catchments were sources for Al, Mn and Ni, but
sinks for Cu and Zn. An enhanced supply from the catchment is supported by lake sediment
studies for Al and Zn, but not for Pb.

Reduced capture of trace metals in lakes or enhanced leaching must also be considered.
In laboratory experiments, great effects on sediment leaching have been observed (e.g.,
Matschullat & Wyrobek, 1993). Field observations suggest that the effects are more muted.
Borg et al. (1989), working on forest lakes in southern Sweden (Holmeshultasjön, Fiolen,
St. Skärshultasjön, Klintsjön and Gyslättsjön), found little correlation of trace metals with
pH between lakes, but did find that for Zn, Cd and Mn there was reduced capture by
sediments in the acidified lakes. In contrast, pH had little effect on Fe, Al, Cu and Pb,
which were still dominantly captured by the sediment. Whole lake acidification at Little
Rock Lake (Wisconsin) found significant increases in dissolved concentrations for Al, Mn
and Fe (Mach & Brezonik, 1989), but not of Cd, Cu, Pb and Zn for pH values of 5.1 Their
limnocorral experiments suggest that dissolved concentrations of Cd and Zn would increase
at pH values at 4.6. Sprenger & McIntosh (1989) found elevated dissolved concentrations of
Cd, Al, Zn and Pb in acid lakes, attributing it to reduced affinity for particles. Experimental
work using isotope tracers also shows a strong effect on Co (Santschi et al., 1984). All this
information from lake water is difficult to interpret because trace metal pollution and acid
pollution are correlated in both space and time. Studies of sorption by particles in lakes,
thereby avoiding pollution effects, suggest that pH has no impact on Pb over observed
ranges, but could affect Cu and Zn (Hamilton-Taylor et al. 1997).

Palaeolimnological studies support reduced sediment capture of some elements in
acidified lakes. Lake acidification has been invoked to explain near surface decreases in the
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sediment concentration of Mn and Ca (Renberg, 1985; Norton & Kahl, 1991; Norton et al.,
1992), and Zn (Norton et al., 1992). In a study of labile sediment Al, Boyle (1994) found
both enhanced and diminished accumulation of Al depending on lake water pH, suggesting
that labile Al is a useful palaeolimnological indicator of acidification thresholds.

Subsurface peaks in Zn have also been explained by diffusion to sulphide-enriched
layers in acidified lakes (Carignan & Tessier, 1985; Tessier et al., 1989). However, reduced
capture of Zn by most acid lakes suggests that diffusive fluxes are less important than
advective fluxes overall.

A debate has taken place about whether it is remobilization or reduced capture that
has led to elevated dissolved trace metal concentrations in lakes (e.g., Norton & Hess,
1980). Some experimental work suggests leaching from lake sediments (e.g., Matschullat
& Wyrobek, 1993). Others have argued that the sharp increase in water pH at the water-
sediment interface would prevent remobilization (Renberg, 1985), and that binding of the
metals to relatively stable sediment chemical fractions was too strong (e.g., Reuter et al.,
1981). Experimental work using tracers tends to support decreased capture as the dominant
effect (Santschi et al., 1984).

Atmospheric pollution

Thomas (1972) reported a sediment record of recent mercury contamination in Lake On-
tario. The following year a similar result was reported from the more rural Lake Windermere
(Aston et al., 1973), and a sedimentary record of Pb contamination was reported from Lake
Washington (Crecelius & Piper, 1973). In the years that followed, similar results were found
elsewhere, and for many trace elements in addition to Hg and Pb (Kemp & Thomas, 1976;
Bertine & Mendeck, 1978; Norton & Hess, 1980; Rippey et al., 1982; Davis et al., 1983;
Ochsenbein et al., 1983; Norton 1986; Verta et al., 1989; Norton et al., 1992; Engstrom et
al., 1994). These studies have consistently shown enhanced accumulation of Cd, Cu, Pb,
Zn and Hg. Generally, increases in Ni, Co and V have not been found, except where there
are major local sources (e.g., Cornett et al., 1989).

The role of long-transported atmospheric pollution as a key factor in regional enrichment
of surface sediments in Pb, Hg, Cd and Zn has been confirmed (Rognerud & Fjeld, 1993;
Boyle & Birks, 1999; Fitzgerald et al., 1998). However, specific local sources have also been
identified. For example, the Sudbury (Ontario) smelter caused widespread As, Cu, Ni and Zn
contamination. In Scotland former mining activities have caused more localized pollution
by Cd, Pb and Zn (Farmer, 1994). Simola & Lodenius (1982) found elevated Hg in core-tops
in Finland, but attributed this to peatland drainage rather than atmospheric pollution. Other
studies have focused on urban pollution, comparing urban with rural reservoirs (Foster et al.,
1991). Such systems are highly complex, and require good knowledge of the hydrological
systems involved.

There are a number of problems with interpreting atmospheric pollution from sediment
records. First, there may be indirect effects due to acidification. Zn in particular must be
treated with great caution, as there is often inconsistency between concentration profiles
from the same lake (White & Driscoll, 1987; White & Gubala, 1990). Second, there may
be diffusion within the sediment, particularly for As (Farmer & Lovell, 1986; Cornett et
al., 1992). The potential impact of diffusion is greater at low sedimentation rates, and is
worse for elements which are mobile under reducing conditions. As, Co, Fe and Mn all
migrate readily in sediments under the appropriate redox conditions (see section Diagenesis,
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diffusion, signal preservation). Third, there are temporary surface enrichment effects for
many metals (see same section), which must not interpreted as changes in external loading.
This problem is also greater where sediment accumulation rates are low. Fourth, there
is always a natural catchment contribution to the element profiles. This is normally least
important for Cd, Hg and Pb, but always needs to be addressed. This problem is worsened
by high sediment accumulation rates. Fifth, there is evidence for direct diffusion of metals to
lake sediments (e.g., Zn, Carignan & Tessier, 1985), which potentially weakens the integrity
of the temporal record (See section Diagenesis, diffusion, and signal preservation). This
effect is worsened by low sediment accumulation rates. Consideration of these points reveals
that sedimentation rate is a crucial parameter. Low rates improve sensitivity, but worsen
smoothing due to mixing and diffusion. The ideal sediment accumulation rate depends
upon the objectives of the study.

While early studies of atmospheric contamination of lake sediment were undertaken
close to long-established industrialized regions, much recent work has been directed at
the newly industrialized countries, and also to areas remote from industry. It can be
much harder to detect contamination in such areas. The low sedimentation rates gen-
erally found in upland Europe and North America, meant that small additions of trace
elements significantly altered total budgets and, therefore, concentrations in the sediment.
In the large lowland lakes in central China, even though current trace element pollution is
comparable to that in Europe, the high sediment accumulation rates partially mask any
atmospheric contamination (Boyle et al., 1999). In such environments it is necessary
to pay very careful attention to estimation of the natural concentrations (e.g., Norton’s

normalization, Norton & Kahl, 1987). This is still more important in areas where
atmospheric contamination is very minor. For example, in Lake Baikal, even though the
sediment accumulation rate is low, the trace element supply rate is very low. Only Pb shows
unambiguous evidence of atmospheric contamination, rising from a baseline of 10.9 ppm to
a maximum of 14.8 ppm on average (Boyle et al., 1998). In such systems, natural variations
in trace element concentration are greater than the anthropogenic forcing, and very great
care must be taken in establishing the natural baseline. At such sites, it is necessary to
be far more critical of the data, and to take full account of any natural processes which
might lead to surface enrichments. If natural surface enrichments are present, it is then
necessary to compare dated cores between sites to distinguish regional from local patterns.
In any one core a slight up-core concentration increase could be interpreted in several
ways. If, however, many cores are considered together it may be possible to arrive at firm
conclusions about atmospheric contamination (e.g., Fitzgerald et al., 1998, review of global
Hg contamination).

A further uncertainty is the transfer of atmospherically deposited pollutants from catch-
ments to lakes. A number of studies have shown the dominance of direct atmospheric supply
of metals to the lake for Pb (Dillon & Evans, 1982) and Cd and Zn (Evans et al., 1983),
suggesting that the pollutants are being retained efficiently by the catchments. In a detailed
multicore study of 11 lakes in Quebec and Ontario, Blais & Kalff (1993) conclude that
Zn and Pb are retained entirely, but that Cu, Ni and Cr are being transferred to the lake
from the catchment. Other studies suggests that the failure of catchment Pb to appear in the
lakes may be due to disequilibrium (Miller & Friedland, 1994). This conclusion is shared
by some theoretical studies (Tipping, 1996; Wang & Benoit, 1997). There is clearly need
for work here.
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Element concentration data are ideal as qualitative evidence for atmospheric contami-
nation. However, it is desirable that lake sediment records can give quantitative estimates
of loadings over time. Mackereth (1966) recognized that trace elements were supplied in
labile form to the lake, and therefore their concentration in the sediment reflected capture
efficiency as much as supply. Hamilton-Taylor (1979) echoed this concern, suggesting
that in Windermere the metal concentrations: a) might be controlled by diatom flux and
b) might be low due to outflow loss. The model outlined in the section Models linking flux

and concentration can be used to estimate atmospheric fluxes from sediment concentration
data (also, see Boyle & Birks, 1999).

Erosion

One of Mackereth’s key conclusions, and one that has been highly influential, is the ar-
gument that high concentrations of minerogenic elements correspond with high erosion
rates. He recognized that the same sediment signal could be explained by a reduced
supply of organic matter, but argued that the former was more likely. He concluded that
subsoil, richer in these elements, was preferentially supplied during catchment instabil-
ity and erosion, diluting material from the more organic topsoil. Engstrom & Wright
(1984) reviewed subsequent research on this topic, revealing that most studies supported
Mackereth. Numerous studies have used the principles described above to infer periods of
catchment stability and instability (e.g., Brubaker & Anderson, 1993). A major impact of
recent human activity has usually been demonstrated (e.g., Foster & Lees, 1999). Thus,
if due consideration is given to tests for the alternative, the link between mineral enrich-
ment and erosion remains one of the most fundamental of geochemical environmental
indicators.

Exotic sediment

Catchment disturbance can lead to a change in the source of clastic sediments. Source
changes can be detected using variation in elemental composition (e.g., Stone et al., 1997).
Such changes can be minor, such as the impact of enhanced soil erosion (e.g., Norton
& Hess, 1980; Mathewes & D’Aura, 1982). Alternatively, source changes may be more
radical, leading to a fundamental change in composition at the disturbance depth. For
example, Punning et al. (1997) find a very great change in the composition of sediment in
an Estonian lake following diversion of mine drainage water.

Characterization of the sediment composition is hindered by dilution effects. PCA
biplots or simple triangular diagrams avoid this. In Figure 11 , a PCA biplot clearly dis-
criminates between different lake sediments from the Jianghan Plain (Boyle et al., 1999).

Long term catchment evolution

Catchment weathering

Mackereth argued that Na, K and Mg were preferentially supplied from the catchment
by erosion, leading to enrichment of the sediment in those elements. However, he also
showed that the ash-normalized concentrations increased in the minerogenic layers, which
he interpreted as evidence of reduced leaching during high erosion periods. He argued that
during periods of high erosion rate, deep less-weathered subsoils were supplied to the lake,
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evidencing reduced leaching. During periods of greater catchment stability, there would
be relatively more leaching, destruction of alkali bearing minerals, and thus formation
of sediment relatively depleted in Na, K and Mg. This argument has been convincingly
criticized by Engstrom & Wright (1984) who show that the ashed weight is a poor measure
of catchment derived mineral matter, as it includes both authigenic Fe and biogenic silica.
For their study lakes in Labrador, they found no increase in mineral-normalized Na, K and
Mg in the mineral rich layers. However, they argue that progressive weathering of minerals
in soils could reasonably appear in some long sediment records, and that their Labrador
sites may simply have been too insensitive to show changes in recent weathering. Indeed, at
Elk Lake, Minnesota, Dean (1997) found that the Na/Al ratio was high during the drier mid-
Holocene period, and attributed this to reduced leaching of Na. This position is supported
by Englund & Jørgensen (1973) who show that source area weathering is the principal
factor governing between-site compositional variation in fine-grained sedimentary rocks.

Interpretation of variation in element ratios in terms of leaching must be undertaken
cautiously. Such variation implies a marked alteration in sediment mineral assemblage.
For example, a significant increase in clay formation would lead to reduced Na, K and
Mg/mineral matter ratios. However, stratigraphic variation in mineralogy can also be caused
by mechanical particle size sorting, or source heterogeneity. Changes in the proportion of
top soil, degree of sediment focusing, or source of clastic material (such as an increase
in sodic feldspar due enhanced aeolian influx), could all reasonably explain mineralogical
change. A physical rather than chemical explanation is strongly supported by Ochsenbein
et al. (1983) who show that Mg correlates with the mineral chlorite in Blelham Tarn. That
an element as soluble as Mg should be bound firmly to a mineral component led them to
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conclude that leaching was not a key factor. The importance of physical factors in governing
element ratios is supported, for trace elements, by Moalla (1997).

Soil redox

As discussed in the section Lake Redox, Mackereth (1966) suggested that changes in the
Fe and Mn concentrations can be used to infer changes in the redox status of the catchment
soil. In essence, Mackereth argued that there were three states. First, oxidizing soil, in which
neither Mn nor Fe were mobile. Second, partially reducing soil, in which Mn was mobile but
Fe not. Third, reducing soil, in which both Fe and Mn were mobile. He suggested a protocol,
summarized in Figure 10, for distinguishing these effects from within-lake impacts on Fe
and Mn. The degree to which the effects can really be distinguished is addressed above
(Section, Lake redox).

The assumption that soil redox governs the supply of Fe and Mn to the lake is criticized
by Engstrom & Wright (1984). They argue instead that the flux of water-carried Fe and
Mn is controlled dominantly by dissolved humic substances. In their Labrador study they
note a striking agreement between vegetation change over time and the concentrations of
Fe and Mn. Development of coniferous forest correlated with the build up of Fe and Mn,
which was attributed to the association of coniferous forest with acid humic substances in
soil. They report similar results from other studies, though they argue that the link remains
speculative.

A more complex picture than that envisaged by Mackereth (1966) is also supported
by Davison (1993), suggesting that caution must exercised when interpreting sediment
Fe : Mn ratios in terms of catchment processes.

Natural environment and environmental change

Climate change

Climate change can affect many aspects of a lake system, and a number of these have
been used to develop palaeolimnological proxies. Valero-Garcés et al. (1997) used the Sr
and Mg contents of authigenic carbonate in a sediment core from Moon Lake, N. Dakota,
along with other indicators, to reconstruct changes in effective moisture over the Holocene.
Engstrom & Nelson (1991) and Xia et al. (1997) show that the Sr/Ca ratio in ostracod
calcite increases with the Mg content, which is a function of the hydrological balance.

Long-term climate trends have been shown to correlate with variations in sediment
biogenic silica in Lake Baikal (e.g., Coleman et al., 1995), while climatic change has
been inferred from variations in aeolian supply of mineral matter to lakes in the USA
(Dean, 1997).

Terrigenous source

Variation in the concentration of the minerogenic elements provides a sensitive method
for discriminating between sediment sources. For example, using a PCA biplot based on
five elements, Boyle et al. (1999) were able to demonstrate that each of seven lakes in
the Jianghan Plain, China, had different sediment compositions (Fig. 11) . This permitted
rejection of a hypothesis that there was a single source of terrigenous sediment.
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Palaeosalinity

Pore-water, or extractable, concentrations of Na and Cl cannot be used to reconstruct past
salinity, because diffusion rates are too rapid (Lerman & Weiler, 1970). Likewise, pore-
water studies of K, Mg and Ca have shown that a combination of diffusion and mineral
reactions controls the present dissolved concentrations, thus eliminating any record of the
initial values (Sasseville & Norton, 1975; Sasseville et al., 1975).

Slightly more promising results have been found for Br. Like the other halogens it is
enriched in seawater, but unlike Cl it does become fixed to solid particles, particularly to
organic matter. Mackereth (1966) observed between-lake agreement in Holocene scale
total halogen (mostly Cl and Br) profiles in the English Lake District and concluded
that this measured oceanicity. At Loch Lomond, Farmer (1994) attributes a Br enriched
sediment horizon to a past marine incursion, supporting a link with seawater. Problems with
interpreting Br come from its tendency to bind to organic matter. Thus, in lake sediment
its distribution may be more a function of organic matter loading than Br loading (Mun &
Bazilevich, 1962; Lange, 1970). Further, organic matter in soils also concentrates Br. Peats
commonly contain 50–150 ppm Br. Thus, in upland temperate zones, a Br profile may be
more an indicator of peat erosion than oceanicity. An additional problem is the possibility
of Br loss from the sediment after burial, which has been demonstrated in marine sediments
(Price et al., 1970).

Mackereth (1966) also proposed that B could be an indicator of oceanicity; it, too,
is primarily derived from seawater. Good agreement between the B and total halogen
concentration profiles led him to conclude that they were both likely to be indicators of
oceanicity. However, he noted that progressive soil impoverishment could also explain the
profiles. Alternatively, the successful application of B to assessing palaeosalinity in coals
(e.g., Goodarzi & Swaine, 1994) suggests that it could be useful in highly organic sediments.

Future developments

Inorganic geochemistry will continue to play a central role in palaeolimnology. No tech-
niques will replace chemical characterization of mineral matter as a basic indicator of
catchment sources. As in the past, procedures will evolve, and interpretation will improve
with the growing numbers of studies. With current interest in the environmental fate of
pollutant trace elements in catchments, there has never been greater potential for chemical
palaeolimnology to make a major contribution.

Sixteen years after the review by Engstrom & Wright (1984), problems still remain with
chemical characterization of sediment components. However, the development of new
reference materials promises better standardization of analytical procedures, and brings
nearer the goal of more generalized interpretations.

Models for contaminant cycling in lake systems continue to improve. However, there
are a number of limitations which need to be addressed. First, most models treat the
lake as a single unchanging box. More realistic dynamic lake models, such as for Mn
in Lake Greifen (Johnson et al., 1991) and for Hg (Diamond, 1999), need to be applied to
palaeolimnological problems. Second, most current models are based on simple dissolved
species. This is because the models are designed for toxicological studies (e.g., Tessier et
al., 1993; Anderson & Håkanson, 1992). From a palaeolimnological point of view, precise
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speciation is less important than distinguishing between trace element carried by water
(dissolved, colloidal and particulate) and that captured by sediment. This is why the
definition of Boyle & Birks (1999) and Benoit (1995), though less chemically rigorous than
that of Tessier et al. (1989), is more appropriate for palaeolimnological studies. However,
if progress is to be made, the models need to be put on a sounder footing. Progress is being
made with more realistic characterization of aqueous particulates, e.g., humic substances
(Tipping & Hurley, 1992; Tipping, 1994), riverine particulates (Ferriera et al., 1997) and
natural authigenic Fe and Mn minerals (Fortin et al., 1993; Tessier et al., 1996). Progress is
also being made in the simplified functional classification of colloids in freshwaters (Buffle
& Leppard 1995a,b; Buffle et al., 1998; Ledin et al., 1995; Pizarro et al., 1995), and models
to predict colloid stability and floc formation are being developed (e.g., Droppo et al.,
1997). Limnological models will remain crude until this vital section, linking mobility,
toxicity and macro-particles, is better understood.

It is not enough, however, to know what happens in the lake. There are now numerous
studies showing the importance of considering catchment sources and temporary sediment
stores, and also showing that such stores can be evaluated via the study of over-bank deposits
(Collins et al., 1997). Some studies have explored lake/catchment links (e.g., Hamilton-
Taylor & Willis, 1990 and Cuthbert & Kalff, 1993), but there has been a tendency for
geochemical palaeolimnologists to treat lakes independently of their catchments, or at
most to simplify the role of the catchment. Studies of natural fallout isotope distributions
may provide the key to improved models (He & Walling, 1996; He et al. 1996; Håkanson
et al., 1986). Integration of lake, river and hillslope models also offers the chance to get
the most out of lake sediment records. For example, a challenge to palaeolimnology is to
work with the problem of evaluating the new generation of contaminant fate/flux models
(e.g., Tipping, 1996; Wang & Benoit, 1997).

Finally, diffusion and mechanisms of element mobility need to be further addressed.
There are good models for well-characterized dissolved components (e.g., Golterman,
1995), but trace elements remain a problem. It may be that the new DGT method (Harper
et al., 1998) will offer a chance for direct evaluation of mobility at each site, and will help
lead to a better general understanding.

Summary

Objectives and scope

Inorganic geochemical palaeolimnology can be defined as the application of mainly
inorganic geochemical techniques (chiefly elemental determinations and models) to
sediment core samples with a view to shedding light on past environments.

At present, inorganic geochemical methods are best used as a supporting tool in gen-
eral palaeolimnology. For preliminary data analysis, and for extrapolation from more
comprehensively studied sites, it has a great deal to offer as an independent method.

The principal objective of this branch of inorganic geochemistry is palaeoenvironmen-
tal reconstruction. To achieve this it is necessary to characterize both contemporary
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and past sediments, and to establish the link between sediment composition and envi-
ronment. At the heart of this are characterization, classification and measurement of
sediment chemical components.

Elemental analysis, sediment components, and extraction procedures

Accurate and precise elemental determinations are essential and relatively easily
achieved, with appropriate use of analytical blanks and standard reference materials.

Element concentration is the primary data type; by comparison with accumulation
rate, it is more precise, less open to interference, and often easier to interpret.

Only the residual (aluminosilicate) fraction of the sediment is resistant to alteration.
This suggests that at present only two sediment composition fractions can realistically
be measured; the ‘residual’ fraction, and the rest (‘extractable’ or ‘labile’ fraction).

The term ‘authigenic’ should be used as discussed by Engstrom & Wright (1984),
having the same meaning as ‘endogenic’ (see Jones & Bowser, 1978). It should not
be used in place of ‘extractable’ or ‘labile’.

Palaeolimnological methods

A wide range of useful palaeolimnological methods have been developed. Details are
outlined in the sections above.

There is a danger that palaeolimnological methods get used blindly, without adequate
consideration of alternative interpretations. In particular, there has been a tendency to
disregard particle size effects when interpreting variation in elemental composition

Much more work needs to be done on characterization of potential source materials,
and allowing for the effect of particle size fractionation in the catchment/lake system
on changes in elemental concentrations.

The procedure outlined by Hilton et al. (1985) remains the best available method for
estimating trace element baselines. However, more work is needed to evaluate tracers
which discriminate between different parts of the soil profile, or which correlate better
with trace elements in soils.

The relationships between particle flux, trace element flux and trace element concen-
tration in sediment are complicated in deep lakes. The various effects of deep water
mean that a trace element concentration peak in the sediment of a deep lake need not
imply a supply event.

It is not possible to prove or disprove the existence of redox remobilization of the
common pollutant trace elements (Cd, Cu, Hg, Pb and Zn). However, remobilization
of trace elements in sediment is unlikely to be an overriding factor in most situations.
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Introduction and importance of mineralogy

The sedimentary records of many lakes are dominated by inorganic material. At some
point, most paleolimnologists need to characterize or at least have a knowledge of the
mineral composition of the deposit on which they are working. Minerals are fundamental
components of sediments: Like texture and sedimentary structures, an understanding of
the mineralogical composition of a sediment is essential in order to properly describe
and discuss the material (Lewis, 1984). The field of sedimentary petrography, which is
the description and systematic classification of sediments and sedimentary rocks, is based
largely on mineralogy (Milner, 1978). Knowledge of the minerals comprising the deposits
in a lake basin is also integral in understanding the genesis of the sediments, deciphering the
transport mechanisms, and inferring past limnologic, hydrologic and climatic conditions.

From a genetic perspective, three distinct types of minerals exist in most lacustrine
deposits (see also discussions in Boyle, this volume, and Engstrom & Wright, 1984). Min-
erals that are brought into the lake via surface streams, shoreline erosion, sheet flood, mass
movement, and aeolian activity are referred to as allogenic or detrital material. Endogenic
minerals are those inorganic components that originate within the water column of the lake,
either by inorganic or biologically-induced chemical precipitation. Finally, authigenic ma-
terial is derived by the diagenetic alteration of sediment that is already deposited (secondary
minerals) or by chemical reactions within the pore water system of the deposit (primary or
secondary minerals).

A tremendous range of paleoenvironmental information can be gained from an assess-
ment of each of these three basic mineral components of lake sediments. Much of this
vast literature has been summarized and reviewed in Talbot & Allen (1996), Smoot &
Lowenstein (1991), Rodríguez-Clemente & Tardy (1987), Håkanson & Jansson (1983),
Dean & Fouch (1983), Eugster & Kelts (1983), Watson (1983a, b), Dean (1981), Eugster
& Hardie (1978), Kelts & Hsü (1978), Jones & Bowser (1978), Hardie et al. (1978)
and Reeves (1968). Detrital minerals reflect the interaction of several factors: (i) tectonic
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framework of the basin, (ii) place of origin (provenance) of the sediments, (ii i) nature and
intensity of weathering processes within the watershed, and (iv) transportation processes
responsible for the delivery of the sediment to the lake. Thus, the allogenic component
can often be used to quantitatively deduce past changes in drainage basin size and mor-
phology (e.g., Henderson & Last, 1998; Olsen, 1990; Teller & Last, 1981a, b; Teller,
1976) and fluctuations in the climatic regime of the watershed (e.g., Schütt, 1998a, b;
Menking, 1997; Dean, 1997, 1993; Webster & Jones, 1994; Last & Sauchyn,1993; Parry
& Reeves, 1968).

The endogenic minerals usually provide the most straightforward and explicit pale-
oenvironmental interpretive potential because these components give a snapshot of the
chemical and limnological conditions at the time of the minerals’ formation. Carbonate
minerals are among the most common endogenic constituents in many lakes (Dean &
Fouch, 1983). Numerous studies, both on modern and ancient lacustrine deposits, have
documented the applications of endogenic calcite, Mg-calcite, aragonite, dolomite, and
magnesite in paleolimnology (e.g., Haskell et al., 1996; Valero-Garcés & Kelts, 1995;
Dean & Megard, 1993; Coshell et al., 1988; Talbot & Kelts, 1986; von der Borsch & Lock,
1979; Müller et al., 1972). It has now become routine to use the stratigraphic variation of
these endogenic carbonate species to deduce past Mg/Ca ionic ratios and salinities of the
lake water (e.g., Campbell et al., 2000; Last & Vance, 2001; Last & De Deckker, 1992,
1990; Müller & Wagner, 1978; Last & Schweyen, 1985). These carbonate mineral data
can be particularly useful when interpreted in conjunction with stable isotopic analyses of
either the inorganic carbonates or biological components (e.g., Dean & Schwalb, 2000;
Valero-Garcés et al., 1997; Gell et al., 1994; Last et al., 1994; Van Stempvoort et al., 1993;
Rosen et al., 1988; Abell & McClory, 1986).

In lacustrine systems that have more complex endogenic mineral assemblages, as is
the case for most brackish, saline, and hypersaline lakes, composition of the endogenic
inorganic fraction is a foremost paleoenvironmental parameter because of the often lim-
ited application of some biological proxy indicators (Evans, 1993; Hammer, 1986). In
these higher salinity settings, the mineralogy of the precipitated material is the single
most direct and unambiguous indicator of past chemical composition of the lake water
available to paleolimnologists. These endogenic minerals are generally thermodynami-
cally and kinetically responsive to even relatively minor changes in water composition
(Braitsch, 1971; Sonnenfeld & Perthuisot, 1989; Sonnenfeld, 1984). Explicit chemical
paleo-reconstructions are now possible for lake waters once the detailed endogenic equi-
librium mineral assemblage is known (e.g., Pienitz et al., 2000; Shang & Last, 1999;
Wasson et al., 1984; Smith et al., 1979). Thus, the endogenic mineral fraction contains
a precise and accurate record of salinity, water chemistry, and other limnological param-
eters that are useful in reconstructing lake-level changes, and climatic and hydrologic
fluctuations.

Because authigenic minerals can result from essentially penecontemporaneous pro-
cesses or can originate long after the sediment has been deposited, their paleolimnological
interpretation is somewhat more intricate and can be ambiguous without detailed chrono-
logical support. Although more complex, the authigenic fraction of lake sediments can,
nonetheless, provide important clues about the past environmental conditions in the basin
(e.g., Lowenstein & Brennan, this volume; Salvany & Orti, 1994; Ordonez & Garcia del



MINERALOGICAL ANALYSIS OF LAKE SEDIMENTS 145

Cura, 1994; Spencer & Lowenstein, 1990; Jones, 1986; Renaut et al., 1986; Smith &
Friedman, 1986; Ziqiang & Zhiqiang, 1985).

Characterization of the mineral components in a lake sediment may involve only a small
number of relatively simple analyses, such as one might undertake in a marl deposit, or
it may require more complex and multi-component analyses, such as is required for most
evaporite mineral and clay mineral assessments. Similarly, mineralogical examinations
can be made of the entire inorganic assemblage of a lake deposit (i.e., bulk mineralogy)
or of specific groups of minerals (e.g., carbonate minerals or layer silicate minerals), or of
specific size fractions of the sediment (e.g., clay-sized or sand-sized fractions). In each
instance, the sample preparation procedures, analytical methodologies, and quantifica-
tion techniques can be considerably different. It is beyond the scope of this chapter to
summarize all of the many techniques used in sedimentary petrography and mineralogy.
Numerous excellent university-level textbooks and laboratory manuals already provide
many of these essential details (e.g., Lewis & McConchie, 1994; Carozzi, 1993; Blatt,
1992; Boggs, 1992; Tucker, 1991, 1988; Barker & Kopp, 1991; Tucker & Wright, 1990;
Ehlers, 1987; Phillips & Griffen, 1981; Folk, 1980; Greensmith, 1979; Allman & Lawrence,
1972; Carver, 1971; Müller, 1967). The intent of this chapter is to summarize two of
the most commonly used analytical methods applicable to lake sediment studies: X-ray
diffractometry and optical mineralogy. Emphasis will be placed on the investigation of
unconsolidated sediments and, because the vast majority of paleolimnologists deal with
offshore stratigraphic sequences, most of the overview will be directed toward examination
of fine-grained sediments.

Mineralogy versus geochemistry

The inorganic composition of a lacustrine deposit may be expressed in terms of either
chemistry or mineralogy. Techniques and applications of inorganic geochemistry in pale-
olimnology are summarized elsewhere in this volume (Boyle, this volume). As discussed
by Boyle (this volume) and others (e.g., Bengtsson & Enell, 1986; Engstrom & Wright,
1984; Mackereth, 1966), a chemostratigraphic approach offers many attractive interpre-
tive possibilities, particularly for investigation of erosion histories, tracking pollution and
contaminant elements, and in eutrophication and nutrient studies. However, interpreting
bulk elemental data can be exceedingly difficult without having a sound knowledge of the
mineralogical assemblage present in the sediment. Indeed, as pointed out by others (e.g.,
Prothero & Schwab, 1996; Potter et al., 1980) describing a sediment using bulk chemistry
can be misleading. Similar chemistries can imply identical sediment types and similar
limnological histories when, in fact, important differences may exist. Jones & Bowser
(1978) maintain that the treatment of lacustrine sediment as a chemically homogeneous
phase significantly limits the interpretive potential of the analytical data. The importance of
collecting mineralogical data (in addition to or, in some cases, instead of element geochem-
istry) in order to quantitatively reconstruct the history of a lake cannot be overemphasized.
For example, knowing that a sediment sample contains quartz, plagioclase, hexahydrite,
and halite provides essential genetic and paleolimnological interpretive detail unavailable
through a chemical analysis identifying the analytical proportions of Si, Na, Ca, Mg,
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Al, S, and Cl. Similarly, bulk elemental analyses cannot readily distinguish among ox-
idation states (e.g., and and nor among polymorphs
(i.e, minerals, such as calcite, aragonite, monohydrocalcite, vaterite, that have different
structures and genetic relationships within a lacustrine system but share the same elemental
stoichiometry).

Minerals in lake sediments

One of the most important and comprehensive summaries of the mineralogy of lake sed-
iments is that of Jones & Bowser (1978). Although this overview concentrates mainly
on the deposits of freshwater lakes, nonetheless, it provides all the essential background
information and fundamental concepts necessary for neophytes as well as seasoned veteran
paleolimnologists. Smoot & Lowenstein (1991), Warren (1989), Sonnenfeld & Perthuisot
(1989), Sonnenfeld (1984), and Reeves (1968) offer complementary overviews of minerals
in saline and hypersaline lacustrine deposits.

A mineral is a naturally occurring crystalline substance composed of an inorganic
element or compound. Organic compounds also are often crystalline, but they are not con-
sidered minerals. In crystals, the atoms are arranged in a regular, orderly, three-dimensional
pattern or structure, whereas amorphous material has no such internal arrangement. How-
ever, there is no sharp boundary between crystalline and amorphous materials. Some
‘amorphous’ substances, such as opal are often comprised of submicron
aggregates or spheres that form a more or less ordered internal structure, and are more
properly referred to as mineraloids. Other noncrystalline inorganic compounds, such as
the commonly occurring clay ‘mineral’ allophane appear to be
transitional between amorphous and crystalline, and are referred to as paracrystalline.

Assessing the mineral composition of a lacustrine deposit can be an immense under-
taking, directly comparable to a researcher striving to identify and quantify all of the
biological components within a sample. The diversity of minerals in lacustrine sediments
(Table I) is characteristically much greater than that of marine or other continental (e.g.,
fluvial, aeolian) deposits because of the wide range of water compositions in lakes and
the significant influence of local watershed geology and soil composition. In addition,
because lake sediments can be a mixture of minerals formed elsewhere (allogenic), minerals
precipitated from the water column (endogenic), and minerals formed by the alteration of
previously deposited material or precipitated from pore fluids (authigenic), the assemblage
is not necessarily in thermodynamic equilibrium. This is in striking contrast to igneous and
metamorphic petrogenesis studies in which equilibrium is achieved at the time of formation
and the resulting mineral assemblages are relatively simple. This nonequilibrium condition
also curtails the use of simple normative calculation techniques for deciphering the mineral
assemblage from an elemental geochemistry assessment (cf. Boyle, this volume; Rollinson,
1993; Garrels & MacKenzie, 1971).

A synopsis of methods

The study of minerals in a naturally occurring sediment sample can be, to a new investigator,
an exceedingly complex, time-consuming, and labor-intensive task, often incorporating
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many different techniques and methods. Some of these analytical methods are traditional
and are based on physical and chemical principles that have been well known for nearly
200 years; other techniques are rapidly evolving and dependant largely on powerful new
instrumentation. Although this chapter will emphasize only two of the vast arsenal of tech-
niques, it is appropriate to provide a short description of some of the other analytical tools,
instruments, and techniques that can be brought to bear upon the problems of identifying
and quantifying minerals in a lacustrine deposit.

Thermal analysis systems are a group of methods designed to evaluate the mineral
components in a sample by measuring a key physical property, a change in phase, or a
reaction product as a function of temperature as the sample is being incrementally heated.
One of the most common of these is differential thermal analysis (DTA). In DTA studies,
the difference in temperature between the sample and a thermally inert reference
material is recorded as the components are being heated to ~1000°C. This signal is
controlled by the nature of the endothermic or exothermic reactions taking place in the
sample, which, in turn, are a function of the mineralogical composition (Karathanasis &
Harris, 1994; Lewis & McConchie, 1994, MacKenzie, 1982). Similarly, thermogravimetric
techniques (TG) monitor the change in mass of the sample over the temperature range. The
changes in mass are due to reactions, such as dehydration (loss of loss of carbon
dioxide, oxidation of iron or manganese, or oxidation of sulfides, that can be related to
specific temperatures. For example, a very simple type of thermogravimetric analysis, loss
on ignition (LOI) between 550°C and ~ 1000°C, is commonly used to approximate the total
carbonate mineral content in a non-sulfidic lake sediment sample (Dean, 1974; Heiri et al.,
2001). The major advantages of thermal analysis systems are that the required equipment is
relatively inexpensive, sample preparation and analyses are relatively fast and simple, and
the techniques can be used to examine both crystalline as well as non-crystalline material
in the sample.

Mineralogical analysis by light microscopy, discussed later in this chapter, is often
supplemented by various luminescence petrographic techniques. Chief among these in
sedimentary studies are cathodoluminescence (CL), caused by an incident beam of electrons
hitting the minerals, and photoluminescence (PL), caused by visible or ultraviolet radiation.
Although not a mineralogical analysis technique per se, luminescence microscopy and spec-
troscopy can supply very important fabric, textural, and element compositional information
that aids in the understanding of the genesis and history of the sediment (see, for example,
Barker & Copp, 1991). Likewise, mineral identification of individual sedimentary particles
is frequently aided by the use of a scanning electron microscope (SEM; Trewin, 1988;
Welton, 1984; Smart & Tovey, 1982) and transmission electron microscopy (TEM; Gilkes,
1994) and, when used in conjunction with light microscopy and/or XRD, can be very
powerful analytical tools for sediment mineralogy.

Elemental analyses, involving an impressive array of nondestructive spectroscopic
methods or decomposition of the material and analyses by AAS (atomic absorption spec-
trometry) or ICP-AES (inductively coupled plasma atomic emission spectrometry), form a
very important complement to mineralogical analyses as outlined by Boyle (this volume),
Korsman et al. (this volume), Amonette & Sanders (1994), Sawhney & Stilwell (1994),
Hawthorne (1988), Fairchild et al. (1988), and Stone (1982). However, these elemental
techniques are not intended to provide a qualitative or quantitative assessment of the
mineralogy of a deposit.
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X-ray diffraction

Introduction

X-ray diffractometry (XRD) is the single most important and widely used method for
mineralogical assessment of lake sediments. Its usefulness in paleolimnology stems from
the fact that most offshore lacustrine deposits are so fine-grained that optical mineralogy
methods cannot be routinely applied. In addition, the XRD method offers a number of
other significant advantages over other techniques. The method is rapid and relatively
inexpensive (on a per-sample basis). Basic XRD instrumentation, although not inexpen-
sive, is readily available in most university earth science or soil science departments, and
modern equipment operation can be undertaken with a minimum of training. Similarly,
sample preparation, although tedius, is relatively straightforward. Finally, XRD studies
provide not only qualitative mineralogical information (i.e., which minerals are present in
a sample), but also can be used to quantitatively evaluate the material as well as derive
a wealth of other information, such as the degree of crystal disorder in minerals, the
nature and extent of isomorphous substitution, crystallite size, and various crystal structure
characteristics. However, an important disadvantage of the XRD method is that it tells the
investigator nothing about the textural relationships, fabric, or other important genetic and
diagenetic parameters, which can be very important in helping to understand the lacustrine
processes responsible for deposition and alteration of the sediment. Thus, thin section (TS)
petrography or other petrographic approaches, such as SEM, are often used as an adjunct to
XRD. Finally, it must be remembered that the X-ray diffraction technique is applicable only
to crystalline material; lake sediments sometimes contain large proportions of amorphous
inorganic matter which cannot be routinely evaluated by XRD.

Safety

All modern X-ray diffraction equipment features built-in safeguards that minimize the
operator’s risk of exposure to radiation under normal working conditions. However, the use
of this equipment can be dangerous because of both the nature of the radiation itself and
the high voltage used by the equipment to generate the X-rays. X-radiation can kill; even
very brief exposure to the direct X-ray beam can cause permanent skin damage. Because
the effect of exposure to shortwave radiation of any form is cumulative, extreme care must
be taken to avoid all exposure.

Clearly, the various manufacturer-installed safety switches and devices must not be
tampered with. Never look into the shutter of the X-ray tube or even at the sample when the
equipment is operating. Never attempt to reach inside the X-ray generator or to investigate
problems with the electronic circuit panel. As pointed out by Moore & Reynolds (1997)
and Klug & Alexander (1974), two of the standard procedural handbooks for XRD, many
of the early workers with X-rays were severely injured or died from radiation exposure.
Protective devices and failsafe equipment designs cannot insure complete elimination of
risk of exposure, particularly if specified routines are not followed or if untrained personnel
try to use the equipment.
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History

X-rays, or X-radiation, is that part of the electromagnetic (EMR) spectrum that lies between
the low-energy, high wavelength ultraviolet radiation and the high-energy, low wavelength
gamma rays (Fig. 1). X-rays were serendipitously discovered in the latter part of the
century by W. C. Röntgen (see Moore & Reynolds, 1997, for a more complete overview
of the discovery and early experimentation with X-rays). Soon after Röntgen’s discovery,
research into the diffraction of X-rays by crystalline material was carried out in Europe by
W. L. Bragg, L. H. Bragg, and M. T. F. von Laue (as well as several other physicists working
outside of Europe). It was soon realized that the atoms in a crystal can be considered as
planes that are arranged in regular, orderly, three-dimensional, repeating patterns. The fact
that these regular arrangements of planes (or rows of atoms) have spacings (refereed to
as ‘d spacing’ or lattice spacing) of approximately the same dimensions ( or
1 Å) as the wavelength of X-rays meant that the diffraction phenomenon (i.e., the in-phase
scattering of radiation from an incident beam of radiation to produce a secondary beam)
could be viewed as simple multiple reflections of radiation by the planes of atoms. This
permitted researchers to formulate a simple equation that relates the angle of incidence,
the specific wavelength of the incident radiation, and the spacing between the layers. This
equation is commonly referred to as Bragg’s Law:

where n is an integer; is the wavelength of the incident X-radiation; d is the lattice spacing
or the distance between two adjacent planes of atoms; and is the angle between the incident
radiation and the atomic plane, sometimes referred to as the critical angle or Bragg’s angle
(Fig. 2). Although is very difficult to measure, it can be geometrically shown that the
angle between the diffracted beam of radiation and the incident radiation is a value that
can be easily measured. Thus, the diffraction pattern of a crystalline substance under an
incident monochromatic (i.e., single wavelength) X-ray beam is a fundamental and unique
physical property of that substance, thereby permitting easy identification irrespective of
the size, morphology, or optical characteristics of the material.

With the first publication of these basic principles in 1913 (for which the Braggs shared
the 1915 Nobel Prize) mineralogical and crystallographic research entered a new phase
of very rapid development and explosive expansion of the literature. By the 1930s X-ray
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diffraction formed the cornerstone for nearly all routine identification and quantification
work on the minerals in fine grained sediments (see the reviews of the history of clay
mineralogy in Moore & Reynolds, 1997; Grim, 1988; Brown & Brindley, 1980; Millot,
1970). Post-war instrumental advances resulted in the development of various new spec-
troscopic techniques that complement the traditional XRD method (e.g., atomic resonance
spectroscopy, vibrational spectroscopy, magnetic resonance, and various electronic reso-
nances; Calas & Hawthorne, 1988). However, X-ray diffractometry remains the premier
mineral analysis tool in paleolimnology and many areas of sedimentology and soil science.
Over 95% of the papers published in Journal of Paleolimnology, Journal of Sedimentary

Research, Sedimentology, Sedimentary Geology and The Holocene during the past decade
that report the mineralogy of lake sediments have used this method.

Principles of operation & interpretation

The basic XRD system consists of an X-ray generator, a device to hold and rotate the sample
(goniometer or diffractometer), and a detector (Fig. 2). Many textbooks and laboratory
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manuals provide details of this instrumentation and theory of operation and interpretation
(e.g., Marfunin, 1995; Bish & Post, 1989; Jones, 1987; Cullity, 1978; Zussman, 1977;
Klug & Alexander, 1974; Azároff, 1968). In normal commercially available equipment,
X-rays are produced by the bombardment of a metal target (often copper, but can also be
Cr, Fe, Co, Mo, or Ag) by a stream of high energy electrons. This bombardment produces
radiation in the X-ray region of the EMR spectrum having several characteristic peaks (or
“lines”) of varying intensity corresponding to the position of the orbital electrons that are
being rearranged by the bombardment (i.e., electrons displaced from the K, L, M, or N
shell orbits all have different energy levels and thus produce different X-ray lines). In order
to achieve monochromatic radiation, a series of filters (metal foils) are applied to remove
selected radiation from the spectrum.

The filtered, monochromatic X-ray beam (with for Cu-generated ra-
diation) is then directed at the sample which has been placed in a holder that rotates.
As the atomic planes in the minerals in the rotating sample attain the appropriate crit-
ical angle with respect to the incident beam, they will diffract the X-rays according to
Bragg’s Law. Early vintage XRD equipment recorded the diffracted X-rays on photo-
graphic film (Debye-Sherrer photographs), which then had to be accurately measured
and manually converted to and, ultimately, to d spacing information. Most modern
equipment now uses an electronic detector and counter, with the intensity of the diffracted
rays recorded on a strip chart (diffractometer trace or diffractogram) and/or a digital mi-
croprocessor (Jenkins, 1989a). Because the X-ray diffractometer, including the mounted
sample, is slowly rotated though a given number of and the strip chart is advanced
at a speed that is synchronized with the detector, the x-axis on the chart is calibrated
in Thus, it is very easy to identify the angular position, intensity, and shape of the
diffraction lines.

The basis of interpreting the resulting diffractogram is that each mineral in the sam-
ple will produce a unique set of distinctive reflections, or peaks, relating to the set of
lattice planes with the mineral’s characteristic d spacing. Since all crystalline materials
possess a unique pattern of X-ray diffraction peaks, mineral identification is done simply
by comparison of the peaks on the diffractogram with patterns of known pure material.
Standard patterns of some 50,000 different minerals and crystalline materials have been
compiled by the Joint Committee on Powder Diffraction Standards (JCPDS) and data
summaries are published in regularly-updated monographs. In addition, various charts
and tables have been prepared that allow easy comparison of many of the more com-
mon minerals found in sediments and sedimentary rocks (e.g., Hardy & Tucker, 1988;
Lindholm, 1987; Brown & Brindley, 1980; Chen, 1977; Griffin, 1971). Jenkins (1989b),
Cook et al. (1975), Klug & Alexander (1974), and Griffin (1971) present detailed step-
by-step summaries of the interpretation procedure for non-clay mineral diffractograms.
Because identification and quantification of clay minerals is considerably different than the
relatively simple techniques outlined above, a more complete summary of the clay mineral
methodology will be outlined below. In addition, Moore & Reynolds (1997), Thorez (1975),
and Carroll (1970) offer detailed guidelines and procedures for interpreting clay mineral
XRD patterns. Finally, the JCPDS Powder Diffraction File (PDF) is also commercially
available in digital form for use on various computer platforms. Acquisition of this or
similar datasets (see Smith, 1989) allows the researcher to very quickly perform searches
and to identify the non-clay mineral components in a complex mixture, although even this
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computerized procedure becomes increasingly more difficult as the number of minerals
increases.

Sample preparation and analysis

Because of the geometric implications concerning incident and reflected radiation, the
technique of sample preparation and mounting for XRD analysis is extremely critical.
There is a large amount of literature on this topic but, unfortunately, there is no standard,
all-purpose preparation/mounting technique used in sedimentary mineralogy, nor is there
a uniform procedure of pretreatment of the samples. Moore & Reynolds (1997), Bish &
Reynolds (1989), Hardy & Tucker (1988), Brown & Brindley (1980), Allman & Lawrence
(1972), and Gibbs (1971) all provide excellent overviews of many of the techniques and
discuss the various advantages and disadvantages of each; these references are good starting
points for new investigators. Overall, there are two distinct but complementary approaches:
(i) preparation and analysis of unoriented mounts in which the grains and particles making
up the XRD slide assume a non-preferred (random) orientation, and (ii) analysis of mounts
in which the grains have achieved a preferred orientation. Unoriented mounts are usually
used for bulk (whole sediment) analysis and oriented mounts are applied to the investigation
of clay minerals. Figures 3 and 4 summarize the handling of samples for XRD analysis
used in my laboratory.
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Pretreatment

The best XRD results are obtained from samples that are uniformly fine grained (finer
than about contain little or no organic matter or non-crystalline material, and are
mounted in such a way as to provide a smooth, even, parallel surface upon which the
X-rays can reflect. Since most lacustrine sediments are poorly sorted, organic-rich, and
often contain amorphous Fe-oxides and siliceous material, at least minimal pretreatment is
usually necessary. However, it must be realized that all pretreatment procedures have the
potential of significantly affecting the mineralogy of the sample. As pointed out by Moore
& Reynolds (1997) and Brown & Brindley (1980), it is advisable to do as little as possible
to the sample before X-ray analysis.

Dried samples that were originally unconsolidated can be disaggregated by allowing
them to sit overnight in distilled water followed by ultrasonic dispersal. Cemented or firmly
aggregated samples, and material that is coarse grained or poorly sorted will need to be
crushed to a uniform particle size. Moore & Reynolds (1997) and Bish & Reynolds (1989)
recommend gentle crushing by impact in an agate mortar followed by wet grinding (using
alcohol or acetone as a liquid lubricant) until a fine and uniform powder size is achieved. Iron
and porcelain mortars should be avoided because they result in significant contamination.
Most authorities in the past have cautioned against the use of automated grinders, however
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Bish (1994) and Hardy & Tucker (1988) note several commercially available automated
grinders with which they have achieved good results. In some cases the investigator may
be specifically interested in the mineralogical assemblage of a certain size fraction, which
requires either sieving or centrifugation. Other situations may call for removal of certain
fractions of the sample, such as the carbonate traction (Jackson, 1969; Ostrum, 1961), the
sulfate fraction (Bodine & Fernalld, 1973), or water soluble salts (Ingram, 1971).

Moderate to high amounts of organic matter and iron oxides in the sample present
significant problems because they usually produce a high background on the diffractogram
that can mask peaks. Unfortunately, removal of these components is difficult and, because
of the strong chemicals often required, can adversely affect the mineral assemblage. The
most common method for removal of Fe oxides is treatment with citrate-bicarbonate-
dithionite (CBD; Jackson, 1969), but this also removes calcite and phosphate minerals
and can affect the X-ray response from mixed-layer clay minerals. Organics are usually
removed from the sample by treatment with hydrogen peroxide (Jones & Bowser, 1978),
commercial bleach (sodium hypochlorite—NaOCl; Anderson,1963), sodium pyrophos-
phate ( Thomas, 1969; McKeague, 1967) but these treatments affect carbonates,
sulfides and sulfate minerals in the sample. Relatively low temperature ashing (~100°C)
has also been suggested (Moore & Reynolds, 1997; Gluskoter, 1965) but not yet applied
to lake sediment studies.

Whole sample analysis

Once a finely ground, homogenous sample has been prepared, it is necessary to mount
the material in a holder or on a slide which can then be X-rayed. Once again, there are
a multitude of methods and techniques that have been suggested for this task (see, for
example, overviews in Bish & Reynolds, 1989; Smith & Barrett, 1979; Gibbs, 1971).
Hardy & Tucker (1988) and Klug & Alexander (1974) describe a commonly used cavity
type of sample holder that is made from aluminum. The dry powder is gently packed into
a well or cavity in a thin (2 mm thick) aluminum holder and the excess scraped off to
produce a smooth surface to be irradiated. Because even light pressure on the surface of the
mount can produce an undesirable preferred orientation of the particles, some researchers
recommend back loading or side loading techniques (see Tucker & Hardy, 1988; Brown &
Brindley, 1980). Alternatively, the powder can be mixed with a small amount of volatile
liquid, such as alcohol, and simply smeared on to the surface of a glass petrographic slide.
Rapid evaporation of the alcohol while mixing the sample on the slide presumably will
not allow the particles to achieve a preferred orientation. Each of these methods, as well
as several more elaborate techniques, such as the addition of amorphous binders, spray
drying, and embedding in plastic, have been shown to result in satisfactory XRD data.
However, it must be accepted that complete random orientation of the material is very
difficult to accomplish.

As important as striving for random orientation is, close attention must also be given
to the amount, thickness and coverage of the sample mount on the slide or holder. Bish
(1994), Hughes et al. (1994), and Bish & Reynolds (1989) maintain that one of the most
common sample mounting problems is the incomplete or insufficient coverage of the slide.
The irradiated area on a slide or holder increases significantly with decreasing diffraction
angle. For example, the length of exposed area at diffraction angles above about
is 10 to 20mm; this increases to more than 50mm at angles less than Thus, it is
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important that the sample occupies an area on the slide or holder that is at least as large as
the spread of the incident beam at the lowest angle used. Using sample coverage areas that
are too small results in increased backgrounds (if a glass slide is used) or spurious peaks
from the holder.

Sample thickness is also a consideration and can be a major source of error (Jenkins,
1989b). The XRD technique assumes infinite sample thickness, but 90% of the reflection
pattern is generated from the upper of the powder and ~50% is from the upper

Consequently, a sample mount that is too thin will result in X-ray interaction with
the underlying glass or holder material, whereas excessively thick mounts can cause a
systematic displacement of the X-ray peaks.

As indicated above, unoriented mounts are routinely used for all non-clay mineral XRD
analyses. For whole sample (bulk) analysis, the sample is generally irradiated from
to about at a relatively fast scanning rate ( per minute is used in my laboratory
for all bulk XRD analysis). If the investigator is interested in only certain components
of the sediment, it is common practice to irradiate the sample at a slower rate between a
smaller range. For example, if one is interested in the composition and crystallographic
characteristics of the calcite-magnesian calcite-protodolomite-dolomite-magnesite series in
a carbonate lacustrine sequence, higher precision XRD data might be collected from
to at a rate of per minute. Most modern XRD equipment has the ability to
preset a variety of programs containing the various operational parameters, such as scan
speed, starting angle, number of degrees scanned, and step scanning, and also to collect
both peak height (in terms of counts per second, cps) and peak areas.

Clay mineral analysis

Preparation of oriented powder mounts and the processing and identification of clay min-
erals from the resulting diffractograms can be one of the most complex and difficult tasks
facing the XRD investigator. Because clay mineral crystals are usually very small, they do
not give strong diffraction peaks relative to other non-clay minerals in a normal unoriented
mount. Simply stated, there are too few atoms present in any one clay mineral plane to
generate a usable diffraction intensity. However, clay minerals are also usually platy (i.e.,
one dimension very small relative to the other two). This morphological property can be
used to advantage in XRD analysis by endeavoring to get X-ray diffractions from the large,
flat surfaces of the minerals (referred to as basal reflections). This is done by attempting
to maximize the preferred orientation of the material in the sample mount. By mounting
the sample such that all the clay particles lie on top of one another, the diffraction effect
from the platy minerals is greatly enhanced, while at the same time any reflections from
components not parallel to the platy material are almost completely lost. In effect, the X-
ray beam is seeing only the atomic planes of minerals that are parallel to the direction of
orientation. The drawback to the use of oriented mounts is that the investigator cannot take
advantage of the extensive powder diffraction data summaries and digital files, which are
so valuable for non-clay mineral identification.

As with the preparation of unoriented mounts, there have been many methods proposed
to induce orientation in the mount (Table II). The relative merits of these techniques will
not be discussed here, but the reader is referred to Moore & Reynolds (1997), Hughes &
Warren (1989), and Hardy & Tucker (1988) for up-to-date summaries of the most commonly
used methods.
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In general, preparing a clay mineral mount with good preferred orientation is not difficult
because of the platy morphology of most clay minerals. However, a major problem arises in
that the methods which produce the best preferred orientation also result in a size-segregated
clay film. This size segregation is also often a mineralogical segregation because smectite
(montmorillonite) particles characteristically have much smaller sizes than the other major
clay mineral groups. Thus, in any technique in which the particles are allowed to settle
(such as the pipette-on-slide and centrifuge-on-ceramic tile methods), there will be relative
enrichment of smectite near the top of the mount and proportionately less of the other
clay minerals (Stokke & Carson, 1973). Since most of the X-ray diffraction response is
generated in the upper 5 to of the clay film on the slide, quantitative results from
these size/mineral segregated slides will be in error even though there may be excellent
preferred orientation of the grains.

Gibbs (1965; see also Gibbs, 1971, 1968) undertook a comprehensive quantitative
comparison of the major methods in use up to the early 1960s, and concluded that only a few
of them (i.e., smear-on-slide and suction-on-ceramic tile methods) gave acceptable results.
Stokke & Carson (1973) echo this sentiment. In contrast, others have maintained there is
little or no systematic difference between the various methods (see Theisen & Harward,
1962), or argue that techniques employing settling show excellent reproducibility and the
quantitative data, if not accurate, are, nonetheless, precise and do show the correct trends in
mineral assemblage distributions. Most recently, Moore & Reynolds (1997) indicate that
the filter peel technique of Drever (1973) probably represents the optimum compromise
between speed of preparation, required operator skill, and development of non-segregated
preferred orientation. Hughes et al. (1994) recognize that the choice of method depends
not only on the degree of orientation and segregation, but also on the nature of the material
and the purpose of study. They prefer to adopt the fastest method available that satisfies the
accuracy requirement for the particular problem. Finally, Bish & Reynolds (1989) likewise
recognize the factors of operator expertise, time, and purpose of study, and propose three
basic levels of investigation coinciding with different methodologies: ( i ) reconnaissance
and general qualitative clay mineralogy, in which the pipette-on-slide method is used;
(ii) quantitative analysis using the filter peel method; and (iii) crystal structure analysis with
samples prepared by the labor-intensive and instrument-dependent centrifuge-on-ceramic
tile method.

Identification of clay minerals from oriented XRD patterns is often a perplexing task
for a new researcher in the field. Nearly all of the important clay minerals have peaks that
occur at relatively low diffraction angles (~2–17Å) and, in striking contrast to non-clay
minerals, have broad reflections. These broad basal reflections are due to the th in nature of
the crystals and the fact that many clays are characterized by disordered crystal structures
and variations within the atomic layer stacking. Consequently, the XRD peaks are often
overlapping and frequently one mineral’s reflection can completely mask the reflections
from another. This dilemma is resolved by exploiting another important property of clay
minerals: swelling. Some clay types change their crystal lattice dimensions by incorporating
various other molecules, thereby expanding or contracting the d spacing which gives rise
to the XRD response. Thus, through artificially manipulating the composition of the clays
by inserting or removing different molecules, the specific minerals in a mixture can be
identified. The two most common molecules used in routine clay mineral XRD work are
water and ethylene glycol.
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Table III summarizes the responses of the main clay mineral groups to various treatments
and Figure 4 provides a generalized analytical procedure. These procedures outlined below
are applicable for routine recognition and quantification of the major clay mineral groups.
Within most of the groups there are various subgroups and species that require more
elaborate XRD and chemical techniques not covered in this chapter. Brindley & Brown
(1980) and Thorez (1975) are excellent references that supply details about these more
advanced techniques.

It should be emphasized that the researcher must decide before starting the analytical
procedure what size fraction and/or mineral fraction is to be analyzed. Clay sized material

is defined as any sediment finer than (or sometimes see Last, this volume)
whereas clay mineral material is defined as generally crystalline layer-lattice silicates
(phyllosilicates). Many non-clay minerals can be present within the clay sized fraction
and, conversely, clay minerals can often be present in the coarser-than-clay sized material
of the lacustrine sediment. There are different approaches for each of these components.
The following summarizes a general procedure for identification and quantification of clay
minerals within the clay sized fraction.

Samples are normally prepared and analyzed in batches. Twenty-four samples per batch
is convenient for the facilities in my laboratory, but this number must be determined
individually according to equipment type and availability. The following comments are
relative to mineralogical analyses conducted on a Philips Automated Powder Diffraction
System PW1710 using monochromated radiation with Ni filtering generated at 40 k V
and 40 mA. Recommended scanning speed for clay mineral work is per minute and
at 200 counts per second (cps), although these may vary as a function of material analyzed
and instrumentation. Other equipment settings are automatic variable divergence detector
slit, 1 second measurement constant, and step size.

1. Disaggregation and crushing: If the sample is dry, disaggregate it with fingers or a
wooden mallet and crush it to a fine powder using an agate mortar. Alternatively, a standard
Waring-type blender may be used if available. Sieve the material through a
sieve. If the sample is wet and uniformly fine grained, it may not be necessary to sieve, so go
directly to step 2. It is not necessary to weigh the sample or make volume determinations,
and it is undesirable to dry the sample. The amount of sample used depends largely on:
(i) amount of clay sized material and clay mineral matter in the sample; (ii) amount of
organic matter, amorphous material, and other non-clay materials in the sediment; and (iii)
number of slides to be made (see step 7). It is normal to have done loss-on-ignition (see
Boyle, this volume), particle size analysis (see Last, this volume), and bulk mineralogy on
the sample before doing clay mineralogy in order to better anticipate the pretreatment that
may be required. Generally the optimum size for normal Holocene clastic-rich lacustrine
sediment of moderate to low organic content is about

2. Removal of salts and organic matter: If the material is from a salt lake, it is advisable to
wash repeatedly in distilled water to dissolve and remove as much of the saline components
as possible. For most modern and Holocene offshore lake sediment, removal of organic
matter is necessary. This is most efficiently accomplished by repeated treatment with 30%
hydrogen peroxide If the sample has relatively little organic matter, 10%
can be used. In either case, the hydrogen peroxide should be added slowly to the sample
in sufficient quantity to cover the powder. The treatment must take place in a fume hood
with the operator wearing appropriate safety shield, gloves and attire. Highly organic-rich
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samples can react violently. After sitting overnight, check for completion of reaction by
adding a few more ml of and repeat the treatment as necessary.

3. Ultrasonic disaggregation: Add a sufficient amount of dispersant solution (10%
sodium hexametaphosphate solution, or Calgon, is most commonly used; see Lewis &
McConchie, 1994, for a list of others) to bring the volume to about 50–100 ml (depending
on the size of the centrifuge to be used) and put the sample into an ultrasonic bath for 10
to 30 minutes.

4. Centrifugation: Immediately after ultrasonic treatment, fill a centrifuge tube with
the slurry and centrifuge at 1200 rpm (revolutions per minute) for 70 seconds. This will
sediment all material coarser than (see Moore & Reynolds, 1997, and Jackson, 1969,
for other rpm/time combinations). Adjust the centrifuge speed and time according to Jackson
(1969) to obtain different size fractions as necessary.

5. Vacuum filtration: Carefully pour the liquid with the suspended clay particles into
a vacuum filter apparatus (such as provided by the Millipore Corporation; see Moore &
Reynolds, 1997) and filter through a glass filter. Normal samples usually take
about 5 to 15 minutes, but for very clay-rich or clay-lean samples, it may be necessary to
adjust the volume of liquid in order to get an acceptable amount on the filter.

6. Peel transfer: Once the slurry has been filtered, carefully separate the vacuum ap-
paratus, take off the filter, and transfer the clay film from the filter to a standard glass
petrographic slide. This is usually the most difficult task of the preparation procedure and
requires considerable practice. Refer to Reynolds & Moore (1997) and Drever (1973) for
hints and guidelines on making successful peel transfers.

7. Multiple slides: Normally it is sufficient to make only one oriented mount. However,
depending on the number of personnel in the laboratory and the timing of access to XRD
equipment, it may be efficient to make several slides of the same sample, with the differ-
ent slides being processed and irradiated with different treatments (i.e., one slide heated,
another slide glycolated, a third slide untreated). Let the slide(s) dry at room temperature.
Many of the expandable lattice clays react rapidly to ambient humidity conditions, so if
the laboratory normally experiences fluctuations in relative humidity, place the slide in
a desiccator until irradiated.

8. Untreated XRD scan: Irradiate the dry, untreated slide from to using a slow
scanning speed ( per minute) and appropriate cps setting to generate a diffractogram
that clearly shows the peaks. This will require some trial and error.

9. Glycolated XRD scan: Place the slide in a bell jar or desiccator containing ethy-
lene glycol for at least 24 hours. Irradiate the glycolated slide using the same instrument
settings as above. If the samples are being prepared in batches, glycolated slides that are
awaiting XRD should be stored in the glycolator to avoid evaporation and collapse of the
expanded structure.

10. Heated XRD scan: Place the slide in a muffle furnace and heat at 500–550°C for
one hour. Allow to cool and irradiate the heated slide using the same instrument settings as
above. If the samples are being prepared in batches, heated slides that are awaiting XRD
should be stored in a desiccator to avoid rehydration.

11. Interpretation: The following qualitative and semi-quantitative evaluation is useful
for routine clay mineral analysis and has been adopted and modified from many literature
sources. Use Brown & Brindley (1980) and Thorez (1975) to refine the analyses if more
detail is required.
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Illite is a poorly defined term referring to a group of mica-like clay minerals of indefinite
structure (Grim, 1968).The illite group is defined on the diffractograms by a sharp peak
at ~10Å    that is not affected by glycolation or heating. Broad secondary peaks
at 5 Å and 3.3 Å can also be used if the sample is low in quartz. The
expandable clay mineral group, which includes smectite, vermiculite, expanding chlorites
and various mixed-layer species, is identified on the basis of its expanding lattice. When
dry it has a d spacing of about 12.5Å After glycolation, the material expands
to a peak at about 17 Å The position of this peak is variable depending on the
exact composition of the expandable lattice material. However, heating will cause a shift
in the peak position from 17 Å to 10Å. The shapes of these peaks on the glycolated and
heated traces can be used to qualitatively determine the presence and type of mixed-layer
clays in the overall expandable group as outlined by Thorez (1975). Similarly, the degree
of crystallinity of the material making up the expandable lattice group can be approximated
by examining the ratio of the height of the 17 Å peak on the glycolated trace to the ‘depth’
of the valley on the low angle side of the peak (peak:valley ratio; Biscaye, 1965). The closer
this ratio is to one, the better the crystallinity of the material. The kaolinite and chlorite
groups are identified by their combined, overlapping reflection at 7 Å from the
glycolated slide. These two components are separated on the basis of the relative difference
in peak areas of the 7 Å peak after glycolation and heating. Kaolinite becomes amorphous
after heating, thus the difference in areas (i.e., glycolated minus heated) of the 7 Å peaks
will give the proportion of the two minerals. The presence or absence of chlorite can also
be confirmed by the 14 Å  and 3.5 Å peaks (see Biscaye, 1964).

12. Calculation procedures: Semi-quantitative calculations of the relative abundances
of the major clay mineral groups are made using the weighted peak area method of Johns
et al. (1954):

where

If it is desirable to separate the percentage of kaolinite and chlorite groups, this can be
done by determining the ratio of peak intensities of the 3.5 Å couplet as outline by Biscaye
(1965) or by using the difference in peak areas of the 7 Å peak from the glycolated and
heated traces.

The above semi-quantitative method is in common use in much of western Canada
and north-central United States, but there are numerous other weighting schemes available
that are just as commonly used. For example, Schultz (1964) uses a weighting factor of
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4.5 on the illite (10Å) peak and 0.25 for the kaolinite + chlorite (7 Å) peak; Hathaway &
Carroll suggest using a factor of 5 on the 7 Å intensity; Pierce & Siegal (1969) propose
factors of 3 for the 10Å and 2 for the 7 Å peaks. In addition, other semi-quantitative
methods have been proposed (e.g., Moore & Reynolds, 1997; Bish, 1994; Hughes et al.,
1994; Carroll, 1970) that use internal or external standards in a manner similar to the
techniques used for unoriented samples (see below). However, the lack of pure clay mineral
standards and significant variations in XRD patterns caused by changes in hydration state,
mounting technique and degree of preferred orientation, and mineral crystallinity curtail the
application of this standards approach. Finally, as emphasized by Hardy & Tucker (1988) all
of these semi-quantitative methods suffer from the disadvantage that the mineral quantities
are normalized to 100%. In other words, a change or error in one mineral abundance affects
all the others.

Quantification Issues

Raw X-ray diffraction data, either digital or acquired on a strip recorder, are used make
mineral identifications as summarized above. Whole sample data collected from random
powder mounts are compared to patterns of known minerals either manually or using a
computer search-match program such as (Marquart, 1986). Because each com-
ponent in a mixture of crystalline materials produces its own characteristic pattern that is
independent of others, the identification process becomes one of simply unscrambling the
superposed patterns.

Frequently, these qualitative results are summarized in publications with semi-quantita-
tive qualifiers, such as “abundant”, “minor”, and “trace” on the basis of the relative inten-
sities of the peaks. Intuitively, one would expect the intensity of the diffraction peak from
a particular mineral to be simply related to that mineral’s abundance. However, it has long
been recognized that this relationship is not straightforward. In a mixture of minerals, the
peak geometry is affected by not only the relative and absolute abundance of the particular
mineral and its crystallinity, but also by the X-ray absorption characteristics (termed the
mass absorption coefficient) and particle size of the other minerals, and the amount of
amorphous material in the sample. The end result is that the intensity relations among
peaks for a multicomponent mixture can be very complicated.

Many methods have been developed to quantitatively assess the mineralogy of a sample
based on X-ray diffraction data from a random mount (see overviews in Reynolds & Moore,
1997; Bish, 1994; Snyder & Bish, 1989; Bish & Chipera, 1988; Brindley, 1980), however,
only a few of these are in common use in sedimentary and paleolimnological research. One
of the most often used approaches, the internal standard calibration method, is to derive
peak intensity weightings for each mineral based on a series of separate calibration XRD
responses from mixtures of known quantities of the minerals (e.g., Cook et al., 1975; Klug
& Alexander, 1974; Schultz, 1964). The calibration standards are done using minerals found
within the same geologic province and, as much as possible, having similar crystallinity and
size characteristics as the material in the unknown sample. Because quartz is ubiquitous in
most lacustrine bulk sediment samples, it is common practice to use 50:50 ratios of each
mineral and quartz for the calibration standards, although more mixtures of different ratios
(e.g., 25:75, 50:50, 75:25) will clearly lead to better statistical relationships as the minerals
in the unknown deviate from a 50 : 50 mixture (Fisher & Underwood, 1995). As pointed
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out by Cook et al. (1975), the resulting values need to be normalized to 100% and are, thus,
estimates of relative percentages.

A technique similar to the internal standard calibration method involves adding a known
amount of an easily recognized foreign material that would likely not otherwise be in the
sample, such as corundum or fluorite The abundance weighting factors for
each mineral are then determined on the basis of a series of calibration mixtures with this
spiked external standard (Fisher & Underwood, 1995; Heath & Pisias, 1979; Moore, 1968;
Lennox, 1957). The external standard method is particularly useful for situations in which
quartz or another internal standard cannot be used because of absence or low abundance.

The disadvantage of these internal and external standard calibration techniques is that
determination of the weighting factors is quite tedious and must be re-done for each geo-
graphic and/or geological region in which the researcher is working. In an effort to improve
this quantification method and make it more universally applicable, Chung (1974a, 1974b)
proposed a simpler technique referred to as the matrix flushing method. As mentioned above,
the XRD peak intensity is related to the abundance of a mineral in a complex manner. Klug
& Alexander (1974) show that the intensity of diffracted X-rays of a mineral in a mixture

is a function of that mineral’s concentration and density the average mass
attenuation coefficient of the mixture and of the mineral (i.e., attenuation coefficients;
and ) and a constant that depends on the geometry of the diffractometer, wavelength
of the incident radiation, and various crystal structure indices, according to:

or

Unfortunately, most values have not been measured and is unknown for any given
mixture. Hence, cannot be calculated from However, as first pointed out by Chung
(1974a), the matrix absorption effect can be eliminated by calculating a ratio:

where is the intensity of an internal standard. The JCPDS powder diffraction file (PDF)
already publishes values for each mineral using synthetic corundum as the standard
(i.e., ). So the two unknown mass attenuation coefficients (matrix effect) cancel in the
ratio and the weight fraction of the mineral becomes:

where is the concentration of the corundum standard. Once all the minerals in the sample
have been identified, also cancels and the equation simplifies to:

where is the peak intensity for each mineral in the mixture (Chung, 1974b).
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As emphasized by Bish (1994) and Snyder & Bish (1989), Chung’s matrix flushing
method cannot be used if there are any unidentified mineral phases in the mixture. Fur-
thermore, the technique assumes that all the material in the sample has the same degree of
crystallinity, the same chemical composition, and the same mass absorption characteristics
as the PDF reference material, and that sample preparation and degree of random orientation
are compatible with that of the JCPDS samples. These can be significant factors that prohibit
routine use of the matrix flushing technique, particularly when dealing with minerals that
exhibit extensive solid solution (e.g., many carbonate and sulfate minerals) and various
levels of ordering (e.g., calcite, dolomite, magnesite). Despite these caveats, the technique
does have the significant advantage of eliminating the need for calibration curves in that
all qualitative and quantitative data on a sample can be acquired from a single XRD scan.

Light microscopy

Introduction

Optical microscopic methods are among the oldest and most straightforward techniques
to analyze the minerals in a sediment or rock sample. The primary tool, a petrographic
microscope, allows easy and rapid identification of any minerals through which light can
pass. The petrographic microscope is similar to an ordinary compound microscope except
that it has a revolving, graduated circular stage, a light polarizing device below the stage, and
another polarizer above the objective lens. Thus, light from a substage source is polarized
before it reaches the sample and the operator can view the sample in either plane-polarized
light (PPL) or crossed-polarized light (CPL). In addition, a supplementary lens that can be
used for detecting and viewing interference figures, a Bertrand lens, can be inserted in the
microscope tube between the upper polarizer and the eyepiece.

With this basic equipment an investigator can identify and quantify mineral components
in a thin section (TS) or grain mount by systematic examination of key optical properties
(e.g., refractive index, birefringence, optic angle and sign) and morphological and physical
characteristics (Table IV). Although the mineral suite of a lake deposit can be complex as
noted above, there are many well-illustrated publications available to assist investigators
who have relatively little formal petrographic training (e.g., Adams & MacKenzie, 1998;
MacKenzie & Adams, 1993; Adams et al., 1987; Lindholm, 1987;Matzko, 1984; Scholle,
1979; 1978)

Sample preparation

Because most Quaternary lake sediment samples are only poorly consolidated at best,
vacuum embedding in a polyester resin or impregnation in epoxy is usually necessary
before thin sections can be prepared. Details of these procedures and descriptions of the
equipment required are given in Miller (1988a), Cady et al. (1986), Murphy (1986), Jim
(1985), Ashley (1973), Innes & Pluth (1970), and Bouma (1968). Because of their low
permeability and high water content, fine grained sediments are particularly difficult to
work with and impregnation techniques often require lengthy diffusion and curing times
(Allman & Lawrence, 1972; Stanley, 1971). In addition to artificially cementing single
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samples, it is also common to embed entire cores or sections of cores in resin (Kemp et al,
this volume; Pike & Kemp, 1996; Stanley, 1971; Bouma, 1968), from which multiple thin
sections can be cut and examined not only for mineralogy but also sedimentary structures,
textures and fabrics. In the case of relatively coarse unconsolidated material in which the
fabric of the sediment is not of interest or if the investigator is examining size or density
fractionated components of a deposit, it is advantageous to mount loose grains (Müller,
1967; Tickell, 1965). A full treatment of these preparation techniques is given in Lewis &
McConchie (1994), Lewis (1984) and Stanley (1971).

Once the lake sediment sample has been impregnated (if necessary) or a grain mount
prepared and an adequate thin section cut, it is common to apply various stains to assist
the investigator in recognizing certain minerals. Chemical stains, often used in conjunction
with acid etching, are available for a variety of commonly occurring sedimentary minerals,
as reviewed in Lewis & McConchie (1994), Miller (1988a), Hutchinson (1974), Allman
& Lawrence (1972), Friedman (1971), and Reid (1969) (see Fig. 5). For example, calcite
and dolomite, two very common carbonate minerals in lake sediments, can be difficult
to distinguish on the basis of their optical properties alone. However, application of a
solution of Alizarin red S will preferentially stain the calcite red and leave the dolomite
unaltered. Similar chemical stains exist for aragonite, ferroan calcite and dolomite, Mg-
calcite, magnesite, gypsum, plagioclase, K-feldspars, kaolinite, illite, and smectite.
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Reflected light and luminescence microscopy

The use of reflected light microscopy is relatively rare in paleolimnological studies be-
cause most microscopic investigations to date have concentrated on nonopaque minerals.
However, there are a number of potentially important avenues of investigation that can
be exploited through the application of reflected light techniques. Although not strictly a
mineralogical investigation, the petrology of organic matter in sediments depends mainly
on the use of reflected light microscopy (see Bustin et al., 1983; Staplin et al., 1982; Brooks,
1981; Cook & Kantsler, 1980; Durand, 1980). Study of the heavy mineral fraction (i.e.,
minerals with specific gravity of greater than 2.85) of sands and sandstones, which is usually
dominated by opaque minerals, has provided basin analysts with considerable insight into
the provenance, weathering and dispersal characteristics, and tectonic history of sedimen-
tary deposits (e.g., Basu & Molinaroli, 1989; Pettijohn et al., 1987; Pettijohn. 1975; van
Andel & Pool, 1960). Friedman et al. (1992), Peckett (1992), Lindholm (1987) and Milner
(1962b) provide details on the sample preparation techniques and optical characteristics of
these opaque detrital components.

The use of luminescence to supplement transmitted and reflected light microscopy has
now become routine in TS petrographic work. Luminescence refers to the emission of light
from a solid in response to bombardment by some form of energy. For example, ultraviolet
(UV) luminescence, which occurs when a substance absorbs either visible or ultraviolet
light, has been used in organic petrological studies for many years (Cook, 1980; Alpern,
1980) and holds considerable promise in helping understand complex carbonate mineral
fabrics and cement neoformation (Dravis & Yurewicz, 1985). Cathodoluminescence (CL)
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results from excitation by electrons and has a wide variety of applications in sedimentary
petrography as reviewed by Lewis & McConchie (1994), Barker & Kopp (1991), Marshall
(1988), and Walker (1985). Although the CL technique has only recently been applied to
paleolimnological investigations (e.g., Mather, 1999; Nobel et al., 1996; Mazzoleni et al.,
1995) and much still remains to be done in terms of understanding the actual causes of CL
in minerals, Miller (1988b) maintains that it is one of the most important developments in
sedimentary petrography since the 1960’s.

Quantification issues

A major concern for all TS based petrographic and mineralogical research is quantification.
Once the minerals have been identified, it is desirable to estimate the proportions of each
component. Various percentage estimation comparison charts are available that allow the
investigator to very rapidly assess approximate proportions of readily identifiable grains
with reasonable precision (e.g., Drees & Ransom, 1994; Harwood, 1988; Folk et al., 1970;
Terry & Chilingar, 1955). However, usually more quantitative approaches are applied.
The traditional methods involve either (i) making repeated linear traverses across the
slide and enumerating the mineralogy of all individual grains encountered at the cross-
hairs (line method), giving a number frequency estimate; ( i i ) tabulating the mineralogy
of all the grains encountered in a given area of the slide (ribbon or area method), which
provides an estimate of the number percent; or (iii) counting all the individuals intersected
at equadistant points on a grid (grid or Glagolev-Chayes method), giving an estimate of the
area percent (Galehouse, 1971). These techniques work well with coarse grained and well
sorted sediments but become less reliable as the proportion of finer particles (silt and clay)
increases, as the particle shapes become less equant, and as the sorting decreases (Drees &
Ransom, 1994; Solomon, 1963; Chayes, 1956a, b).

In order to achieve reasonable statistical significance, most authorities recommend
counting about 300 to 500 points or grains on a slide. The probable error of the resulting
percent of individual components (at 95% confidence) can be calculated by:

where E is the probable error in percent; N is the total number of points or grains counted;
and P is the percentage of the particular component (Galehouse, 1971). For example, if
100 grains are counted and 10 of them are dolomite, then the chances are 19 out of 20
that the real percentage of dolomite in the sample is 10 ± 6% or between 4% and 16%,
whereas if 500 grains were counted and 50 of them were dolomite, the real percentage (at
95% confidence) would be between 7.3% and 12.7%.

Point counting has been the standard procedure for mineral quantification in TS based
petrography for most of the century. Although various supplementary devices, such
as both manual and automated graduated mechanical stages, integrated eyepieces, and
automated counters, greatly facilitate the speed with which a petrographer can analyze a thin
section (Galehouse, 1971; Griffiths, 1967), it was not unti l the widespread use of personal
computers and the availability of inexpensive image analysis (IA) software packages that
speed, accuracy, and precision increased significantly (Russ, 1990; Petruk, 1989; Meek
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& Elder; 1977). Russ (1999), Drees & Ransom (1994) and Jones (1987; 1977) discuss
the theory, equipment, and application of IA systems in petrographic and mineralogical
analysis. These new computer assisted techniques are much faster than manual methods
and produce more accurate and unbiased results, particularly in sediments with relatively
simple mineralogies. However, the analytical systems still depend heavily on the expertise
of the investigator to properly recognize and differentiate the mineral species and to assign
the minerals to specific computer-measured classes (Drees & Ransom, 1994; Amstutz &
Giger, 1971). The petrographer must also compensate for slight variations in slide thickness
and other artefacts, such as air bubbles and scratches within the petrographic slide.

Advantages and disadvantages

Optical microscopy has been the mainstay of sedimentary petrographers and mineralogists
since Sorby published the first sediment thin section descriptions in the mid-nineteenth
century (Sorby, 1851). Although many refinements have been adopted, the basic techniques
of mineral identification and quantification have changed little in the past seventy-five years.
The chief advantages of optical microscopy are that it requires relatively little equipment,
and that the investigator can not only decipher the minerals present and their relative
abundances but also examine the fabric, microstructures, size, and surface features of the
particles, thereby providing an enhanced understanding of the genesis and diagenesis of
the sedimentary deposit.

However, there are also many shortcomings inherent in routine application of optical
microscopy to paleolimnology. Sediments in general and Quaternary lacustrine deposits,
in particular, often have a much greater mineral diversity than do igneous and metamorphic
rocks or other sedimentary deposits. This great diversity can make TS examination of
lacustrine sediment an arduous task for a new inexperienced researcher. Paleoenviron-
mentally important minerals that may occur in relatively small proportions can be easily
overlooked or misidentified. Many commonly occurring minerals in lake sediments have
similar optical properties and, because paleolimnologists are often dealing with detrital
particles, crystal habit cannot be used to help distinguish them. Fine grained sediments,
which dominate the offshore stratigraphic records of most lakes, are difficult to prepare
and examine optically; medium to fine silt and clay-sized material (i.e., sediment finer
than is almost impossible to resolve in routine petrographic analysis of normal
thin sections. Quantification of the mineral assemblage of poorly sorted sediments presents
many practical and interpretive problems. Although recent application of computer-assisted
IA techniques have significantly improved the speed and reproducibility of mineral quan-
tification, thin section analysis still represents a relatively large investment of time by a
well trained and experienced professional.

Future developments

Because knowledge of the mineralogical composition of a lacustrine deposit is fundamental
to understanding the history of the lake and the evolution of the lake’s drainage basin and
water systems, paleolimnologists will continue to have a strong interest in the nature and
amount of inorganic crystalline materials making up their samples. The minerals (together
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with texture and structures) are the basic components of a sedimentary deposit that need
to be examined and quantified if only to properly describe the material. The generally
fine particle size of the sediment with which most paleolimnologists work dictates that
X-ray diffraction will probably remain the method of choice for both qualitative and
quantitative analyses. However, as we continue to explore the more ancient lacustrine
stratigraphic records of the world (e.g., Gierlowski-Kordesch & Kelts, 1994, 2000), and,
in particular, as the economic potential of these pre-Quaternary lakes is realized (Katz,
2001), optical microscopy, combined with other petrographic and spectroscopic tools will
increase in prominence.

Both optical microscopy and XRD are traditional methods for sedimentary petrogra-
phers. Both sets of techniques have been refined greatly over the past half century such
that application of the methods is now routine and straightforward. Like many methods
involving quantification, the quantitative assessment of minerals in a sample is, at present a
rather tedious and labor intensive pursuit, and subject to a number of technical and practical
problems. These quantification techniques will likely benefit from continued advances in
image analysis methods (for TS petrography) and more streamlined numerical and com-
puterized XRD data handling techniques (e.g., full-pattern fitting methods; Bish, 1994).
Although new geochemical techniques and instruments will continue to fuel advances in
our understanding of lake sediments from an elemental and molecular perspective, XRD
and optical methods will remain at the forefront of mineralogical research and analysis for
some time.

However, the most important advances to be made over the next decade involve not so
much how paleolimnologists identify and quantify the minerals, but rather how conceptually
these data are applied to helping understand the history of the lake. Tremendous advances
in our understanding of the genesis and diagenesis of minerals in lakes have been made in
the last decade or so of the century and this will no doubt continue well into the new
millennium. With this enhanced understanding of how and why a mineral forms and changes
comes the potential for quantitative assessment of the history of the lake. Many aspects
of paleolimnology are already impressively quantitative. One only has to read Stoermer
& Smol (1999) or Birks (1998) to appreciate the rich detail and wealth of quantitative
information with which the biological side of paleolimnology can decipher lake histories.
The transition from descriptive to quantitative interpretation has been somewhat slower
within the mineralogical realm, but important recent advances have been made and there
is every indication that this will continue into the future.

Summary

This chapter has emphasized two of the most commonly used methods of mineralogical
assessment of lake sediments: X-ray diffraction and optical petrography. The choice of
methods is largely controlled by the nature of the sediment and the objective of the research.
Optical mineralogy can provide the investigator with not only qualitative and quantitative
mineralogical data but also key petrographic information, such as depositional and di-
agenetic fabrics and textures. However, direct petrographic examination of fine grained
sediments is very difficult. X-ray diffraction techniques, in contrast, provide a relatively
fast and inexpensive means of quantitatively assessing the mineral assemblage of fine
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grained deposits, which are often the target for paleolimnologists, but supply no clues as
to the origin or alteration of the minerals present.

Bulk or whole sample mineralogy is done by collecting X-ray diffraction data from
a random powder mount. Pretreatment procedures must be kept to a minimum but the
sediment to be X-rayed must be reduced to a fine powder that is relatively free of organic
matter and amorphous material. The powder must be applied to the holder or slide in
such a way as to present a smooth, even, parallel surface upon which the incident X-ray
beam can interact. Clay minerals represent a special problem because they are so small and
usually do not exhibit a usable XRD response from a random powder mount. Consequently,
clays are best analyzed by preparing and irradiating a powder mount in which the particles
have achieved maximum preferred orientation. However, various technical problems arise
due to inherent particle size and mineral segregation when attempting to prepare oriented
mounts. These problems have resulted in a wide variety of different mounting techniques
in use. Quantification techniques for XRD data are complicated because the intensity of
the peaks on the diffraction pattern is not directly related to the abundance of the mineral
in a mixture. Thus, a system of standards and calibration mixtures must be prepared.
Alternatively, if all the minerals in a sample are known and the researcher is confident that
the crystallinity and stoichiometry of the minerals in the sample is similar to that used by
published reference standards, then a matrix flushing method may be used which greatly
simplifies the quantification process.

Optical mineralogy is a straightforward microscopic technique in which the optical
characteristics of the grains are used to identify the minerals. Various supplementary de-
vices and techniques, such as use of luminescence characteristics and staining for specific
minerals, can greatly assist the petrographer in identification of the minerals present in a
thin section. Like XRD, quantification techniques, if done to achieve a statistically valid
estimate of the mineral assemblage, are time consuming and labor intensive.
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Introduction

Fluid inclusions are fluid-filled vacuoles within crystals. Fluid inclusions occur in min-
erals formed in a wide variety of geologic settings including lacustrine environments.
Although the first recorded observations of fluid inclusions were made over a century ago
(Sorby, 1858), only in the last ten years have paleolimnologists begun to exploit fluid
inclusions in ancient lake deposits (Attia et al., 1995; Benison & Goldstein, 1999; Benison
et al, 1998; Li et al, 1996; Lowenstein & Spencer, 1990; Lowenstein et al, 1998; Lowenstein
et al, 1994; Roberts & Spencer, 1995; Roberts et al, 1997; Yang et al, 1995a, 1995b). Fluid
inclusions can be formed either during or after crystal growth, and they may remain in an
undamaged state as closed systems, in equilibrium with their surrounding host mineral,
for millions of years. Fluid inclusions trapped during crystal growth are named primary
inclusions. As a crystal precipitates in water there are surface irregularities or imperfections
produced by differences in the growth rate of the crystal surface or by etching of the crystal
surface (Fig. 1). These imperfections are enclosed during the growth of the crystal surface
trapping the ambient water. Chemical sediments formed in lacustrine environments may
contain abundant primary fluid inclusions that are important in paleolimnological studies
because these aqueous inclusions record the temperatures at which the crystals formed
and the chemical compositions of the ambient waters from which the lacustrine minerals
precipitated. Secondary fluid inclusions are formed following crystal growth by healing
of fluid-filled microfractures (Roedder, 1984; Goldstein & Reynolds, 1994). Secondary
fluid inclusions provide information on deformation processes or burial conditions and are
therefore of subordinate importance in paleolimnologic studies.

Fluid inclusions in lake deposits occur in chemical sediments (carbonates, sulfates,
chlorides) which most commonly form in arid, closed-basin settings. Chemical sediments
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typically form in interior closed-basin drainage systems with climates that have evaporation
rates sufficient to concentrate inflow waters. There are many such locations throughout the
world including the U.S. Basin and Range, the Great Plains of western Canada, the central
Andes of South America, western and southern Australia, and vast areas of central Asia and
northern Africa. Chemical sediments, in turn, must be composed of relatively large crystals
(>~1 mm) in order to clearly observe fluid inclusions under a petrographic microscope.
In addition, the fluid inclusions must be large enough (at least ) in order to use
them for the various analyses described below. Such crystal size and fluid inclusion size
requirements limit the types of lacustrine sediments that may be used for fluid inclusion
studies. Although carbonate minerals are by far the most common lacustrine chemical
sediments, the normally small size of calcite crystals and other carbonate minerals within
lacustrine settings have so far precluded fluid inclusion studies. Virtually all studies of fluid
inclusions in lake sediments have been done on gypsum and halite. Minerals that meet the
crystal size requirements for fluid inclusion research, but which have not yet been stud-
ied include sulfate minerals

and sylvite (KC1).
Aqueous fluid inclusions in lacustrine minerals are potential indicators of paleotemper-

atures, paleochemistries, and paleoenvironments. Recent studies of fluid inclusions have
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determined the temperatures of crystal growth in ancient saline lakes and the major and
minor element and isotopic composition of paleolake waters (Attia et al., 1995; Benison
& Goldstein, 1999; Benison et al, 1998; Li et al, 1996; Lowenstein & Spencer, 1990;
Lowenstein et al, 1998; Lowenstein et al, 1994; Roberts & Spencer, 1995; Roberts et al,
1997; Yang et al, 1995a, 1995b). This chapter is a progress report on the techniques being
developed for research on fluid inclusions in lake deposits.

Distinguishing primary from secondary features in chemical sediments

Before beginning any study of fluid inclusions in lake sediments, it is necessary to distin-
guish the minerals, textures, and structures of sedimentary origin from those formed during
burial alteration processes. Many of these features are best observed in large format thin
sections using a low magnification binocular microscope. Thin sections should be specially
prepared without heating or dissolving samples. Although soluble chemical sediments can
be cut and polished with ordinary trim saws and thin sectioning equipment using non-
aqueous lubricants, diamond wire saws (Laser Technology West Limited, Colorado Springs,
Colorado, USA) are relatively inexpensive and ideal for cutting flat thin section surfaces
without heating or damaging delicate samples.

Hardie et al. (1985, p. 12) separated chemical sediments (minerals, mineral assemblages,
textures, fabrics) by their timing of formation into three types: 1. Syndepositional, defined as
“formed at the time of deposition of a sedimentation unit or deposited in its existing form”,
2. Post-depositional (but pre-burial), defined as “formed diagenetically soon after deposi-
tion by processes controlled by the existing depositional environment”, and 3. Post-burial
defined as “formed by late diagenetic or metamorphic-metasomatic processes controlled
by the subsurface burial environment”. Syndepositional minerals are the only type that
might contain paleoenvironmental information and therefore should be the focus of any
paleolacustrine fluid-inclusion study. There are several types of sedimentary structures that
can be used to identify syndepositional chemical sediments. Detrital framework textures,
especially the settle-out accumulations of surface nucleated gypsum plates and for halite,
pyramidal hopper crystals, linked rafts, and cubes (collectively termed “cumulates”), are
well documented in modern and ancient evaporite deposits (Fig. 2) (Neev & Emery, 1967;
Last, 1984; Lowenstein & Hardie, 1985; Smoot & Lowenstein, 1991; Li et al., 1996;
Schubel & Lowenstein, 1997). These crystals accumulate at the bottom of a lake in layers
of loosely packed crystals. Mechanical sedimentary structures can be formed by loose grains
of chemical precipitates (i.e., ripple marks and cross stratification composed of gypsum,
mirabilite, and halite; Neev & Emery, 1967; Last, 1984; Hardie et al., 1985). Even more
common in lacustrine evaporite deposits are crystalline framework crusts, formed by in situ
open space growth on the floors of saline lakes. Characteristic features of bottom-growth
crystalline frameworks include vertically-oriented, vertically-elongated, upward-widening
crystals formed on a common substrate (Fig. 3). Vertically-oriented gypsum crystals, termed
selenite (Hardie & Eugster, 1971; Warren, 1982; Attia et al., 1995) and vertical halite
“chevrons”, along with crusts composed of trona (Eugster, 1970, 1980), mirabilite, epsomite
and bloedite (Last, 1984), have been widely reported from modern and ancient closed-
basin lake deposits. Lacustrine crystalline frameworks in particular are important to fluid
inclusion studies because the constituent crystals are commonly large (several millimeters
to several centimeters) with abundant fluid inclusions.
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Layered chemical sediments may contain a variety of dissolution features produced by
contact with undersaturated waters such as rounded or truncated crystal surfaces, rounded
dissolution cavities, and vertically-oriented dissolution pipes (Fig. 3D and 3E). The fre-
quency and nature of these syndepositional dissolution features may be used to distinguish
perennial saline lake deposits from saline pan (ephemeral lake) sediments (Li et al., 1996;
Schubel & Lowenstein, 1997). In very shallow water (centimeters deep) to subaerially-
exposed environments, layered halite crusts have little to no protection from incoming
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dilute surface waters. These dilute waters produce unique dissolution surfaces and cavities
leaving only sparse “patchy” preservation of primary mineral textures (Fig. 3D and 3E). In
contrast, the dense brine of perennial saline lakes acts as a protective barrier between the
primary sedimentary minerals of the lake bottom and the incoming dilute surface waters.
Crystalline frameworks, cumulates and other chemical sediments that exhibit little to no
evidence of syndepositional dissolution are characteristic of these perennial lake systems
(Fig. 3A and 3B).

Salts precipitate from saline groundwaters in evaporative environments either as ce-
ments or displacively grown crystals. The cements are typically crystal overgrowths or
cavity fillings and the displacively-grown minerals are typically large euhedral crystals,
nodules or fine crystals. It is commonly difficult to interpret from petrographic study
whether these diagenetically-formed saline minerals are syndepositional and formed by
processes controlled by the surface environment or secondary and deeper burial in origin.
A more complete description of these features, as well as criteria for recognizing post-burial
alteration (features that deform, disrupt, or completely destroy depositional textures and
fabrics) is given in Hardie et al. (1985) and Smoot & Lowenstein (1991).

Fluid inclusions in ancient chemical sediments

Fluid inclusions in primary gypsum crystals have been described by Sabouraud-Rosset
(1969, 1972, 1974, 1976), Attia et al. (1995), and Petrichenko et al. (1997). Thin sections
or cleavage fragments (especially the perfect {010} cleavage plane) may be used for pre-
liminary petrographic studies of fluid inclusions in gypsum. Primary aqueous inclusions are
single phase (water) and arranged in rows parallel to the growth direction of the host gypsum
crystal. Inclusions are commonly tapered in the direction of crystal growth; inclusions in
two dimensions are triangular, five-sided, horn-shaped, trapezoidal, or negative crystals
(Fig. 4). Primary fluid inclusions in bottom-growth gypsum are located along crystal growth
bands and are commonly found in association with parallel zones of solid inclusions such
as clay, carbonate, microorganisms (coccoid cyanobacteria, charophytes) (Fig. 4A), and
unidentified organic matter (Attia et al., 1995; Petrichenko et al., 1997). Secondary fluid
inclusions in gypsum commonly occur parallel to the {011} and {010} cleavage planes
and typically are tabular-shaped, single-phase, and up to several tens of microns in size
(Fig. 4D) (Attia et al., 1995).

Fluid inclusions in primary halite crystals are abundant and have been described and
illustrated by numerous researchers (Roedder & Belkin, 1979; Roedder, 1984; Lowenstein
& Hardie, 1985; Lowenstein & Spencer, 1990; Goldstein & Reynolds, 1994; Roberts
& Spencer, 1995; Kovalevich et al., 1998; Benison & Goldstein, 1999, to name a few).
Primary fluid inclusions occur in halite chevrons and in sunken rafts, cubes and plates most
commonly as single phase (aqueous) negative cubes, to in size, and rarely
up to or larger (Fig. 5). Less common are two-phase, liquid-solid or liquid-vapor
inclusions. Solid crystals in fluid inclusions may be accidentally trapped during crystal
growth or may have formed by precipitation inside inclusions as daughter crystals. Fluid
inclusions in halite may occur as dense clouds in quantities up to (Roedder,
1984). Commonly, zones to in thickness containing abundant
fluid inclusions alternate sharply with inclusion-poor zones of comparable thickness. This
type of inclusion banding, common in laboratory-grown halite and in halite from modern
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saline lakes, forms by variations in crystallization rates. Such fluctuations in crystal growth
rates have been interpreted to represent diurnal or seasonal changes in evaporation rates.
Within cloudy fluid inclusion rich bands, there may be smaller scale sub-bands, called “high
frequency” bands described by Benison & Goldstein (1999). Secondary fluid inclusions in
halite are recognized by their commonly irregular shapes and their occurrence along curved
healed microfractures (Fig. 5C).

Although carbonate minerals are ubiquitous in fresh-, brackish-, and saline-lake de-
posits, they tend to be very finely crystalline calcite mud, too fine for fluid inclusion studies
(Kelts & Hsu, 1978). Large bottom-grown carbonate crystals are uncommon in ancient
lake sediments. However large pseudomorphs of the cold-water carbonate mineral ikaite

as well as radial dendritic and bladed calcite crystals have been identified
in ancient lacustrine carbonates, particularly tufas (Shearman et al., 1989; Bischoff et al.,
1993; Demicco & Hardie, 1994). Calcite crystals in cave deposits are often sufficiently large
for observation of fluid inclusions and have been used for paleoclimate studies by Winograd
et al. (1985). Relatively large carbonate crystals (> 1 mm), such as megascopic botryoidal
aragonite cements, also precipitate in open water marine settings (James & Choquette,
1990). Primary fluid inclusions containing seawater have been identified in ancient marine
calcite cements, particularly those f i l l ing neptunian dikes (Johnson & Goldstein, 1993;
Ward et. al., 1993). The density of fluid inclusions is much lower in carbonates compared
to halite and gypsum, so identification of primary inclusions may be more problematic.
Primary inclusions are typically found outlining “growth-zone” boundaries as thin cloudy
zones of fluid inclusions which outline a euhedral crystal termination (Fig. 6). There are a
variety of other types of primary inclusions in carbonate, described in detail by Goldstein
& Reynolds (1994). Fluid inclusions in lacustrine carbonate minerals need not be negative
crystal shapes to be primary, but they must be single-phase aqueous inclusions. Liquid-
vapor two-phase fluid inclusions in primary calcite should be viewed with caution because
the inclusions may have been altered after entrapment due to cracking or thermal stretching
of the fluid, or they may have trapped gas.

Fluid inclusion liquid-vapor homogenization temperatures:

paleolake temperatures

A relatively new method has been developed using measurements of homogenization
temperatures of fluid inclusions in primary halite crystals for interpretation of lake water
paleotemperatures (Roberts & Spencer, 1995). Fluid inclusions in sedimentary and diage-
netic minerals are most commonly trapped as a single phase (water) during crystal growth.
Fluid inclusions in crystals formed at temperatures higher than about 50 °C undergo phase
separation into a liquid and vapor upon cooling to room temperature due to differential
contraction between the host mineral and the trapped fluid (Roedder & Bodnar, 1980;
Goldstein & Reynolds, 1994). This process may be reversed in the laboratory by heating
fluid inclusions un t i l the vapor shrinks and finally disappears. This process has been
termed homogenization. The temperature at which a two phase inclusion becomes one
homogeneous fluid is referred to as the homogenization temperature (Th). Theoretically,
fluid inclusions are excellent geothermometers; homogenization temperatures have been
used extensively to study crystal growth temperatures of minerals in sedimentary rocks
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including quartz, calcite, dolomite, flourite and sphalerite (Roedder, 1984; Shepherd et al.,
1985; Goldstein & Reynolds, 1994).

Fluid inclusions in lacustrine halites present special difficulties in homogenization
studies because of the ease with this mineral may be deformed. Anomalously high homog-
enization temperatures in halites, well above the temperatures expected of surface waters,
have been reported (for example, Roedder & Belkin, 1979). These high homogenization
temperatures may be due to permanent deformation (“thermal stretching”) of inclusions
or leakage of fluids after crystallization, during burial or during sample preparation. In
addition, high homogenization temperatures will be obtained from fluid inclusions that
contain trapped gas. Clearly, fluid inclusion homogenization studies in lacustrine halites
require extraordinary care in sample selection and preparation.

Roberts & Spencer (1995) avoided problems of stretching or leaking of inclusions
and possible trapping of gases in inclusions by selecting halite crystals with one-phase
(aqueous) inclusions at room temperature. Halite crystals were examined petrographically
to confirm their primary origin and to establish the primary origin of the aqueous inclusions.
These aqueous inclusions, formed at temperatures below 50 °C, were cooled in a laboratory
freezer at – 15 °C to nucleate vapor bubbles by the “cooling nucleation method” (Roberts &
Spencer, 1995). Variations of this method have been used on halites from a 186-m-long core
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(200,000 years old) from Death Valley, California (Roberts & Spencer, 1995; Roberts et
al., 1997; Lowenstein et al., 1998), and from Permian halite, Nippewalla Group, Kansas
(Benison & Goldstein, 1999). In these studies, halite cleavage fragments, several millime-
ters across and < 1 millimeter thick, were glued to microscope cover glasses, placed into
air-tight containers along with desiccant to avoid condensation on crystal surfaces at low
temperatures, and cooled in a freezer ( – 1 0 ºC to – 20 °C) for several days or longer in
order to nucleate vapor bubbles (Fig. 7). At those temperatures, halite-saturated brines in
fluid inclusions did not freeze, which would cause stretching of inclusions because the
volume of ice is greater than water. Samples were then placed in a portable cooler and
quickly transferred from the freezer to a pre-cooled heating-freezing stage mounted to a
petrographic microscope.

Crystals of halite, after placement into the pre-cooled heating/freezing stage, were
heated slowly, at rates of less than 1 °C per minute, and fluid inclusion homogeniza-
tion temperatures were recorded unt i l all fluid inclusions studied in the cleaved halite
crystal homogenized, which nearly always occurred at temperatures below 40 °C. Details
on the mechanics of homogenization temperature measurements, including the important
“cycling” technique are carefully described by Goldstein & Reynolds (1994, p. 92–95).

Homogenization temperatures, if measured from primary fluid inclusions in primary
halite, record the water temperatures of the saline lakes in which crystal growth occurred.
The method is of great interest for paleoclimate studies because homogenization temper-
atures are actual paleo-water temperatures and they are relatively easy to measure. The
results from modern, Pleistocene, and Permian halites, summarized below, are encourag-
ing. All of the results represent “snapshots” of water temperatures during crystal growth,
which record paleo-weather conditions. Homogenization temperatures from primary fluid
inclusions must be used with caution for paleoclimate interpretations because they depend
on factors such as brine depths, periodic or seasonal halite precipitation, and the time
of day of halite crystallization. Variations in homogenization temperatures due to these
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factors may be minimized by comparing halite samples deposited in similar depositional
environments (i.e., only compare perennial lake deposits to perennial lake deposits) and
by measuring large numbers (hundreds) of fluid inclusions from a given stratigraphic
interval. For example, the hundreds of measurements taken from halite samples from the
perennial-saline-lake-interval in the Death Valley core (186 ka to 120 ka) gave homogeniza-
tion temperatures between 10°C and 32 °C, indicating temperatures 10°C to 15 °C lower
than modern temperatures in Death Valley during that period (Fig. 8) (Roberts & Spencer,
1995; Roberts et al., 1997).

All the studies cited used the FLUID INC. adapted U.S.G.S. Gas-Flow Heating/Freezing
stage, but other commercially available heating/freezing systems work equally well. There
are three types of heating/freezing stages used for microthermometric analysis of flu-
id inclusions: Chaixmeca, Linkham, and the FLUID INC./U.S.G.S. type. These heating
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freezing systems are discussed in more detail elsewhere (Roedder, 1984, Shepherd et al.,
1985, p. 78–92). The Chaixmeca and Linkham stages are heated and cooled by thermal con-
duction through metal to the sample chamber. The temperature of the FLUID INC./U.S.G.S.
type stage is controlled by pre-heated or pre-cooled gas flowing through the sample chamber
and across the sample.

In order to use fluid inclusions from lacustrine halites for detailed paleoclimate in-
terpretations, it is important to have air temperature and water temperature records from
the study area. The modern records serve as the reference against which fluid inclusion
homogenization temperatures are compared. Information on the temperatures of saline
lakes in Africa and Canada may be found in Hammer (1986). Other sources of saline lake
temperatures are Carpelan (1958) for the Salton Sea, California, Eubank & Brough (1980)
for Great Salt Lake, Utah; Smith et al. (1987) for Owens Lake, California, Gavrieli et al.
(1989) for the Dead Sea, Israel and Jordan, and Casas et al. (1992) for Qaidam Basin,
Qinghai Province, China.

Halite crystals precipitated as a 3 cm-thick crust in Badwater salt pan, Death Valley,
California, in April, 1993, were used to test the cooling nucleation method (Roberts &
Spencer, 1995; Lowenstein et al., 1998). Homogenization temperatures from fluid inclu-
sions in this halite crust mostly fell within the range of water temperatures measured during
growth of the halite (16 °C to 34 °C), and also closely matched average late April to early
May air temperatures in Death Valley (Fig. 9). Some fluid inclusion homogenization temper-
atures from the 1993 halite crust were below 16 °C, which could be partly explained by lower
brine temperatures in the evening hours when no measurements were taken. Fluid inclusions
with anomalously low homogenization temperatures were interpreted by Lowenstein et al.
(1998) to have been damaged (partially collapsed) during the cooling/vapor nucleation
process (Lowenstein et al., 1998). Roberts & Spencer (1995) and Roberts et al. (1997) did
not find the low-temperature fluid inclusion homogenization temperatures from the Death
Valley samples reported by Lowenstein et al (1998).

Roberts & Spencer (1995), Roberts et al. (1997), and Lowenstein et al. (1998) reported
homogenization temperatures in halites from the 200,000 year-old sediments in the Death
Valley paleoclimate core. Homogenization temperatures measured from single fluid inclu-
sion bands in ancient crystals of saline pan halite varied by 6 to 16 °C, which are similar to
modern diurnal water temperature variations in Death Valley (Roberts et al., 1997). Fluid
inclusions from ancient perennial lake halites normally had smaller homogenization tem-
perature variations within fluid inclusion bands, consistent with precipitation from a larger
water body with less diurnal variation in temperature (Roberts & Spencer, 1995, Benison &
Goldstein, 1999). Fluid inclusions in “high frequency” growth bands, which are thin bands
within the thicker, cloudy chevron bands, had homogenization temperatures that varied by
no more than 8 °C; homogenization temperatures showed a maximum range of 26 °C from
the bottom to the top of thicker chevron growth bands (Benison & Goldstein, 1999).

Lowenstein et al. (1998) presented data on maximum fluid inclusion temperatures for
the Death Valley core (Fig. 10). By selecting only the highest fluid inclusion homoge-
nization temperatures from a given stratigraphic interval, problems of possible anoma-
lously low homogenization temperatures due to damaged fluid inclusions were avoided.
This approach ensures against damaged fluid inclusions but eliminates potentially impor-
tant paleoclimate information that can be obtained from the full range of fluid inclusion
homogenization temperatures.
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Fluid inclusion freezing-melting behavior: paleolake chemical compositions

Low temperature microthermometry (freezing-melting behavior) of primary aqueous fluid
inclusions in lacustrine minerals can provide important information on the chemical compo-
sition of ancient lake waters. Such information can be used to interpret paleolake salinities
and semi-quantitative major-ion chemistry. The method involves freezing aqueous inclu-
sions and observing the temperatures at which the various frozen phases melt and disappear
upon warming. Most lake waters are multicomponent systems and therefore fluid inclusions
formed from such waters display quite complex freezing-melting behavior. Although many
studies have attempted to fully quantify the freezing melting behavior of complex aqueous
inclusions (Davis et al., 1990; others summarized in Goldstein & Reynolds, 1994), new
methods developed in the last fifteen years for directly determining the major element
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chemistry of aqueous fluid inclusions are replacing the freezing-melting approach (see
below). Nevertheless, there are three significant low temperature measurements which can
commonly be made using fluid inclusions in lacustrine minerals: first melting “eutectic”
temperature, final melting temperature of ice, and final melting temperature of hydrohalite

The general principles of low temperature phase equilibria and the tech-
niques involved in microthermometry are given in detail in Goldstein & Reynolds (1994,
p. 95–121), and should be consulted as an essential reference. This section will review
applications of low temperature microthermometry in paleolake studies.

The freezing-melting behavior of primary fluid inclusions in subaqueous gypsum crys-
tals has been studied by Sabouraud-Rosset (1969, 1972, 1976), Attia et al. (1995), and
Petrichenko et al. (1997). The methods employed by Attia et al (1995) to study fluid
inclusions from primary vertically-oriented gypsum crystals from the Gulf of Suez, Egypt
(Middle Miocene) provides a good overview about how these analyses can be used in
paleoclimatology studies. Prior to attempting freezing-melting analyses, vapor bubbles
were artificially produced in originally single-phase primary fluid inclusions by freezing
the sample at –90 °C in a heating-freezing stage. It is necessary to cool the sample down to
this low temperature, which is well below the final ice-melting temperature, due to extreme
cooling required for crystal nucleation. The volume increase upon freezing caused the
inclusion to stretch permanently, leading to the formation of a vapor bubble that persisted
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at room temperature and during all subsequent freezing-melting runs. Vapor bubbles formed
artificially in this manner ensure that all melting temperatures observed occurred at low
pressures. Fluid inclusions frozen without vapor bubbles have high internal pressures which
influences melting temperatures (see Goldstein & Reynolds, 1994 p. 99–101). In general,
all freezing-melting work on single-phase fluid inclusions in lacustrine minerals will re-
quire this preliminary stretching step. The two-phase fluid inclusions were then frozen and
subsequently heated at rates of 1–2°C per minute. During this heating phase the melting
temperatures of the solid phases formed during freezing were observed. Slower heating
rates of < 1 °C per minute were used near the temperatures at which phases disappeared.

Attia et al. (1995) observed the temperatures of first melting and the final melting
temperature of ice in inclusions in primary gypsum (Fig. 11). Most primary fluid inclusions
in gypsum froze between –40 °C and –60 °C; freezing was indicated by the irregular shape
of the vapor bubble, and by the granular or glassy texture of the frozen inclusion. First
melting of frozen inclusions was recognized between –42 °C and –21 °C by the increased
transparency of the inclusion or the slight shifting of the vapor bubble. Typically, it is
difficult to accurately determine the first melting temperature of fluid inclusions because
of the subtle textural changes that occur. Ice, on the other hand, with its large volume, low
birefringence, and low relief is readily identified in fluid inclusions (Fig. 11 B and 11C)
(Roedder, 1984; Goldstein & Reynolds, 1994). During heating to temperatures above first
melting, ice crystals generally increased in size, became fewer in number, and appeared
rounded (Fig. 11B). Near the final ice melting temperature, the vapor bubble became larger
(Fig. 11C). The final melting temperature of ice recorded by Attia et al (1995) ranged from
–13.0 °C t o – 1 . 0 °C.

Eutectic first melting of fluid inclusions involves the melting and disappearance of a
hydrated frozen salt in the inclusion. Theoretically, different salt systems have different
first melting (eutectic) temperatures (Davis et al., 1990; others summarized in Goldstein &
Reynolds, 1994). Therefore, identification of first melting temperature can provide infor-
mation on the types of salts in solution. For example, first melting in the system
occurs at –21.2°C whereas first melting in the system occurs
at –57 °C. Two problems limit the use of first melting temperature data: 1. The difficulty
of actually observing first melting, and 2. Metastable salt hydrates that may have formed
during the freezing process influencing the eutectic temperature (Davis et al., 1990).

Final melting temperatures of ice are usually much more useful data because they can
be used to calculate the salinity of fluid inclusions. With no knowledge of the major ion
chemistry of fluid inclusions, we can assume a simple system and calculate the
salinity of fluid inclusions from the equation (Goldstein & Reynolds, 1994):

where is the freezing point depression of ice, in °C, below 0.0 °C.
Final melting temperatures of ice had a narrow range (<1 °C) along single gypsum

crystal growth bands studied by Attia et al. (1995), indicating growth and trapping of
fluid inclusions under uniform conditions. Final melting temperatures of ice from one
growth band to another in a single crystal varied by up to 11.6°C, which indicates large
changes in salinity during crystal growth, compatible with crystallization in a shallow water
environment (Fig. 12). Gypsum crystals formed at the bottom of a deeper water setting, in
contrast, would normally trap fluid inclusions with similar final melting temperatures of
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ice because the large water body would probably not undergo large changes in chemical
composition during crystallization of a crystal of gypsum.

The final melting temperatures of ice in fluid inclusions were also used by Attia et
al.(1995) to constrain the chemical composition of the parent waters from which the
primary gypsum precipitated. The range of ice melting temperatures (–1 °C to –13 °C)
was compared to the final melting temperature of ice in: freshwater saturated with gypsum
(~ 0°C), normal seawater (–1.9°C) and seawater evaporated to the point of gypsum
saturation (–7.0 °C to –8.0 °C). These final melting temperatures of ice were equated to the
various water chemistries described above using a computerized aqueous solution model at
low temperatures (Spencer et al., 1990). Attia et al. (1995) concluded from final ice melting
temperatures above – 1.9 °C that some of the gypsum studied formed from relatively dilute,
nonmarine inflow waters. Petrichenko et al. (1997) also concluded that the Middle Miocene
gypsum they studied from Ukraine contained primary aqueous inclusions not saline enough
to be evaporated seawater. The final melting temperatures of ice in these deposits showed
complex variations and commonly had final ice melting temperatures above – 1.9 °C.

Another application of low temperature microthermometry was done by Casas et al.
(1992) and Lowenstein et al. (1994) on lacustrine halites from the Qaidam Basin, western
China. Fluid inclusions in halite have high salinities, 26.3% for the pure binary
system and >26.3% for more complex salt systems such as
In these complex saline systems, the final phase to melt is hydrohalite In
the pure system, the final melting temperature of hydrohalite is +0.1 °C; the
addition of other salts (KC1, and ) causes a depression of the final melting
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temperature of hydrohalite (Davis et al., 1990). These principles can allow the final melting
temperature of hydrohalite to be used as a concentration gauge in much the same way as
the final melting temperature of ice is used.

Fluid inclusions in halite from two 43-m-long borehole cores from the Qaidam Basin
were used to document saline lake salinities over the past 54 kyr. Primary single-phase
aqueous inclusions came from chevron and cumulate halites crystallized at the brine bottom
and at the air-brine interface, respectively. Aqueous inclusions in cleavage fragments of
halite were initially “stretched” in the same manner as the gypsum samples described
above, in order to nucleate a vapor phase. The two-phase fluid inclusions were then frozen
and then slowly heated at the rate of 2 °C to 3 °C per minute. When the solid phases began to
melt, the heating rate was slowed down considerably, in order to document as precisely as
possible the first and final melting temperatures. Most fluid inclusions froze during cooling
or during heating between –100 and – 70 °C. The frozen inclusions had a cryptocrys-
talline glassy texture or a coarser, granular mass of submicron size crystals. These frozen
fluid inclusions displayed complex melting behaviors. The final melting temperature of
hydrohalite, however, was easily observed and compared to the phase equilibrium relations
reported by Spencer et al. (1990) and Davis et al. (1990). The final melting temperature
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was used to calculate the as well as the molality of Mg in the paleolake
waters because it was known that the brines in this basin were dominated by Mg-Na-Cl
(Lowenstein et al., 1994). The and were used, in turn, to determine the periods
over the past 54 kyr when the Qaidam Basin contained hypersaline brines (Fig. 13). These
extremely arid periods were also the times when precipitation of economically valuable
potash minerals occurred.

Stable isotopes from fluid inclusion waters

Fluid inclusions in lacustrine minerals may carry information on the stable isotopic compo-
sition of surface waters, which can potentially be used for paleoclimate interpretations. A
technique has been developed that involves extraction and analysis of microliter quantities
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of water from fluid inclusions in halite (Yang, 1993; Yang et al, 1995a, 1995b). This
technique has been used on ancient halites in borehole cores from the Qaidam Basin,
western China (up to 50 kyr old), and from Death Valley, California (up to 200 kyr old)
(Lowenstein et al., 1994; Yang et al., 1995a. 1995b; Roberts et al., 1997). The well-known
relationship between temperature and fractionation of hydrogen and oxygen isotopes in
the water cycle may be used for paleoclimate interpretations (Faure, 1998). The isotopic
composition of fluid inclusions in halite is a function of the isotopic composition of dilute
inflow waters and their degree of evaporation. Dilute inflow waters in most arid closed basins
are mixtures of surface runoff from precipitation and spring inflows from various subsur-
face sources. The isotopic composition of precipitation, in turn, is produced by complex
processes of fractionation during evaporation of seawater, transport of air masses inland,
and precipitation as rain and snow. Changes in the isotopic composition of fluid inclusion
waters in halite from a borehole core may reflect changes in temperature of precipitation,
atmospheric circulation patterns, sources of moisture, or seasonality of precipitation, all of
which may have paleoclimate significance.

The technique developed for extraction and analysis of hydrogen and oxygen isotopes
in fluid inclusions in halite is a modification of the vacuum volatilization method (Knauth
& Kumar, 1981; Knauth & Beeunas, 1986). Halite crystals (300 to 600 mg), hand picked
for primary fluid inclusions, were placed in a glass tube following cleaning in acetone
and alcohol (details of the method are given in Yang, 1993; Yang et al., 1995a). The
glass tube was heated under vacuum to ~ 950 °C at which point the halite melted and
the inclusion waters were released (4 to 10 microliters). One split of the fluid inclusion
water was reacted with zinc to produce which was analyzed by isotope ratio mass
spectrometry. A second split of fluid inclusion water, for oxygen isotope analysis, was
reacted with guanidine hydrochloride to produce which was then analyzed on the
mass spectrometer.

Fluid inclusions in primary halite from a 42-m-long (50 kyr) core, Qaidam Basin, west-
ern China, were analyzed for stable isotopes. and values of fluid inclusions from 33
stratigraphic intervals were compared to the isotopic composition of modern surface waters
in the Qaidam Basin. The major source of water to the study area is the Golmud River,
which is fed by melting of snow in the surrounding mountains. The Golmud River waters
are meteoric in origin and plot on the well-known plot of vs. the meteoric water
line (MWL). Evaporated saline waters from the Qaidam Basin fall off the meteoric water
line along a linear trend whose slope is defined by the humidity (Fig. 14). This evaporation
path begins with the Golmud River isotopic composition on the MWL and branches off
from the MWL with increasing evaporation (Yang et al. 1995b). Fluid inclusions from
modern halite in the Qaidam Basin and from most of the 42-m-long core fall along the
modern evaporation trend. However, fluid inclusions from six intervals between 6.9 and
12.2m (13 to 18.5 ka) fall well below the modern evaporation path (Fig. 14). The very
low values of and were interpreted to reflect regionally cooler climate during the
end of the last glacial period. These types of trends in fluid inclusion stable isotopes have
great potential for documenting glacial-interglacial climate signals. The same technique
was used to measure and in 21 samples from different stratigraphic intervals in
the 186-m-long core from Death Valley, California (Roberts et al., 1997). The and
values for these paleo-waters may be controlled by the same types of factors that affects the
modern waters (Friedman et al., 1992), including: 1. The influence of various storm paths
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such as storms which initiate in the Pacific Ocean versus the Gulf of Mexico, 2. Variations
in temperature due to either climatic changes or seasonal variations in halite precipitation,
and 3. Temporal variations in inflow water sources.

Major element chemistry of fluid inclusions: paleolake water compositions

The chemistry of single fluid inclusions can be determined with certain microanalytical
chemical techniques. The chemistry of fluid inclusions can be used to document the types
of waters at the Earth’s surface in the past and to interpret what controlled the chemistry
of those waters through time. To date, little attention has been given to chemical analysis
of fluid inclusions in lacustrine minerals. However, given the great developments in the
last ten years in chemical analysis of individual fluid inclusions, the following techniques
could be applied to some lacustrine minerals.

There are several techniques that are capable of analyzing a single fluid inclusion; un-
fortunately, most methods involve the destruction of the fluid inclusion. The most common
methods used in the past decade are: fluid inclusion extraction/IC (ion chromatography)
(Lazar & Holland, 1988), laser ablation ICP-MS (inductively coupled plasma-mass spec-
trometry) (Shepherd & Chenery, 1995), SEM-EDS (scanning electron microscopy with an
attached energy dispersive spectrometer) (Ayora & Fontarnau, 1990), ESEM-EDS (envi-
ronmental scanning electron microscopy with an attached energy dispersive spectrometer)
(Timofeeff et al., 2000), and laser Raman microspectroscopy (Rosasco & Roedder, 1979;
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Pasteris et al., 1988; Dubessy et al., 1989). These methods all have strengths and weak-
nesses, and the most effective of these methods depends on the specific scientific question
under investigation.

Extraction from single aqueous inclusions was originally attempted by Holser (1963,
1979a, b). These early studies relied on very large inclusions in halite (2 mm to 15 mm),
which were likely formed during recrystallization. Petrichenko (1973) pioneered a method
which involved the micro-extraction of much smaller inclusions (as small as but
ideally ) in halite. A thin jet of water is used to dissolve a path to within tens of
microns of an inclusion. The halite is dried, and then the inclusion wall is pierced with a
needle, and the fluid is extracted with a tapered capillary tube. A reagent is added to the
capillary and the tube is sealed and centrifuged. The volume of the precipitate formed by
reaction of the inclusion water with the reagent is compared to that formed from prepared
standards. This method can be used to determine the concentrations of K, Mg, Ca, and
but not the concentration of sodium or chloride in the fluid inclusions. The uncertainty of
this method is on the order of 20%.

Lazar & Holland (1988) used a similar micro-extraction technique with much more
success. A tungsten microdrill is used to bore through halite samples and pierce inclusion
walls. When the inclusion wall is breached, the fluid is extracted using a specially con-
structed micropipette assembly. After extraction, the length of the micropipette containing
the inclusion fluid is measured and, as the diameter of the micropipette is known, the volume
of fluid can be calculated. The fluid is then run through an ion chromatograph in order to
measure the concentration of the major cations and anions (Na, K, Mg, Ca, Cl and ).
The analytical error of this technique is much lower than Petrichenko’s (1973) method;
for major ions it is ±4%. Some minor ions can also be measured with this technique, but
with higher uncertainties than for major ions, ±6% for bromide and ±10% for lithium.
This fluid inclusion extraction method requires inclusions that are or larger,
which is potentially problematic because it is difficult to determine if inclusions this large
are primary or secondary in origin. Therefore the fluids being measured could be surface
waters or diagenetic fluids. This method has been used to analyze inclusions from Silurian
halite (Das et al., 1990), Permian halite (Horita et al., 1991), and Devonian halite (Horita
et al., 1996).

Shepherd & Chenery (1995) pioneered the laser ablation ICP-MS (inductively coupled
plasma-mass spectrometry) method of analyzing individual fluid inclusions. An UV laser
ablation microprobe is used to drill a hole into a mineral, to reach an inclusion up to
below the sample surface. For the laser ablation procedure the sample is placed in a modified
thermal vacuum cell. The elevated temperature in the ablation cell raises the internal vapor
pressure of the inclusion, which causes instantaneous rupture and highly efficient fluid
expulsion as the beam breaches the inclusion wall. The vacuum pulls the vaporized fluid into
the ICP-MS, where it is analyzed for major and minor ion concentrations. The advantages
of the ICP-MS method are the small spot size of the laser allows analysis of
small inclusions in a variety of minerals (halite, calcite, quartz, and others). A
wide range of ions can be analyzed simultaneously, including low concentrations of minor
ions. With multicollector ICP-MS, it will be possible to analyze strontium isotopes and
other stable isotopes in fluid inclusions. Laser ablation ICP-MS is not as
precise as other methods (~ 30%) and the results can only be reported as ionic ratios as the
volume of an inclusion cannot be determined prior to analysis. However, if the concentration
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of one ion is known, then the results can be converted from ratios to absolute concentrations.
This method has been used on halite from the Triassic (Shepherd & Chenery, 1995), and
from the Eocene, Miocene, Neogene and modern (Shepherd et al., 1998).

The SEM-EDS (scanning electron microscopy with an attached energy dispersive spec-
trometer) technique pioneered by Ayora & Fontarnau (1990) is able to produce precise
measurements of small individual fluid inclusions. This method involves placing
a small cleavage chip or mineral slice (typically 1 × 1 × 4 mm) into a brass holder, and
freezing the sample in supercooled liquid nitrogen. When the mineral sample is frozen, it
is placed into a cryostage, where it is cleaved using a manipulator knife. The cleaving of
the mineral exposes frozen fluid inclusions for analysis. The exposed surface is coated with
carbon, and the mineral is placed in the SEM chamber. When primary inclusions of sufficient
size are located, they are analyzed with an attached electron microbeam. With
this method, several analyses of major ions can be rapidly gathered from small inclusions
with high precision (<10%). There are difficulties with this procedure, the most glaring
one being that the researcher cannot pre-select the inclusion to be analyzed. Samples with
high inclusion densities should be used, in order to increase the chances of exposing frozen
inclusions during the cleaving process. Fortunately, halite tends to have abundant primary
fluid inclusions, so it is typically not a problem finding suitable fluid inclusions in halite
with this method. Another problem is the sensitivity of the instrument. The detection limits
for the SEM-EDS are typically on the order of 0.1 to 1 wt %. This method has been used
to study marine halites (Ayora et al., 1994a, 1994b; Garcia-Veigas et al., 1995; Fanlo &
Ayora, 1998; Shepherd et al., 1998), and could potentially be used for other minerals in
lacustrine deposits.

The ESEM-EDS (environmental scanning electron microscopy with an attached energy
dispersive spectrometer) method of Timofeeff et al. (2000) is very similar to the SEM-EDS
method of Ayora & Fontarnau (1990). The major difference is the instrument used for
analysis. The ESEM allows for analyses of a sample in a low-pressure environment, as
opposed to the high vacuum necessary in a conventional SEM. The environment used in
the ESEM for this method is nitrogen gas, typically at 1.3 torr. A carbon coating is needed
for samples to be viewed in an SEM in order to absorb the charge buildup due to the electron
beam. However, in the ESEM, the ambient environment absorbs the charge, which allows
for analyzing uncoated samples. The lack of the carbon coating allows one to directly
observe the texture of the inclusion surface prior to analysis. One problem associated with
the ESEM technique is that electrons from the electron beam collide with the ambient
gas molecules in the environmental chamber. These collisions cause the electrons to be
deflected which leads to a phenomenon termed the “skin effect”, so named because the
beam is slightly defocused, and resembles the flared shape of a skin rather than a beam
of uniform size. The skirt effect is minimized as much as possible by operating at low
ambient pressures. Multiple analyses are conducted on each sample (five per frozen aqueous
inclusion), and averaged. Due to the skirt effect, this method cannot be used on inclusions
smaller than because the skirt of the beam will strike some of the halite matrix
causing the sodium and chloride concentrations to be too high. To correct this problem,
the analyses are run through a computerized specific ion interaction equilibrium program
(Harvie et al., 1984) using the measured concentrations of major ions (Mg, K, Ca, ),
at halite saturation. With these inputs, the equilibrium program can calculate the unique
concentration of sodium and chloride for the brine in an individual inclusion. The precision
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of the ESEM-EDS method is typically between 3% and 16% and the accuracy is typically
3% to 10%. The detection limits of the method are 0.1 wt % for all of the major ions except
sodium, which is 0.5 wt %.

Laser Raman microspectroscopy is unique among these techniques in that it is non-
destructive. This method was first attempted on fluid inclusions by Rosasco & Roedder
(1979), and has been used by several researchers on a variety of fluid inclusions. This
method involves focusing a non-destructive laser microprobe on a single fluid inclusion. A
very small portion of the energy from the laser excites covalent bonds, causing vibrations
due to stretching or bending of the bond. Therefore, only covalently bonded species can be
identified such as sulfate, or bicarbonate. This method has been used to determine the pH
of fluid inclusions in Permian lacustrine halite from Kansas (Benison et al., 1998).

Summary

Primary fluid inclusions in evaporites are data recorders that preserve information about
the conditions of a lake at the time the inclusions were entrapped. Simple petrography of
evaporitic minerals and their growth bands delineated by primary fluid inclusions can be
used to determine the depositional environment and relative lake depth. Fluid inclusion
homogenization temperatures yield information about paleo-lake temperatures which, in
some cases, can be used as a proxy for paleo-air temperatures. Observations of freezing-
melting behavior can be used to determine several things about the brine: the salinity,
the source (oceanic versus meteoric), and qualitative information about the major ionic
composition. Stable isotopic analyses of the inclusions allow for comparison
of how temperatures may have been different in the past. There are several techniques
for analyzing the chemistry of the fluid inclusions. The most precise quantitative analyses
come from either SEM-EDS or ESEM-EDS analyses, which yield accurate analyses for
ions with concentrations over 0.1 wt %. The extraction-IC technique also produces very
good data. Laser ablation ICP-MS allows for the analysis of very low concentrations of
many ions, and is excellent for determining what minor and trace metal ions are present in
the fluid. Laser Raman microspectroscopy can be used to determine what covalent bonded
complexes, and their relative abundance, are present in the fluid, and this technique does
not destroy the inclusion.

Fluid inclusions, if treated properly, can yield large amounts of data specific to a single
paleo-lake of any age, from the Holocene to the Precambrian, that potentially has regional
and global implications.
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Introduction

This chapter provides an introduction to the application of mineral magnetic methods to
studies of lake-sediments. It is not detailed; but instead contains a substantial number of
references to textbooks and articles that fully explain routine and advanced methodologies
and their modes of application.

Why measure the magnetic properties of mud deposited on the bottoms of lakes? This
question, often asked by the non-specialist, is by no means easy to answer. Two answers can
be given. The first is that, under specific sedimentary conditions, lake-sediments preserve
a record of variations in the direction and strength of Earth’s geomagnetic field (which is
an answer that typically causes a deluge of more questions). The second answer is that
the type, concentration and grain-size of magnetic minerals found in lake-sediments vary
according to a variety of processes operating in response to changes in climate, human
activity and limnology. Examination of ancient sediments, using the paradigm that “the
present is the key to the past,” enables inferences to be made about past environments.

As will be discussed in this chapter, all materials can be classified according to their
behaviour during (and after) exposure to an external magnetic field. This behaviour can be
qualified and quantified, which enables mineral magnetic measurements to be discrimina-
tory and diagnostic. By applying a range of increasing or decreasing positive and negative
magnetic fields to a sample (and also at variable temperatures and pressures, or energy
levels), it is possible to obtain information about the overall composition of the “magnetic
assemblage”, including concentration, mineralogy and magnetic grain-size.

Freshwater lakes often have well-defined catchments (or watersheds) and receive sed-
iment from many sources, most of which have unique or well-defined magnetic char-
acteristics (which must also be measured as part of a comprehensive magnetic study of
lake-sediments). The majority of magnetic minerals found in lake-sediments are derived by
catchment erosion and originate from bedrock, subsoil, and topsoil in the lake’s drainage
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basin. They are transported as suspended load and/or bedload in rivers and streams, or
possibly by overland flow and eventually deposited as sediment. Atmospheric sources
of magnetic minerals in lake-sediments include aerosols emitted from volcanoes, dust
transported by storms and particles produced by anthropogenic activities (such as fossil
fuel combustion). In many sedimentary environments, it is assumed that the detrital mag-
netic assemblage remains unaltered after deposition. However, in-situ post-depositional
diagenetic processes may lead to the destruction (dissolution) of magnetic phases or the
production of new magnetic minerals (authigenesis). Dearing (1999) provides an in-depth
review of processes that determine the origins and transformations of magnetic minerals
in lakes and their catchments.

A brief history of the application of mineral magnetic measurements

to lake sediments

It was known by the Swede Gustav Ising in the 1920’s (Ising, 1943) that varved clays
deposited in ancient ice-lakes carried a stable natural remanent magnetisation (NRM),
and hence a potential record of temporal changes in the direction and intensity of Earth’s
geomagnetic field. His pioneering study led to many (and often unsuccessful) attempts to
reconstruct changes in the Earth’s geomagnetic field through studies of the NRM carried
in varved clays (e.g., McNish & Johnson, 1938; Granar, 1958). In the context of future
studies of environmental change, one of Isings’ most important observations was that the
spring layer of the varves contained a higher concentration of magnetite than the other
seasonal layers. It was believed that this grading was caused by the preferential deposition
of relatively heavy minerals (e.g., magnetite) during the intense spring meltwater floods. As
will be discussed later, this relationship does not necessarily hold true for lake-sediments
with a considerably higher organic carbon content, and for reasons that Gustav Ising could
not possibly have contemplated in the 1920’s.

The current applications of mineral magnetic techniques to lake-sediments originated
through the work of primarily three people in the 1960–1980’s. In the late 1960’s John Mack-
ereth discovered that unconsolidated organic-rich sediments deposited in Lake Windermere
also carried a stable NRM, and that it should be possible to establish regional palaeomag-
netic secular variation (PSV) master curves, which could be used for relative dating and
correlation (Mackereth, 1971). Mackereth’s work was continued by Roy Thompson in the
early 1970’s, who successfully applied the palaeomagnetic technique to several localities
in northern Europe (Thompson, 1973). At approximately the same time, Frank Oldfield
(Oldfield, 1977) was comprehensively exploring the use of lakes and their drainage basins
as units of ecological study. During an environmental study of relatively recent sediments
deposited in Lough Neagh, Northern Ireland by Thompson et al. (1975), it was discovered
that down-core magnetic susceptibility peaks were linked to periods of deforestation and
the subsequent erosion of mineral soils. These magnetic susceptibility peaks could be traced
from core to core, enabling correlation, and the variations in the amplitude of the magnetic
susceptibility record could be used as a proxy-indicator of the intensity of erosion. This
observation opened the “flood-gates” for a variety of projects designed to qualify and
quantify the source of the magnetic signal identified in lake-sediments and peat bogs.
These projects have included studies of atmospheric particles, the relationships between
particle-size distribution and magnetic properties, and the transformation and production
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of magnetic minerals through pedogenesis, diagenesis, authigenesis and dissolution. In-
timately linked to the expansion in the application of mineral magnetic techniques was
the development of analytical equipment and improved computing power (see plate 1). A
modern mineral magnetic/palaeomagnetic laboratory is not a cheap investment and requires
knowledge of solid-state physics and electromagnetism, cryo-technology and computer
science.

Although the majority of sediments investigated have displayed a positive relationship
between the concentration of allochthonous mineral matter and concentration dependent
magnetic parameters (e.g., Thompson et al., 1975; Dearing, 1991; Dearing & Flower,
1982), three discoveries demonstrated that this relationship is not universal. First was the
finding that detrital (titano)magnetite could be dissolved by post-depositional reductive
diagenesis (dissolution) (Hilton & Lishman, 1985; Andersen & Rippey, 1988; Snowball,
1993). Second was the discovery of bacteria living in sediments and soils that produce fine-
grained magnetite as part of their internal metabolism, primarily for navigational purposes
(Blakemore, 1975). Third was the discovery that relatively high concentrations of authigenic
magnetic iron sulphides could form in specific geochemical environments (Snowball &
Thompson, 1988; Snowball, 1991; Roberts et al., 1996). All three discoveries testify to
the intimate link between the production, deposition and subsequent decomposition of
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organic matter and the magnetic properties of lake sediments. Considering Gustav Isings
original observations on clastic varves, it is somewhat ironic that recent studies of varved
lake-sediments in Sweden and Finland (Snowball & Saarinen, pers. com.) indicate that the
highest concentration of magnetite is found in the organic rich summer and winter layers
of the varves, where bacterial thrive and produce their magnetite “magnetosomes”.

Magnetic properties

It is well known that a permanent hand magnet attracts ferromagnetic materials, e.g.,
metallic iron. However, this positive attraction, which can easily be observed without any
instrumentation, is only one of several types of magnetic behaviour. Materials which are
generally considered to be non-magnetic (such as plastic, wood and chalk) respond to
applied magnetic fields in a specific manner, although relatively strong magnetic fields and
sensitive measuring instruments (magnetometers) are required to detect their response. At
the sub-atomic level a magnetic moment is produced due to the combined effect of the
orbital spin of the electrons around the nucleus and the spin motion of the electron about
its own axis of rotation (Fig. 1). The resultant of all the orbital and spin magnetic moments
of the electrons in an atom leads to a magnetic dipole moment and the total effect of all
magnetic moments at the atomic level influences the magnetic properties of a material. In
electron shells with a paired number of electrons, the magnetic dipole effects cancel each
other out and the net magnetic moment is zero.

Diamagnetism

The diamagnetic behaviour is fundamental to all substances. It is extremely weak and
negative (in relation to the applied field) and is often masked by other forms of magnetism
if they are present. Diamagnetic substances have paired electrons in the electron shells
of the constituent atoms. In the presence of an applied field, the electron orbits become
aligned anti-parallel to the external field, which results in a net negative magnetic moment.
When the magnetic field is removed, the net negative magnetisation is lost. Diamagnetism
is independent of temperature. Many common natural minerals such as quartz, feldspar,
calcite and also water exhibit diamagnetic behaviour.
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Paramagnetism

Paramagnetism results from the alignment of atoms with unpaired electrons so that a weak
positive net magnetic moment is produced (from both the electron spin and orbital spin)
parallel to the applied field. Because of dominating thermal effects, the magnetisation is
lost when the external magnetic field is removed. In the presence of an applied magnetic
field the paramagnetic materials are, as opposed to diamagnetic materials, attracted to the
field. The paramagnetic effect is generally one or two orders of magnitude greater than the
diamagnetic effect, although it is considerably weaker compared to the magnetic moment of
ferromagnets. Paramagnetism is dependent on temperature and is exhibited by many natural
iron-bearing mineral (e.g., olivine, pyroxene, garnet, biotite and carbonates containing iron
and manganese).

Ferromagnetism

Ferromagnetic substances have atoms in which unpaired electrons are closely and regularly
spaced. This arrangement leads to a strong interaction (coupling) between unpaired electron
spins, which produces a permanent magnetisation (called a spontaneous magnetisation) to
exist, even in the absence of a magnetic field. Four different ferromagnetic behaviours
can be defined as a result of their atomic and crystal lattice structures. Iron, cobalt, nickel
and their alloys exhibit true ferromagnetism. In such substances a parallel coupling of all
unpaired electrons leads to an extremely strong spontaneous magnetisation (Fig. 2a). This
strong magnetisation is lost above a critical temperature, called the Curie/Neél tempera-
ture, which has a specific value for each different ferromagnetic material. Ferromagnets
exhibit paramagnetic behaviour above their Curie temperature. The net magnetic moment
of ferromagnetic materials is several orders of magnitude greater than that of diamag-
netic and paramagnetic materials. It is for this reason that ferro/ferrimagnetic minerals
(such as magnetite) dominate the magnetic properties of lake-sediments, even if present in
low concentrations.
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Anti-ferromagnetism and canted anti-ferromagnets

Anti-ferromagnetic substances have two anti-parallel sub-lattices with identical magnetic
moments, which creates a zero net spontaneous magnetisation (Fig. 2b). If for some reason
the sub-lattices are not perfectly anti-parallel (or canted) the basic anti-ferromagnetic
arrangement will be modified and there will be a small spontaneous net magnetisation
(Fig. 2c). This type of magnetic behaviour is called canted anti-ferromagnetism. Haematitie
and goethite are two common canted anti-ferromagnetic minerals.

Ferrimagnetism

Ferrimagnetic materials also contain alternating layers of crystal lattices that are magnetised
in opposite directions. However, the coupling occurs via an intermediate oxygen atom.
Neighbouring sub-lattices are thus of unequal magnetic moment and a net spontaneous
magnetic moment can exist below the materials Curie temperature (Fig. 2d). Above the
Curie temperature the ferrimagnets behave like paramagnets. Magnetite is the most common
natural ferrimagnet. Ferrimagnetic minerals dominate the magnetic properties of most
natural magnetic assemblages. Although ores of elemental iron, cobalt and nickel exist,
these are generally oxidised upon exposure to Earth’s oxygen-rich atmosphere (producing
oxides that may be ferrimagnetic, such as magnetite) or reduced in sulphur-rich anaerobic
environments as part of organic matter decomposition (producing sulphides that may be
ferrimagnetic, such as greigite).

Magnetic hysteresis

Hysteresis is a common physical phenomenon and also applies to magnetic properties. The
relationships between an applied field (H or B) and the intensity of magnetisation (M)
induced in a sample can be used to magnetically characterise the sample, according to
the previously described behaviours. Graphical presentations of these fundamental mea-
surements are commonly called magnetic hysteresis curves. Most (but not all) parameters
used in magnetic analyses can be deduced from a hysteresis curve. A hysteresis curve
demonstrating how M changes in response to increasing forward (positive) and decreasing
(negative) magnetic fields (along +H and –H) is shown in Figure 3.

A magnetic hysteresis curve of the type described above requires both ‘in-field’ and

‘out-of-field’ measurements of M, but this type of combined analyses requires relatively
sophisticated equipment. Most mineral magnetic laboratories in Earth science departments
are equipped with magnetometers that measure the (almost) permanent (remanent) magneti-
sation induced in a sample after it has been exposed to Earth’s magnetic field or an artificial
magnetic field. A general exception is the measurement of initial magnetic susceptibility
(which applies a very weak magnetic field during measurement). For a wide range of positive
magnetic fields, a paramagnetic sample will acquire a positive magnetisation (Fig. 4), while
a diamagnetic sample will acquire a negative magnetisation (Fig. 4). Diamagnetic and
paramagnetic materials lose their magnetisation (M) when removed from the magnetic
field (H) and therefore exhibit no magnetic hysteresis. The slope of the line and

is called the initial magnetic susceptibility generally defined as per unit
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volume of material. Mass specific susceptibility is obtained by dividing by the mass
of the material.

Ferro/ferrimagnetic substances possessing a spontaneous magnetisation show a more
complicated response to applied magnetic fields and they exhibit true magnetic hysteresis.
In this chapter we restrict our description of true magnetic hysteresis to samples containing
many ferro/ferrimagnetic particles randomly distributed within a non-magnetic matrix,
which is a situation similar to many natural magnetic assemblages.

A sample that has not been exposed to a magnetic field (H) has no magnetisation (the
random orientation of many magnetic particles leads to a net zero magnetisation). In the
magnetic hysteresis plot, this magnetisation is represented by point a (Fig. 3). If the sample
is exposed to a very weak magnetic field this will result in a magnetisation
represented by point b. The slope of the line segment a-b is called the initial low magnetic
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susceptibility. When the sample is removed from the field the magnetisation returnss
to zero, i.e. the procedure is reversible or anhysteretic. When the sample is exposed to a
higher magnetic field it will acquire a magnetisation, represented by point
c, corresponding to (in-field magnetisation) (c in Fig. 3). Important changes will take
place in the magnetic behaviour when it is removed from the field The magnetisation
will not return to zero but will drop to following the path This point represents
the remanent magnetisation (out-of field magnetisation) corresponding to the field

Magnetisation at a higher field e.g., corresponds to a (in-field) magnetisation of
and a remanent magnetisation of Application of gradually stronger magnetic

fields will cause the magnetisation of the sample to increase. However, eventually the slope
of the curve will gradually attenuate and at a certain point the sample magnetisation
will not increase in response to the application of stronger magnetic field. In other words,
the sample has reached saturation The sample has magnetically become saturated
corresponding to a saturated (in-field) magnetisation and a saturated (out-of-field)
remanent magnetisation If the sample now is applied to a series of increasing fields
in the reverse direction (–H) , the magnetisation will again gradually decrease. At a specific
value of H the magnetisation is reduced to zero. This reverse field is called
the ‘coercivity’ or the ‘coercive force’, although the sample still has a positive remanent
magnetisation corresponding to Mc. An even higher reversed field is required to reduce
the remanent magnetisation to zero. This field is called the coercivity of remanence and is
represented by the field at Progressive magnetisation in increasingly higher reversed
fields continue until a point of negative magnetic saturation is reached. When the field again
is increased to 0 and then progressively increased in forward direction the M - H plot will
follow the lower curve on Figure 3 from e to d. The hysteresis loop can now be repeated
by applying increasing and decreasing fields between and

Anhysteretic remanent magnetisation (ARM)

The common iron minerals have imperfections, which cause the hysteresis properties
discussed above. An anhysteretic (free of hysteresis) magnetisation can be achieved in
such materials by applying an alternating field (AF) of gradually decreasing amplitude in
the presence of a direct current bias field (which we will call the DC bias field). As the AF
is reduced, the hysteresis is progressively removed and the magnetisation of the material
gradually converges on the anhysteretic value for the prevailing DC bias field intensity.
ARM is related to magnetic grain size (e.g., King et al. 1982; Maher, 1988). Measurement
of this parameter is now routine at most laboratories.

Sample collection and preparation

Collection of lake sediment cores for magnetic analyses

A number of various coring techniques are used to collect lake-sediments (Glew et al.,
volume 1). The choice of coring technique has to be made with respect to a number of
factors like water depth, sediment thickness, type of material, compaction of sediment, etc.
With respect to palaeomagnetic measurements (i.e. measurements of the natural remanent
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magnetisation, NRM) it is critical that physical disturbance of the sediment sequence is
minimal and that the orientation of the core is known, or that at least the core penetrates
vertically and does not twist or bend during operation. Ideally the core barrel should be
made from a “non-magnetic” material (e.g., plastic) and penetrate the sediment slowly and
smoothly. Recovered cores should also be kept well away from any generators of relatively
strong magnetic fields (for example electric motors). With regards to mineral magnetic
measurements (i.e. those pertaining to magnetic mineral concentration and type), it is critical
that the sediments are kept free of contamination (rusty metal corers are to be avoided).
With the Russian peat corer (Jowsey, 1966), cores 1 m long can be typically collected. The
internal diameter of the u-shaped chamber (made of a clean metal, preferably aluminium or
stainless steel) generally ranges between 5 and 10 cm. After the core collection, the material
is transferred to u-shaped plastic liners and sealed in plastic film. With piston-corers (e.g.,
Livingstone corer and Mackereth corer) continuous, generally up to 10m long sequences,
can be retrieved in airtight plastic tubes. These must be sealed and preferably kept in cold
storage until split into two halves and sub-sampled. Long-time storage and subsequent
oxidation can significantly affect the mineral magnetic properties of sediment deposited
under both anaerobic and aerobic conditions. Ferrimagnetic iron oxides and iron sulphides
are known to alter to less (non-) magnetic minerals during storage (Hilton & Lishman, 1985;
Snowball & Thompson, 1988; Oldfield et al. 1992). To avoid significant storage alteration,
sediments have been embedded in epoxy resin (e.g., Snowball et al. 1999) or stored in an
inert gas atmosphere (Hawthorne & McKenzie 1993).

Sub-sampling of sediment cores for routine mineral magnetic analyses

‘Routine’ or ‘standard’ mineral magnetic analyses include measurements of magnetic
susceptibility and a range of remanence measurements, i.e. a sample is magnetised and
the remanent magnetisation is measured after the exposure to a magnetic field. The main
advantages of these routine analyses over many other analytical techniques are that they
are fast, cheap (once one has the instrument) and non-destructive. After the magnetic
measurements are complete the samples can be used for a range of additional analyses
(e.g., geochemistry, palynology, grain-size distribution, mineralogy).

To avoid spurious results due to magnetic mineral alterations, it is strongly recommended
to perform the magnetic analyses on fresh sediments that have been stored in a cold room
and/or an inert atmosphere (which can include sealed core tubes). Properly sealed cores
can be stored in a cold room for many years, even decades. Alternatively the samples could
be freeze-dried, a procedure which seems to reduce the alteration of magnetic properties
(of course this is unsuitable for NRM measurements). A standard practice is to use hollow
plastic cubes that are gently pushed into the cleaned sediment surface. The entire sediment
section can be analysed. A useful size is 2 x 2 x 2 cm, an easily obtainable size that can be
accepted by the majority of instruments used for standard mineral magnetic measurements.
However, sediment slices at any desired thickness can be cut out from the fresh sediment
with a non-magnetic knife, depending on the aim of the investigation and the desired
resolution, and transferred to a plastic container.

The disadvantage of analysing many fresh lake-sediments is that water dilutes the
concentration of magnetic minerals (and also contributes a negative initial magnetic sus-
ceptibility). The concentration per unit volume can be very low in the case of organic
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rich sediments or if weakly magnetic bedrock types dominate in the lake catchment. It    may
therefore be necessary to concentrate the magnetic minerals by removing the water through
oven or freeze-drying. Unconsolidated sediment with a high water content (generally the
uppermost sediment) may not be suitable to measure in a “moist” state as some analyses
(see below) require that the sediment grains remain fixed relative to the sample holder and
magnetometer during measurement. However, the problem of low magnetic concentration
(and hence low magnetic remanent intensity) can be minimised by using very sensitive
magnetic magnetometers that are available on the market. After the analyses, the samples
are freeze-dried or oven-dried at 40–50 °C and weighed to allow calculation of mass specific
magnetic parameters. If the samples are magnetically very weak the containers have to be
weighed individually before the sub-sampling procedure, otherwise an average weight of
10 or 20 containers can subtracted from each sub-sample.

Collection and preparation of catchment samples

To determine possible sources of lake-sediment it is recommended (if not obligatory) to
analyse the mineral magnetic properties of a range of representative samples collected
from the lake catchment. Catchment samples from outcrops, soil profiles, from bedload or
suspended river material etc. can be collected and stored in plastic containers. Bulk samples
are transferred to the standard size of plastic containers used for the lake-sediment magnetic
analyses. It is well known that the chemical and mineralogical properties of sediments
vary according to their particle-size distribution, and thus it is useful to perform magnetic
analyses on a particle-size basis. This procedure requires that the catchment samples also
be split into a range of particle-size classes. Wet sieving can be used to separate the sand
fractions and the finer particle size classes can be achieved through gravity settling based
on Stoke’s Law. Sub-samples can be obtained by various methods like decantation (e.g.,
Walden et al. 1987, 1992), pipette (e.g., Yu & Oldfield 1993) or controlled centrifuging
(Peters 1995). To avoid alteration of the magnetic properties, it is recommended to perform
the analyses of the sub-samples before drying.

It must be stressed that comparisons to the lake-sediment record are not straightforward.
The separation procedure of the smaller particle size classes is not perfect, as shown by
Walden & Slattery (1993). In addition, smaller magnetic grains will settle at the same rate
as relatively larger quartz grains because the iron oxides have a higher density. Attempts to
digest the organic fraction through treatment with hydrogen peroxide can lead to
both the destruction and production of magnetic phases (Snowball pers. comm.).

Sample preparation for advanced magnetic analyses

The standard size of cube that is utilised for ‘routine’ magnetic analyses can be unsuitable
for more advanced magnetic analyses, which often require smaller samples. Reduction
of sample size can lead to representation problems and it is critical that samples are
homogenised before they are sub-sampled. However, care must be taken not to mechanically
grind samples to the point that the magnetic-grain size distribution changes, which would
alter the magnetic properties of the sub-sample compared to the parent sample.
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Certain advanced techniques offer the advantage of higher temporal resolution. Mag-
netic hysteresis measurements require that the sample remain fixed with respect to the
sample holder. Chips of oven-dried (<50 °C) inorganic sediments may be suitable if they
turn solid. Otherwise stabilisation in epoxy resin of more organic sediment is a suitable
method if the samples are cured at a low temperature. A temporal resolution of 4–5 years per
sample was obtained in a magnetic hysteresis study of a 9,000 year varved lake sediment
in Sweden (Snowball et al. 1999). Seasonal resolution has been obtained for the uppermost
20 years of a Finnish varved lake-sediment (Saarinen & Snowball, pers. comm.). The
samples measured in these two studies were obtained by embedding the sediments with a
low viscosity epoxy resin (Lameroux, 1994) prior to cutting and polishing samples of the
required size (c. 2 mm).

Temperature dependent magnetic susceptibility measurements (see below) may also
require a dry sample: water will either freeze or boil and these effects should be avoided by
using dried samples. High (>room temperature) temperature magnetic measurements (of
magnetic susceptibility or magnetisation) of lake-sediments and soils can be complicated by
the oxidation and eventual combustion of organic matter, which produces uncontrollable
flash temperatures. Such problems can be avoided by concentrating (or separating) the
magnetic minerals from the “non-magnetic” matrix. Magnetic separation techniques are
comprehensively reviewed by Hounslow & Maher (1999) and will not be discussed further
here. Magnetic separates can be subject to electron microscopy (SEM or TEM) which can
provide independent information about magnetic grain-size, mineralogy and origin.

Sequence of measurements

As the magnetic properties of the sub-samples can be irreversibly altered by some of the
magnetic analyses discussed above, it is important to perform the analyses in a certain
sequence, as illustrated in Figure 5.

Before the sediment is destroyed by the sub-sampling procedure, whole-core suscep-
tibility scanning of cores is recommended (see below). The scanning will give a quick
overview of the magnetic stratigraphy. If the total sediment succession consists of a number
of shorter, overlapping core-segments, this procedure will provide an objective and quan-
tifiable method of core correlation. This procedure is especially useful as many Holocene
lake-sediment sequences consist of brownish/blackish gyttja that lack visual stratigraphic
marker horizons. It is also a rapid way to perform intra-basin correlation if a suite of spatially
separated cores has been collected at various places in a lake (e.g., Sandgren et al. 1990).

Routine analyses of all sub-samples should at least include the following sequence.
Magnetic susceptibility measurements should be carried out first: at least low frequency
magnetic susceptibility and if possible the high frequency magnetic susceptibility

Dual frequency magnetic susceptibility measurements can be used to determine
the frequency dependency of magnetic susceptibility. Remanence measurements should be
carried out after magnetic susceptibility. ARM measurements must be conducted before
the sample is exposed to strong magnetic fields. Determination of saturation isothermal
remanent magnetisation (SIRM) requires the progressive application of magnetic fields of
increasing intensity (forward-fields). Alternatively, or as a complement, the samples can
first be saturated (if the saturation field is known) and subject to a set of reversed magnetic-
fields (back-fields) of increasing intensity.



228 PER SANDGREN & IAN SNOWBALL

Magnetic susceptibility

Low field or initial magnetic susceptibility is a measure of how easily a material can
be magnetised (Thompson & Oldfield 1986). It is perhaps the most common magnetic
parameter and is very simple to measure. Samples are measured at room temperature in a low
magnetic field (generally 0.1 milliTesla-mT). Mass specific  susceptibility is obtained by
dividing the volume susceptibility by the dry sample weight. The most common method
is to measure initial susceptibility using a balanced alternating current (AC) bridge circuit.
There are various systems available on the market that range from less sensitive (at least with
respect to lake sediments that often have a high organic/water content) to very sensitive.
With the more sensitive instruments, it is possible to determine the diamagnetic contribution
to the susceptibility from the plastic holder and plastic container. Especially in the case of
magnetically weak sediments, it is important to correct for this. As magnetic susceptibility
is an in-field measurement, it is a measure of the net contribution of all the materials in the
samples. If ferrimagnetic minerals are present in very low concentrations the concentration
of diamagnetic, paramagnetic and also canted antiferromagnets can contribute to the result.
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The generally very small effects of grain interactions can lead to a measured value of
magnetic susceptibility that is lower than the true or intrinsic susceptibility. However,
this effect is normally ignored in mineral magnetic studies where the magnetic grains
are normally assumed to be dispersed and randomly orientated within the bulk sediment
matrix.

Whole core magnetic susceptibility scanning

For measurements of whole core magnetic susceptibility, a ring or loop sensor can be used
(preferably in conjunction with an automated sample logger). An advantage of this method
is that core tubes do not have to be opened and cores can be logged and stored for many
years before further sub-sampling. However, for most lake-sediments with a high organic
and water content, the sensitivity level of the loop sensors is too low and the stratigraphic
resolution is about 5 cm. Alternatively, the surfaces of opened cores can be scanned using
recently developed surface sensors. These sensors have a stratigraphic resolution of c.
4 mm and measurements can be repeated with a high-degree of accuracy. Figure 6 shows
a comparison between magnetic susceptibility measurements of varved clay from Estonia
that was undertaken with a loop sensor and a surface scanning sensor (shown in plate 1).
As seen from Figure 6 the surface scanning sensor picks out the individual silty summer
varves (high magnetic mineral concentration) and the more fine grained winter varves (low
magnetic concentration) whereas the loop sensor only gives a more general trend.
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Low field initial magnetic susceptibility

Measurement of magnetic susceptibility at room temperature is relatively rapid, and with
a suitable susceptibility meter a hundred samples can easily be processed in an hour.
Figure 7 is an example of the downcore variations of initial magnetic susceptibility in
a core from Lake Haubi in Tanzania in Africa reflecting soil erosion during the century
(Eriksson and Sandgren 1999). The clearing of vegetation e.g., that started in 1928 resulted
in increased erosion bringing more minerogenic particles (and magnetic minerals) into the
lake, which is reflected by increased values of magnetic susceptibility.

Frequency dependent magnetic susceptibility

With certain magnetic susceptibility meters more than one frequency field (of the same
low magnetic intensity) can be applied. Use of (at least) two frequencies enables the
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frequency dependency of susceptibility to be determined. It is possible to calculate the
frequency dependent magnetic susceptibility in either absolute values or as a percentage
of the low frequency magnetic susceptibility. Measurements at the two frequencies are
generally used to detect the presence of ultrafine superparamagnetic grains. It
must be considered that the absolute frequency dependency detected must also lie within
the sensitivity of the equipment used. This problem can, to some extent, be overcome by
analysing dried samples, which enables more sediment per uni t volume to be packed into
sample holders. The measurements can be repeated several times to improve the statistical
reliability if the samples are very weak.

Anisotropy of magnetic susceptibility

The anisotropy of magnetic susceptibility (AMS) is measured to determine the fabric
properties of the sample. It yields information on the degree of orientation of magnetic
grains in the sample and/or the surrounding matrix. Unconsolidated sediments must be
undisturbed for this type of measurement. Undisturbed samples have either to be impreg-
nated in resin or measured in naturally moist conditions. Very sensitive instruments are
required, as it is necessary to measure very small differences in susceptibility (similar to
frequency dependency). Measurement of the anisotropy of magnetic susceptibility is not
generally carried out in mineral magnetic studies of lake-sediments, although it is useful
for determining the reliability of palaeomagnetic directions (which can be influenced by
gravitational forces acting on elongated particles).

Temperature dependent susceptibility

Temperature dependent magnetic susceptibility is a measurement of low field suscepti-
bility in a single sample across a range of temperatures, from liquid helium (–269 °C)
or liquid nitrogen (–196°C) temperatures to c. normally 700°C (which will surpass the
Curie temperature of haematite). Temperature dependent magnetic susceptibility is not
normally carried out as a routine measurement, but it can be applied to representative
samples from various stratigraphical horizons and give information about mineral type and
grain-size. Only a relatively small sample is required, which has been dried at 105 °C.
In some lake-sediments the paramagnetic minerals will dominate the result and suppress
the signal from the ferromagnetic minerals. Extremely advanced equipment can measure
magnetic susceptibility at varying temperatures, frequencies and applied fields. Software
provided by the manufactures of equipment can distinguish between ferrimagnetic and
diamagnetic/paramagnetic contributions to temperature dependent magnetic susceptibility.

Remanence measurements

In the magnetic remanence experiments the samples are exposed to a combination of much
stronger specific magnetic fields than those that are applied in magnetic susceptibility
analyses. After exposure to each successive magnetic field, the remanent magnetisation is
measured. When the magnetisation is measured ‘out of the field’, only substances that are
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capable of holding a magnetic remanence will contribute to the signal, i.e. paramagnetic
and diamagnetic substances will not influence the result, as opposed to susceptibility
measurements. The magnetisation procedure gradually alters the magnetic intensity of
the sample.

Anhysteretic remanent magnetisation (ARM)

Measurements of ARM have over the last years become routine in mineral magnetic
analyses. An ARM is induced by applying an AF of gradually decreasing amplitude in
the presence of a constant DC bias field. As the AF is cycled, the hysteresis is progressively
removed and the magnetisation of the material converges on the anhysteretic value for the
prevailing DC bias field. ARM measurements can be interpreted in terms of magnetite
grain size variation (e.g., King et al. 1982; Maher 1988). Some magnetometers specifically
designed for geological purposes contain automatic systems for AF demagnetisation and
ARM induction.

Isothermal remanent magnetisation (IRM)

Electromagnets or pulse magnetic chargers can be used to generate quite strong magnetic
fields (compared to the DC bias fields used in ARM induction). The disadvantage of
electromagnets is that the pole pieces generate stray fields even when the electric current
is turned off, which reduces the efficiency of the analyses. Pulse magnetic chargers use
a capacitor bank to produce a high voltage discharge through a coil, which generates a
magnetic field for a fraction of a second along the axis of the coil. There are a number of
commercial companies selling pulse magnetic chargers. For mineral magnetic measure-
ments a maximum field of 1 T is a minimum requirement, although fields up to 7 T can be
obtained without considerably more investment. A combination of two units, one for fields
<0.1 T and one for higher fields is often the best solution.

The magnetic remanence induced in a sample in the way described above is known as
the Isothermal Remanent Magnetisation (IRM). A particular field that has been used can be
denoted etc. for specific forward fields and

etc. to denote that negative fields have been used. The is generally
called SIRM (Saturation Isothermal Remanent Magnetisation) which refer to that the sam-
ple has been magnetised in a strong magnetic field of 1 T enough to saturate magnetite. In
most articles and texts the acronym (S)IRM refers to measurements carried out at room
temperature measurements.

When the sample becomes magnetised, a magnetisation will remain generally parallel
(or very close to) to the induced magnetic field. A magnetometer is required to measure the
strength of the magnetisation. There are a number of different types available on the market.
Superconducting quantum interference devices (SQUIDs) are the most sensitive and stable
detectors, but currently require liquid helium or liquid nitrogen to cool the detectors to
a superconducting temperature. Spinner magnetometers that use Fluxgate detectors or
coils to detect magnetisations are less sensitive, but they are normally quite suitable for
routine analyses.
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Gyro & rotational remanent magnetisations (GRM/RRM)

Stable-single-domain grains of magnetite and greigite have the ability to acquire a gyro
remanent magnetisation (see Stephenson 1980a, 1980b; Snowball 1997a). A GRM can
be acquired by a static sample when it is subject to AF demagnetisation. The GRM is
acquired in a plane perpendicular to the applied AF, and rotation of the sample around an
axis perpendicular to the applied AF causes the GRM to be acquired along the rotation axis
(which is denoted as an RRM). Potter & Stephenson (1986) and Snowball (1997b) show
how measurements of GRM, RRM and ARM can be used as a magneto-granulometric tool.
Although these methods have not been extensively used in mineral magnetic studies, the
potential exists to use GRM and RRM to selectively detect the presence, and measure the
concentration, of stable-single domain bacterial magnetosomes (magnetite and greigite)
in samples which have relatively high concentrations of coarser grained detrital magnetic
minerals (which do not acquire GRM).

Hysteresis curves

The construction of complete hysteresis curves (Fig. 3) through a series of magnetic fields
requires access to high-precision instruments. The more advanced is the alternating gradient
magnetometer, which measures smaller samples at a faster rate than most vibrating sample
magnetometers or magnetic balances. Attachments for temperature dependent measure-
ments are also available. Based on a magnetic hysteresis curve, many more parameters are
available than with just susceptibility and remanence measurements alone. It is, for example,
possible to calculate the non-ferromagnetic contribution to magnetic susceptibility, which
may have its own specific environmental interpretation (see Fig. 8).

Summary

Since the 1950’s, when palaeomagnetism came to a fore because of its contribution to
studies of plate tectonics, the employment of magnetic measurements in Earth sciences has
expanded rapidly and studies of lake-sediments have benefited from (and contributed to)
this development. Applications of mineral (rock) magnetism to studies of paleolimnology
are diverse and range from investigations of temporal and spatial variations in the direction
and intensity of Earth’s magnetic field to the study of single magnetotactic bacteria. The
rapidity of the measurement techniques, the minimal need for sample preparation and the
generally non-destructive nature of the methods are major advantages compared to other
more time-consuming techniques that require considerable sample preparation.

Modern paleolimnological studies are frequently multidisciplinary, and mineral (rock)
magnetism can provide a first glimpse of variations in sediment properties. However, al-
though the method can be used for simple stratigraphic core correlation, there is a trend (as
displayed by many other proxy-climate/environmental methods) towards the quantification
and calibration of mineral magnetic parameters in terms of climate parameters and other
indices of environmental climate change (e.g., Maher & Thompson 1995). The relatively re-
cent observation that biogeochemical processes can cause major post-depositional changes
in the magnetic properties of lake-sediments has opened up new avenues of research.
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The basic concepts of mineral magnetic techniques and magnetic measurements were
first presented by Thompson & Oldfield (1986). This benchmark text book can still be
recommended as an introduction to the subject. The second part of this book contains
the application of mineral magnetism not only to lake-sediments but also to a range of
environmental systems. Two other recently published books can be recommended as further
reading. The first, “Environmental magnetism — a practical guide” (Walden et al. 1999),
is an excellent introduction to undergraduate students, postgraduate students and others
who want to get to grips with the technical aspects of magnetic analyses. The second
book, Maher & Thompson (1999) “Quaternary Climates, Environments and Magnetism,”
presents reviews of the major developments in environmental magnetism (with a focus
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on the Quaternary era) since 1986. This book contains an excellent chapter by Dearing
(1999) which is dedicated to “Holocene environmental change from magnetic proxies in
lake sediments.” Finally, it must be stated that despite all of the possible palaeoclimatic and
environmental applications of mineral magnetism, one must not forget to devote some time
to understanding the fundamental principles of magnetism and its relation to mineral/rock
magnetic studies. For this reason the book “Rock Magnetism: Fundamentals and Frontiers”
(Dunlop & Özdemir, 1997) can be recommended.
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Introduction

The organic matter content of lake sediments provides a variety of indicators, or proxies, that
can be used to reconstruct paleoenvironments of lakes and their watersheds and to infer
histories of regional climate changes. Organic matter constitutes a minor but important
fraction of lake sediments. It originates from the complex mixture of lipids, carbohydrates,
proteins, and other organic matter components produced by organisms that have lived
in and around the lake (e.g., Meyers, 1997; Rullkötter, 2000). As an accumulation of
“geochemical fossils”, the organic matter content of lake sediments provides information
that is important to interpretations of both natural and human-induced changes in local and
regional ecosystems.

Some reconstructions of regional and continental paleoclimates that are based on organic
matter contents of sediments of lakes from different parts of the world are summarized by
Meyers & Ishiwatari (1993), Meyers (1997), Dean (1999), and Meyers & Lallier-Verges
(1999). Determinations of the amounts and the origins of the organic matter in sedimentary
records are essential components of paleolimnologic investigations. The purpose of this
chapter is to describe and critique some of the elemental, isotopic, and molecular methods
that are available to make these determinations.
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Paleolimnological proxies

The primary source of organic matter to lake sediments is from plants in and around
the lake. Plants can be divided into two geochemically distinctive groups on the basis of
their biochemical compositions: (1) non-vascular plants that contain little or no carbon-
rich cellulose and lignin, such as phytoplankton, and (2) vascular plants that contain large
proportions of these fibrous tissues, such as grasses, shrubs, and trees on land and macro-
phytes in lakes. The organic matter derived from these two broad groupings of plants
retains these source distinctions. However, accumulations of sedimentary organic matter
in lake sediments reflect not only the types and amounts of original materials but also the
extent of alteration and degradation of the starting material. Lake systems are diverse, and
the sources and alterations of organic matter are geographically and temporally variable.
Nonetheless, useful generalizations about the geochemical characteristics of organic matter
having different origins and histories can be made. We describe some of these parameters
in this chapter.

General analytical considerations

Most of the analytical methods that are used to measure organic matter paleoenvironmental
proxies are relatively routine, but the procedures are typically not completely uniform
among their practitioners. Instead, different groups have developed their individual pro-
tocols that are specialized to the instruments available to them, the number of analyses
demanded from these instruments and their operators, and the kinds of paleolimnologic
questions that are being asked. Because the procedures that are employed to obtain the
organic matter parameters are rarely identical, use of sediment standards that have accepted
compositions is important to compare analytical results from different laboratories.

Samples of lake sediment are commonly dried before analyses of their organic matter
contents. Freeze-drying is the generally preferred means for preparing sediment samples
for analysis because either air-drying or oven-drying may result in loss of volatile organic
matter components, which can bias elemental and isotopic compositions. Furthermore,
molecular compositions of sediment organic matter can be altered by oxidation of sensitive
components during either air-drying or oven-drying. However, non-recent (> 100 years)
sediment is less likely to contain the kinds of components that are sensitive to drying in air
or in an oven, making this procedure less risky for studies involving such sediments.

Organic carbon concentration

Environmental significance

The concentration of total organic carbon (TOC) is a fundamental parameter for describ-
ing the abundance of organic matter in sediments. Weight loss on ignition (LOI) is also
sometimes used to estimate how much organic matter is present in sediments (Dean, 1974).
Typical organic matter contains approximately 50% carbon, so LOI values are equivalent
to about twice the TOC values. Because variable amounts of volatile non-carbon sedi-
ment components can sometimes increase LOI values and lead to inflated organic matter
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concentrations, measurement of the TOC concentrations is generally preferred over LOI
determinations to approximate how much organic matter is present.

Analytical methods

The amount of organic carbon in sediment samples is usually determined by some version of
two fundamentally different procedures — either as the difference between the total carbon
and the carbonate carbon concentrations or as the concentration of carbon remaining after
carbonate carbon has been removed.

In the by-difference procedure, the total carbon concentration is measured using an
elemental analyzer that combusts a subsample of the dried sediment at a high temperature
(850 °C to 1100 °C) in an oxidizing atmosphere and then separates the gaseous products
by chromatography (e.g., Verardo et al., 1990). The carbonate carbon concentration is
measured on a second subsample, either using a coulometric inorganic carbon analyzer (e.g.,
Huffman, 1977; Engleman et al., 1985) or as the volume of released by acidification
of the sediment (e.g., Müller & Gastner, 1971).

In the direct-determination procedure, carbonate carbon is first removed from the sedi-
ment subsample by treatment with dilute (3N) hydrochloric or phosphoric acid, washing and
drying the carbonate-free residue, and then measuring the carbon content of the residue
with an elemental analyzer. An alternative direct-determination procedure employs acid
vapors to remove inorganic carbon (Yamamuro & Kayanne, 1995). A related procedure
employs direct reaction with HC1 that is added to the sediment sample while it is in the
tin boat that is used in the elemental analyzer. After reaction for 24 hours, the acid is
evaporated prior to carbon analysis. Yet another alternative direct-determination method
involves measuring the amount of released from carbonate-free sediment subsamples
during off-line oxidation of the residual carbon in preparation for carbon isotope analysis.
Off-line preparation lines for isotopic analyses can be manometrically calibrated to yield
this measurement. Regardless of the procedure, TOC concentrations of lake sediments are
usually expressed on a whole-sediment basis.

Meyers & Silliman (1996) compared the by-difference and basic direct-determination
TOC procedures using sediments from the North Atlantic Ocean. The direct-determination
procedure is more reliable at TOC concentrations <0.1%, but agreement between the two
procedures is good above this value. Because lake sediments generally contain much more
than 0.1% TOC, results from the two approaches are probably not significantly different for
most lake sediments. Very young sediments, however, are likely to contain low-molecular-
weight organic matter components that might be lost during the washing step that follows
carbonate carbon removal in the direct-determination method. Investigators should consider
this possibility before selecting the procedure that will be used for their TOC determinations.

Interpretation

TOC concentration is a bulk value that represents the fraction of organic matter that escaped
remineralization during sedimentation. TOC concentrations are influenced by both initial
production of biomass and subsequent degree of degradation, so they integrate the different
origins of organic matter, delivery routes, depositional processes, and amount of preserva-
tion. It is common for sediment TOC concentrations to vary substantially from place to place
within a lake (Table I) because these multiple factors interact in sometimes complicated
ways. However, it is also often possible to separate the effects of these factors. For example,
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Tenzer et al. (1997) were able to distinguish between in-lake and land sources of organic
matter and to describe the impacts of hydraulic sorting on the organic matter contents of
surficial sediment during sediment focusing in Pyramid Lake, Nevada. Contributions of
land-derived material to sediment organic matter become minor beyond a few hundred
meters from shore in this large, mesotrophic lake.

TOC concentrations are expressed in weight/weight ratios and are therefore influenced
by other sediment components. TOC can be both diluted by addition of clastic sediment
particles and concentrated by dissolution of carbonate minerals in sediment (e.g., Dean,
1999). TOC concentrations commonly increase as sediment grain size decreases (e.g.,
Thompson & Eglinton, 1978). A consequence is that concentrations can become larger in
deeper parts of lake basins where fine-grained sediments slowly settle than in shallower parts
where coarser sediments rapidly accumulate (Table I). For these reasons, mass accumulation
rates (MARs) of organic carbon are more useful measures of delivery and preservation of
organic matter than TOC percentages. MARs are expressed as mass of TOC per unit of lake
bottom area per unit of time, typically Reliable sediment dating is obviously
important to calculating meaningful MAR values.

Organic carbon MARs are especially useful to paleolimnology for identification of
changes in delivery rates of organic matter to lake sediments (cf., Meyers & Lallier-Verges,
1999). Often the proportions of lake-derived and land-derived organic matter can be esti-
mated by determinations described later in this chapter, allowing calculation of separate
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MARs for autochthonous and allochthonous organic carbon (e.g., Sifeddine et al., 1996). In-
creases and decreases in primary productivity that result from paleoenvironmental changes
can also be inferred from organic carbon MAR records. However, post-burial degradation
of organic matter can diminish the apparent accumulation rates of TOC in lake bottoms. In
sediments with oxic pore-waters, post-burial diagenesis will continue to decrease the mass
of TOC until burial below the oxic-anoxic interface. For example, Hodell & Schelske (1998)
compared the concentration of organic carbon in two sediment cores that were collected
six years apart from the same location in Lake Ontario. They concluded that microbial
processing created a 20% decrease in the mass of organic matter that had remained buried
in the lake bottom for the six years.

C/N ratios of organic matter

Environmental significance

The amounts of sedimentary organic matter that originate from aquatic as opposed to land
sources can be distinguished by the characteristic C/N ratio compositions of algae and
vascular plants (Fig. 1). Some examples of the C/N atomic values of plants that contribute
organic matter to lake sediments and of the resulting C/N ratios in lake sediments are given
in Table II. Fresh organic matter from phytoplankton has C/N values that are commonly
between 4 and 10, whereas vascular land plants, which are cellulose-rich and protein-poor,
create organic matter that usually has C/N ratios of 20 and greater.

Analytical methods

Carbon and nitrogen weight percentages of sediment samples are typically determined
simultaneously with an elemental analyzer. The weight percentages are used to calculate
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C/N mass ratios, which can be multiplied by 1.167 (the ratio of atomic weights of nitrogen
and carbon) to yield C/N atomic ratios. Both weight and mass ratio values appear in
published reports; readers need to make note of which type of C/N ratio is being employed if
they compare results from different reports. Atomic C/N values are used in this contribution
because they reflect biochemical stoichiometry.

C/N ratios sometimes give misleading indications of bulk organic matter origin. The
most typical problem arises because most analysts measure the carbon and nitrogen contents
that remain in sediment samples after removal of carbonate carbon and thereby obtain a
residual nitrogen value that combines both organic nitrogen and inorganic nitrogen. In
most sediments, inorganic nitrogen concentrations are small compared to those of organic
nitrogen, and this analytical approach yields C/N ratios that faithfully represent organic
matter origins. In sediments having low organic matter concentrations
however, the proportion of inorganic nitrogen can sometimes be a large fraction of the
residual nitrogen, and C/N ratios based on residual nitrogen could be artificially depressed.
Because most lake sediments contain 1% or more TOC, C/N values are normally reliable
indicators of organic matter sources in paleolimnologic studies.

Interpretation

Lakes for which the contribution of organic matter from vascular plants is small relative to
water-column production, exemplified by Walker Lake (Nevada) and Lake Michigan, have
lower C/N ratios in their sediments than lakes receiving important amounts of vascular
plant debris, such as Mangrove Lake (Bermuda) and Lake Bosumtwi (Ghana) (Table II).
Ratios of 13–14 for surface sediments of the latter two lakes suggest a subequal mixture of
algal and vascular plant contributions, which is expected for most lakes. Decreases in the
land-derived proportion of sediment organic matter with increasing distance from shore in
Lake Victoria, East Africa, are evident in smaller C/N values (Table I).

Partial degradation of organic matter during early diagenesis can modify elemental
compositions and hence C/N ratios of organic matter in sediments. C/N ratios of fresh
wood samples, for example, are generally higher than those of wood that has been buried in
sediments (Meyers et al., 1995). This change reflects selective degradation of carbon-rich
sugars and lipids in the buried wood. In contrast, the C/N ratio of organic matter derived
from algae can increase during sinking and early sedimentation as nitrogen-rich proteins
are selectively degraded. This trend is sometimes observed in lakes having high produc-
tivity, such as eutrophic Aydat Lake in France, where a downcore increase in C/N values
throughout the upper 40cm of sediment (Sarazin et al., 1992) indicates active microbial
denitrification of organic matter.

Changes in the elemental composition of sedimentary organic matter are not commonly
large enough, however, to erase the large C/N differences (Table II, Fig. 1) between the
organic matter derived from land plants and algae. For example, vascular plant debris
isolated from a coastal marine sediment having a bulk C/N of 15 retains the C/N values
between 30 and 40 that are characteristic of cellulosic plants (Ertel & Hedges, 1985).
Elevated C/N values consequently identify delivery of land-plant organic matter to lake
sediments, as seen in Lake Victoria (Table I). Similarly, Kaushal & Binford (1999) document
an increase in C/N ratios from 16 to 25 that corresponds with deforestation of the watershed
of Lake Pleasant, Massachusetts. This environmental change occurred around 1780 and
evidently enhanced delivery of both land-plant organic matter and sediment to the lake,
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inasmuch as sedimentation rates also increased and diluted TOC concentrations. In a related
example, episodes of magnified wash-in of land-derived organic matter to Seneca Lake,
New York, are indicated by two spikes in the C/N values of its sediments (Fig. 2). These
episodes evidently represent short periods of wet weather. Small variations in C/N values
in the upper 20cm of the sediment column suggest environmental destabilization of this
watershed since introduction of European agriculture in the early 1800’s.

Organic carbon isotope ratios

Environmental significance

The carbon isotopic composition of organic matter in lake sediments is important to assess-
ing organic matter sources, for reconstructing past productivity rates, and for identifying
changes in the availability of nutrients in surface waters. Increases in the accumulation rates
of organic matter and its ratio have been widely used as an indicator of enhanced
aquatic productivity in lakes (e.g., Hollander & McKenzie, 1991; Hollander et al., 1992;
Hodell & Schelske, 1998; Brenner et al., 1999). Phytoplankton ( algae) preferentially
utilize to produce organic matter that averages 20‰ lighter than the ratio of
their dissolved inorganic carbon (DIC) source (cf., O’Leary, 1988; Wolfe et al., this volume).
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Sedimentation of algal organic matter consequently removes from surface-water DIC
reservoirs (Fig. 3). As supplies of DIC become depleted, the values of the remaining
inorganic carbon increase and produce a subsequent increase in the values of newly
produced organic matter. Increased or decreased productivity therefore yields a respective
increase or decrease in the of organic matter that is produced in the lake and is available
for sedimentation.

The rate of carbon uptake during algal productivity and the DIC isotopic composition
are usually the principal determinants of sediment values. However, changes in pH,
temperature, nutrient limitation, and growth rate are also known to affect the of
organic matter produced by phytoplankton (Takahashi et al., 1990; Fogel & Cifuentes, 1993;
Laws et al., 1995; Wolfe et al., this volume). One or more of these secondary factors can
become important in specialized situations and thereby give additional paleoenvironmental
significance to the carbon isotopic composition of organic matter.

Analytical methods

The traditional method to determine the ratio of sediment organic matter is by
oxidation of carbonate-free samples in an “off-line” procedure that employs a vacuum
transfer system to produce and isolate the needed for isotopic analysis (cf., Boutton,
1991). Removal of carbonate carbon is accomplished by one of the methods discussed
under “Organic carbon concentration” (this chapter). The is produced by reaction of
the residual organic carbon with an oxidant such as CuO in an evacuated and sealed Pyrex
tube at 600°C; quartz tubes can be heated to 800°C to insure more complete oxidation.
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The ratio of the is measured with an isotope ratio mass spectrometer (IRMS).
Although quite reproducible and reliable, this method is also time-consuming and tedious.

Development of Continuous Flow-Isotope Ratio Mass Spectrometers (CF-IRMS) has
dramatically facilitated measurement of the ratio of sediment organic matter.
CF-IRMS consists of an IRMS coupled on-line to a device that produces the to
be analyzed. In the case of sediment organic matter, the on-line connection is to an el-
emental analyzer. The coupled elemental analyzer-IRMS has greatly simplified isotopic
measurements; key improvements over conventional off-line preparations include signifi-
cant reduction of sample size and analysis time. Some loss in precision occurs, although
the reproducibility of values is commonly ±0. 1‰.

Interpretation

Lake-derived organic matter that is produced by phytoplankton algae) using dissolved
in isotopic equilibrium with the atmosphere is usually isotopically indistinguishable

from organic matter produced by plants in the surrounding watershed (Table II). Algal
organic matter nonetheless usually has a distinctly different carbon isotopic composition
than material produced by plants growing either on land or the lake bottom (Fig. 1).
However, this generalization about carbon isotopic source signatures erodes when the
availability of dissolved atmospheric is limited and algae begin to use
dissolved as their source of carbon (Fig. 3). Situations where
becomes important include periods of high photosynthetic uptake of dissolved inorganic
carbon during which the availability of becomes diminished (Keeley & Sandquist,
1992; Hollander & McKenzie, 1991; Bernasconi et al., 1997) and in waters where the ratio
of to is kept elevated by an alkaline pH (e.g., Hassan et al., 1997). In such
cases, values of algal organic matter can increase to reach as high as –9‰, which is in
the range of plants. In other cases, delivery of isotopically light DIC from land run-off

can result in isotopically light algal organic matter
The possibility of these excursions in isotopic source signatures is a potent reminder that
multiple indicators of organic matter origin should be employed in paleolimnologic studies.

Post-burial diagenesis of organic matter may alter its bulk value (Herezeg, 1988)
and thereby obscure its paleolimnological information. Sediment organic matter consists of
a mixture of different compounds that have different isotopic compositions; some of these
components degrade more readily than others. However, comparison of organic matter
values in two sediment cores that were collected six years apart from the same location in
Lake Ontario demonstrate that this diagenetic effect is minimal (Hodell & Schelske, 1998).
Microbial activity diminished the concentration of organic matter by nearly 20% during
the six additional years that sediments resided in the lake bottom, but it did not significantly
alter its bulk value.

The values of sediment organic matter are proxies for paleoenvironmental changes
in lake watersheds as well as in the lakes themselves. Increased delivery of nitrates and
phosphates derived from soil erosion, agricultural fertilizers, or domestic sewage enhances
algal productivity, which draws down the supply of DIC in the epilimnion, which in turn
decreases algal discrimination in favor of and yields less negative values in algal
organic matter (Hollander & McKenzie, 1991; Keeley & Sandquist, 1992; Bernasconi et
al., 1997; Brenner et al., 1999). The history of anthropogenic additions of nutrients to
Seneca Lake, New York, is recorded in an isotopic shift in the upper 20 cm of the sediment
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record (Fig. 2) to less negative values. The watershed of this lake changed from an
undisturbed forest to clear-cut farm fields shortly after the completion of the Erie Canal in
1825. This environmental change released soil nutrients into the lake. Subsequent growth of
human and livestock populations further increased nutrient deliveries to the lake system and
led to increasingly smaller algal discrimination in favor of These changes in watershed
conditions are mirrored in the progressively less negative values of organic matter in
the younger lake sediments (Fig. 2).

Nitrogen isotope ratios

Environmental significance

Although not as widely used as a paleolimnological proxy as carbon isotopic determi-
nations, the nitrogen isotopic composition of sediment organic matter can similarly help
to distinguish the sources of this material to lakes and to reconstruct past productivity
rates. This proxy is particularly useful in identifying changes in the past availability of
nitrogen to aquatic primary producers. However, the dynamics of nitrogen biogeochemical
cycling are more complicated that those of carbon (Fig. 4), thereby making interpretations
of sedimentary records more difficult (Fogel & Cifuentes, 1993; Bernasconi et al.,
1997; Hodell & Schelske, 1998; Brenner et al., 1999; Talbot, this volume).

Application of values to identify organic matter sources is founded on the differ-
ence between the ratios of the inorganic nitrogen reservoirs available to plants in
water and those on land. The value of dissolved which is the most common
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form of dissolved inorganic nitrogen (DIN) used by algae, is typically larger than that of
atmospheric which is the form used by land plants. The generally expected value
of is between +7‰ to + 10‰, whereas that of atmospheric nitrogen is about 0‰
(cf., Peters et al., 1978). The isotopic difference between these two sources of nitrogen
is roughly preserved in the values of organic matter from coastal marine plankton
(+8.5‰) and from land plants (+0.5‰) (Peterson & Howarth, 1987).

Complications in the use of values for paleoenvironmental reconstructions arise
in several ways. One is that algal utilization of the DIN available lake waters typically
increases nitrate values. Algae commonly discriminate in favor of over
with the result that their organic matter has a somewhat lower value than the total

(e.g., Fogel & Cifuentes, 1993, and references therein; Fig. 4). As nitrate is removed
from surface waters, its value progressively increases to create an increase in the

of organic matter that is produced from the remaining supply (Altabet & François,
1993; 1994). Another complication is that phosphorus — not nitrogen — commonly limits
primary production in lakes. If phosphorus becomes depleted when only a small fraction
of the available nitrate has been consumed, the nitrogen isotopic composition of the DIN is
never significantly altered. Under these conditions, the values of algal organic matter
wil l reflect an unchanging signal, and variations in phytoplankton productivity will
not be readily discerned from the values of sedimented organic matter.

In addition, factors other than primary productivity can influence the nitrogen isotopic
composition of organic matter produced within a lake. For example, water column denitri-
fication in anoxic basins will considerably enrich the residual DIN in (Fig. 4). Shifts in
phytoplankton species composition or addition of heterotrophs can also influence the
of sedimenting organic matter. An increase in abundance of nitrogen-fixing cyanobacteria,
which directly fix atmospheric would decrease values in sedimented organic
matter (Fogel & Cifuentes, 1993). In contrast, addition of heterotrophic organic matter will
increase the of organic matter because increases by 3–4‰ with each trophic
transfer (Deniro & Epstein, 1981; Minagawa & Wada, 1984; Peterson & Fry, 1987).

The multiple factors involved with the dynamics of nitrogen recycling and biological
isotopic discrimination during uptake of nitrogen introduce considerable variability into
the numbers generalized in Figure 4 (Fogel & Cifuentes, 1993; Bernasconi et al., 1997;
Hodell & Schelske, 1998). Although the variability makes interpretations of val-
ues challenging, it also provides opportunities to assess the impacts of a wide range of
paleoenvironmental changes in lake sedimentary records.

Analytical methods

The traditional method to determine the ratios of sediment organic matter is by
oxidation of sediment samples in an “off-line” procedure that employs a vacuum trans-
fer system to produce and isolate the gas needed for isotopic analysis (cf., Kendall &
Grim, 1990). is first produced by oxidation of the sediment organic matter in an
evacuated and sealed Pyrex tube at 600 °C. Quartz tubes can be heated to 800 °C to insure
more complete oxidation. The mixture of nitrogen oxides is reduced to a single gas,
prior to measurement of its ratio with an isotope ratio mass spectrometer (IRMS).
Seemingly minor leakages of air into the vacuum system must be avoided, because they will
result in major amounts of contamination. Although quite reproducible and accurate,
this method is also laborious.
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As described earlier for carbon isotopic determinations, development of Continuous
Flow-Isotope Ratio Mass Spectrometry (CF-IRMS) has greatly simplified nitrogen isotopic
measurements of organic matter by significantly reducing both sample size and analytical
time. CF-IRMS consists of an IRMS coupled on-line to a device that produces the
gas to be analyzed. In the case of sediment organic matter, the on-line connection is to
an elemental analyzer. Some loss in analytical precision compared to the off-line method
occurs, although the reproducibility of values remains good (±0.2‰).

A attractive feature of the elemental analyzer CF-IRMS combination is that it can
provide simultaneous determinations of the concentrations and isotopic ratios of both the
carbon and nitrogen in a single sample. However, best CF-IRMS results are obtained when
optimizing for either carbon or nitrogen. This limitation occurs because carbon atoms
typically outnumber nitrogen atoms by 10 : 1 in typical organic matter, making a dilu-
tion step necessary to decrease the amount of gas relative to before introducing
the gases into the mass spectrometer. Another possible problem can be created by the
carbonate-dissolution step that is required to remove carbonate-carbon prior to carbon
isotopic measurement of organic matter. The risk of biasing of organic values by the
dissolution procedure (“Organic carbon isotope ratios” section, this chapter) appears to be
greater for values, especially in young, organic-carbon-rich lake sediments.

Teranes & Bernasconi (unpublished) have explored the risk of biasing of sediment
values during carbonate dissolution with a core of varved sediment from Baldeggersee, a
small eutrophic lake located in central Switzerland. The alternating light and dark layers
represent seasonal laminations. Primary production and calcite precipitation during the
spring and summer create the thick, light-colored, carbonate-rich (60–80%) sediment
layers. Increased sedimentation of organic matter and diminished calcite concentrations
(30–50%) in autumn produce the thinner, dark laminations. Nitrogen concentrations in-
crease (Fig. 5A) as a result of increasing eutrophication of the lake beginning around
1900 (Teranes & Bernasconi, 2000). Organic values were measured on duplicate
subsamples of light and dark sediments after preparation by two procedures: (1) reaction
with weak (1N) HCl followed by rinsing with copious amounts of distilled water and
drying, and (2) simply drying the intact, carbonate-containing sediment. The values of
acid-washed sediment and the non-treated sediment differ (Fig. 5B). Acid-washing lowers

values by as much as 8‰ in the post-1950 sediments, which have not experienced
much post-burial diagenesis. In contrast, values increase as a result of acid-washing in
pre-1950 sediments (Fig. 5B). The extent of nitrogen biasing is similar in both the light and
dark layers, indicating that presence of calcite is not as important as is the reactivity of the
organic matter. This experiment illustrates that isotopic analysis of carbonate-containing
lake sediments is best done by two steps: (1) determining values from untreated
sediment and (2) determining values after carbonate removal.

Interpretation

The ratio of sedimentary organic matter is used widely to complement values
in marine paleoproductivity studies (Calvert et al., 1992; François et al., 1992) and to a lesser
extent in paleolimnology. Gu et al. (1996) suggest a weak positive correlation between
values in lacustrine plankton and phosphate levels, growth rate, and primary productivity
in Florida lakes. Teranes & Bernasconi (2000) document an inverse relationship between
surface water nitrate concentration and the of sedimenting organic matter in sediment
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trap data in Baldeggersee, Switzerland; increases in productivity are accompanied by higher
values. Talbot & Laerdal (2000) document larger values in organic matter from

Lake Victoria, East Africa, during a period of wetter climate around 15.2 ka. They attribute
the increase to utilization of a greater proportion of the DIN as a consequence of
productivity being dramatically enhanced by release of phosphorus from flooded soils
around the lake.

Factors other than primary productivity can also strongly influence the nitrogen isotopic
composition of lacustrine organic matter. Changes in nitrogen cycling that accompany
anthropogenic eutrophication of lakes can mimic the isotopic shifts caused by higher pro-
ductivity. For example, an increase in values can record deliveries of isotopically heavy
nitrate ( to 25‰) from farm runoff and human sewage (Teranes & Bernasconi,
2000). Alternatively, it can indicate increasing water column denitrification under anoxic
conditions. A 6‰ increase in organic matter values in Lake Ontario sediments since
1840 is interpreted to indicate increased denitrification because of longer periods of seasonal
bottom-water anoxia as lake productivity has increased (Hodell & Schelske, 1998).

Changes in phytoplankton assemblages, addition of heterotrophs, and presence of nitro-
gen fixers can also influence the of organic matter in lake sediments. A 6‰ difference
in values exists between organic matter settling in Lake Ontario in the summer and
in the winter (Hodell & Schelske, 1998). The difference is attributed to the dominance of
isotopically light phytodetritus during the summer and isotopically heavy organic matter
from heterotrophic or detrital sources during the winter. Shifts to low (–1 to 3‰)
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values in sediments deposited in Florida lakes since the early 1900s record increases in
the contributions of nitrogen-fixing cyanobacteria to organic matter production as eutroph-
ication of these lakes increased (Brenner et al., 1999). Low values (~3‰) in Lake
Victoria sediments suggest that nitrogen fixation has been an important process in this lake
throughout the Holocene (Talbot & Laerdal, 2000).

Oxygen and hydrogen isotope compositions

Environmental significance

The and D/H ratios in water, ice, and minerals like calcite and apatite are commonly
employed as paleoprecipitation proxies in paleoclimate reconstructions. Despite their great
potential in providing paleolimnologic information, the oxygen and hydrogen isotopic
compositions of organic matter have rarely been determined in sedimentary records, largely
because of practical difficulties in their analysis. Applications of ratios have been
discouraged because the contribution of oxygen from the oxygen-rich compounds that are
usually used to convert organic matter to prior to isotopic analysis severely complicates
interpretation of the analytical results. D/H ratios of sedimentary organic matter have
similarly not been widely applied, but largely because not many laboratories are skilled in
their analysis. Nonetheless, they have considerable promise in paleolimnology.

Analytical methods and interpretations

Some investigators have found ways to circumvent the challenges that have discouraged
determinations of the values of sediment organic matter (cf., Wolfe et al., this volume).
For example, Beuning et al. (1997) isolated aquatic cellulose from the sediments of Lake
Victoria, which they then pyrolyzed with a nickel catalyst to produce that preserved
the original ratios of organic matter produced within the waters of this lake. The
cellulose values yield a reconstruction of the hydrologic balance of Lake Victoria
over the past 13 ky that reflects a combination of changes in precipitation over East Africa
caused by orbital precession and a change in residence time of water in the lake caused by
downcutting of its outlet.

Aucour et al. (1993) isolated the cellulose fraction of organic matter from the Kashiri
peat bog on the Burundi highlands of Equatorial Africa and used both its and
values to recreate the history of climate change over the past 30 ky. They employed pyrolysis
with mercuric chloride to obtain the for determination of the original ratios
of the emergent plants that produced the peat. Pollen analyses were combined with the
two isotopic parameters to show that the proportions of and plants shifted in the bog
between full-glacial, end-glacial, and post-glacial times and that the origins of the airmasses
delivering moisture to this region changed. Dominance of plants between 30 ka and 15 ka
was accompanied by cooler and drier climate. plants became more important after 15 ka
on the basis of the isotopic evidence but not from the pollen contents. After 7 ka, both pollen
and isotopic proxies show the dominance of plants that exists today.

Hydrogen isotopic compositions of organic matter are especially sensitive to paleoen-
vironmental changes. Fractionation of hydrogen isotopes by land plants is affected by
ambient temperatures, origin and availability of water, and plant growth rates (Fogel &
Cifuentes, 1993; White et al., 1994), making interpretation of values of land-derived
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organic matter complicated. In contrast, the values of the aquatic organic matter that is
buried in lake sediments reflect principally the origin of lake water and therefore provide
a relatively straightforward hydrologic history of the lake. The difference arises because
water is unlimited to lake algae and temperature changes are small in lakes relative to on
land. Interpretation of the record of organic matter in lake sediments is based on the
demonstrable relation between the value of water in which lake algae lived and the
of the non-exchangeable, carbon-bound hydrogen in the algal cell walls. D/H ratios are then
interpreted in terms of past precipitation/evaporation balances and air mass trajectories.

This strategy has been employed by Krishnamurthy et al. (1995) to reconstruct the
history of post-glacial paleoclimate changes provided by organic matter in the sediments
of Austin Lake, Michigan. Their analyses involved an exhaustive extraction procedure to
remove clay minerals, which contain hydrogen, and oxygen- and nitrogen-bearing organic
matter components, which contain hydrogen atoms that might have been exchanged with
sediment pore water after deposition and thereby had become unreliable proxies of the
water balance in this groundwater lake. The Austin Lake values separate into four
time intervals that represent changes in Holocene climate. Especially prominent among the
intervals is the period between 9 ka to 2 ka, during which values increase to ca. –75‰
from an earlier average of –110‰. The increase may reflect evaporative distillation
of isotopically light water from the lake in response to the mid-Holocene Hypsithermal
time of warm, dry climate that has been recorded in lake sediments throughout the Great
Plains and Rocky Mountain regions of North America (Dean et al., 1996), or it may reflect
an increase in the importance of air masses carrying isotopically heavy moisture from the
Gulf of Mexico to the Great Lakes region.

Biomarker hydrocarbon molecules

Environmental significance

Biological marker (biomarker) molecules are compounds that have distinctive biotic sources
and that retain their identity after burial in sediments, even after partial alteration. Most
biomarkers are lipids, which are hydrocarbons and hydrocarbon-like molecules. Because of
their low susceptibility to microbial degradation compared to other types of organic matter,
saturated hydrocarbons — those having only carbon-carbon single bonds — can record
many aspects of the depositional history of organic matter sources in lake sediments. A
number of detailed reviews of the biomarker contents of lake sediments exist (e.g., Barnes
& Barnes, 1978; Cranwell, 1982; Johns, 1986; Müller, 1987; Meyers & Ishiwatari, 1993).

The two principal sources of biotic hydrocarbons to lake sediments are algae that live
within a lake and plants that live around it. Because these sources produce distinctively
different suites of hydrocarbons, their characteristic molecules serve as proxies for changes
in delivery of organic matter. The hydrocarbon compositions of many aquatic algae and
photosynthetic bacteria are dominated by the n-alkane (e.g., Blumer et al., 1971; Giger
et al., 1980; Cranwell et al., 1987), and the abundances of this and related compounds
reflect lacustrine paleoproductivity rates. Vascular plants on land or along the edges of
lakes contain large proportions of and n-alkanes in their epicuticular waxy
coatings (e.g., Eglinton & Hamilton, 1963, 1967; Cranwell, 1973; Cranwell et al., 1987;
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Rieley et al., 1991). Abundances of these waxy hydrocarbons reflect the amount of organic
matter transported to lakes from the surrounding land.

Analytical methods

The procedures used by different laboratories to extract, isolate, and analyze the biomarker
hydrocarbon contents of sediments are rarely identical, but they differ largely only in
their details. The general analytical scheme in which the fundamental elements common
to the different procedures has been nicely summarized by Rullkötter (2000). For their
analysis, hydrocarbons first need to be separated from sediments by extraction into an
organic solvent. The most common solvent that is used for dried sediment samples is
dichloromethane, although other solvents or mixtures of solvents are also employed. A
risk involved with the common practice of first drying the sediments is that some organic
compounds may become irreversibly associated with minerals and will not be released by
subsequent solvent extraction. Moreover, freeze-drying of sediment samples can sometimes
create a more serious problem — contamination of the natural hydrocarbon composition
with pump oil vapors (Barwise et al., 1996) — unless suitable filters are employed. For
these reasons, extraction of wet sediment samples is sometimes preferred. In these cases,
solvents like methanol or acetone that can remove the sediment porewater are used first
and then followed by mixtures of these hydrophilic solvents with non-polar solvents such
as dichloromethane.

Actual extraction procedures cover a wide range. Simple shaking of the sediment with
solvents can be effective for small samples of less than a few grams. More commonly,
procedures such as Soxhlet refluxing, microwave extraction, or ultrasonication are used
because of their greater efficiencies in extracting hydrocarbon-containing material. The
typical amount of solvent-extractable material in lake sediments is only a few percent of the
total organic matter, and much of the soluble material consists of non-hydrocarbon lipids
such as fatty acids, alcohols, and pigments. Hydrocarbons usually need to be separated
from these other lipids by liquid chromatography before subsequent analysis. Column
chromatography, thin-layer chromatography, medium-pressure liquid chromatography, and
high-pressure liquid chromatography are all used, depending on the sample quantity and
the separation efficiency required.

The separated hydrocarbon fraction is then analyzed by capillary column gas chromatog-
raphy, which simultaneously separates the mixture of hydrocarbons into its components
and measures how much of each compound is present. Individual n-alkanes can usually
be identified by their relative retention times in gas chromatograms, although sometimes
branched hydrocarbon molecules will share the same retention time as an n-alkane. For
this reason, positive identification of biomarker hydrocarbons require the combination of
gas chromatography and mass spectrometry using verified mass spectra.

Interpretation

The hydrocarbon fraction of organic matter in lake sediments is generally a robust recorder
of environmental changes because these compounds have long residence times in lake
sediments. It is important to remember, however, that hydrocarbons normally constitute
a very small fraction of the total organic matter in both biota and in sediments. In addi-
tion, diagenetic losses of the non-hydrocarbon components of the total organic matter can
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exaggerate the importance of sources implied by biomarker hydrocarbons. Use of mul t ip le
source proxies is recommended.

Hydrocarbons from petroleum contamination have augmented biot ic hydrocarbons
since the late 1800s in sediments of lakes near urban areas (Wakeham, 1977a, I977b;
Meyers, 1987; Bourbonniere & Meyers, 1996). Petroleum hydrocarbons can be dist in-
guished from biological hydrocarbons by two dis t inct ive characteristics: ( 1 ) absence of the
characteristic odd-carbon chain-length dominance of biological hydrocarbons, and (2) pres-
ence of a more diverse range of molecular structures than is found in biological hydrocarbon
mixtures (e.g., Meyers & Takeuchi, 1981). This latter characteristic results in a mixture of
hydrocarbon compounds that cannot be separated by even high resolution capillary gas
chromatography, giving rise to the term “unresolved complex mixture” or UCM.

Wakeham (1976) provides a classic i l lus t ra t ion of the temporal and geographic differ-
ences in delivery of hydrocarbons to lake sediments. Sediments of Lake Quinal t , which
is surrounded by a forested and virtually pristine watershed on the Olympic Peninsula
of Washington, contain low concentrations of hydrocarbons that are dominated by the

n-alkane diagnostic of tree waxes (Fig. 6). No significant difference exists in the
n-alkane contents of sediments deposited in the early 1800’s and in the mid-1970’s.
In contrast, modern sediments of Lake Washington, which is surrounded by the city of
Seattle and its suburbs, have hydrocarbon contents dominated by the unresolved complex
mixture (UCM) indicative of petroleum residues ( F i g . 6). Furthermore, the contribution
of short-chain-length n-alkanes derived from algae is equal to the land-plant n-alkane
contributions, suggesting eutrophication of the waters of Lake Washington. In progressively
older sediments, the contributions of UCM and short-chain hydrocarbons d imin i sh , un t i l
in sediments deposited in the mid-1800’s the concentrations and distr ibutions resemble
those of Lake Quinalt sediments (Fig. 6). Three sources of hydrocarbons can be iden t i f i ed
in these sediments: ( 1 ) a na tura l , low cont r ibu t ion of land-plant n-alkanes that is found
throughout the sedimentary records of both lakes. (2) an input of petroleum residues from
urban run-off, which first appears in the Lake Washington record around 1900 and becomes
dominant in modern sediments, and (3 ) an algal contr ibut ion of and n-alkanes.
which is usually small in comparison to the land-plant contributions, probably because of its
selective diagenetic degradation (e.g., Meyers & Ishiwatan, 1993). The algal components
become large only in the sediments of Lake Washington that were deposited starting ca.
1950, when growth of Seattle and its suburbs led to eutrophication of the lake.

Lignin oxidation products

Environmental significance

Lignins are phenolic polymers synthesized by higher plants to construct parts of their
vascular and structural systems. Nearly all vascular plants grow on land, and therefore the
l ignin fraction of sediment organic matter largely records the cont r ibut ion and preservation
of land-plant materials. Lignin-containing plant debris is delivered to lakes principally by
rivers and streams, although some lakes receive important amounts from shoreline flora.
The proportion of land-plant organic matter in lake sediments can be estimated from the
fraction of l i gn in that is present. Gymnosperms and angiosperms synthesize dist inctive
types of l ign in components. As a consequence, past changes in watershed vegetation can
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be inferred from the kinds of lignin found in sediment records. Moreover, lignin is relatively
resistant to diagenesis, making its sedimentary record longer-lived than many other forms
of organic matter.

Analytical methods

Molecular analysis of lignin typically begins with an aggressive oxidation step to break
down the biopolymer into various phenolic monomeric fragments. The most widely used
methods are based on the cupric oxide oxidation procedure pioneered by Hedges & Parker
(1976) and refined by Hedges & Mann (1979). Samples of dried sediment or plant material
are placed in a pressure container with an alkaline cupric oxide solution and heated at about
170 °C for several hours in a nitrogen atmosphere. The oxidation products are extracted
with an organic solvent, such as ethyl ether, and analyzed by gas chromatography.
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Interpretation

The oxidation fragments of lignin have been grouped by Hedges & Mann (1979) as a guide
to identifying their plant sources (Fig. 7). A measure of the relative contributions of woody
and non-woody land-plant tissues is given by the C/V (cinnamyl/vanillyl) ratio, which is
the sum of p-coumaric acid plus ferulic acid concentrations divided by the sum of the
three vanillyl phenols. Gymnosperm sources of land-plant residues are distinguished from
angiosperm sources by the S/V (syringyl/vanillyl) ratio, which is the sum of the amounts of
the three syringyl phenols divided by the sum of the vanillyl phenols. Oxidative diagenesis
of lignin components can be inferred from an increase in the total phenolic acids relative
to the total phenolic aldehydes, expressed as the Ad/Al ratio (Hedges et al., 1982; Ertel &
Hedges, 1984).

Lignin phenols isolated from a sediment core from Lake Washington near Seattle,
Washington, have been used to identify four stages in the post-glacial succession of water-
shed plants around this lake. In the bottom of the 11 -m core, low S/V and C/V ratios indicate
an approximately equal mixture of plant tissues from woody (conifers) and nonwoody
(ferns) gymnosperms (Hedges et al., 1982). Between 10 m and 8 m in the core, high S/V and
C/V ratios indicate a predominance of nonwoody angiosperm tissues, probably originating
from marsh or grassland sources. In contrast, pollen data suggest that pines dominated the
watershed during this interval (Leopold et al., 1982). Evidently, the pine pollen records
eolian transport from regions outside the watershed and not fluvial contributions of organic
matter from within the local catchment, as does lignin. High S/V and low C/V ratios from
7 m to 4 m suggest large contributions of angiosperm wood, a conclusion that is consistent
with the abundance of alder pollen. A decrease in the S/V ratio and a constant C/V ratio
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between 4 m to the core top indicates a gradual replacement of deciduous trees by conifers,
which is also consistent with the pollen record (Hedges et al., 1982; Leopold et al., 1982).

Compound-specific isotope ratios

Environmental significance

The isotopic compositions of individual compounds isolated from the mix of molecules that
constitute sediment organic matter are useful to paleolimnological studies. In particular,
carbon isotope analyses of individual biomarker compounds provide a powerful source
of paleoenvironmental information that complements the values of bulk organic
matter. The analytical combination of capillary gas chromatography (GC) interfaced with
isotope ratio mass spectrometry (IRMS) offers rapid, precise, and convenient analysis of

ratios in specific organic compounds isolated from sediment samples. Compound-
specific carbon-isotope GC-IRMS has become the method of choice to determine the
origin of a given organic compound, to explore the effects of diagenesis, and to reconstruct
paleo-depositional settings in ways that neither bulk organic matter characterizations nor
traditional biomarker analyses can individually provide. The advantages arise partly be-
cause different organisms that synthesize the same biomarker will often fractionate carbon
isotopes differently, thereby aiding source identification (Table III), and partly because the

values of individual molecules are not affected by diagenesis as long as the carbon
skeleton remains intact, thereby preserving source identification.

Determinations of the and ratios of selected com-
pounds are also employed in paleoenvironmental studies. Use of these isotopic ratios are less
common than those of yet they each convey special information about the origins
of sediment organic matter, cycling of their respective nutrient element, and conditions of
the past.
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Analytical methods

A capillary GC system is used to separate the mixture of organic compounds that has been
isolated from a sediment sample by procedures described in the sections on “Biomarker
hydrocarbon molecules” and “Lignin oxidation products” in this chapter. Individual organic
compounds are then swept directly from the GC into a combustion reactor where they are
oxidized at ~800-900 °C to produce and For carbon-isotope analysis, the
gases pass through an on-line water removal system, and then the dried flows directly
into the ion source of an IRMS. The coupling of GC and IRMS yields measurements of
both the types and amounts of individual organic matter components and their values.
Brand (1996) and Meier-Augenstein (1999) provide details of GC-IRMS techniques.

Paleoenvironmental applications also exist for compound-specific values of or-
ganic matter from lake sediments. As noted in the “Nitrogen isotope ratios” section of
this chapter, values are sensitive indicators of sources of nitrogen to biota and of
biogeochemical cycles. This sensitivity is especially true for compound-specific
values. However, the analytical challenges are greater for nitrogen isotopes than for those
of carbon (Brenna, 1997; Meier-Augenstein, 1999). Foremost among these is that nitrogen
exists at substantially lower concentrations than carbon in organic molecules and thereby
nears the limit of isotopic measurement. Also, ratios are measured on gas; the

obtained from combustion of the GC-separated compounds must be reduced to
which introduces the risk of isotopic fractionation. Finally, even small leakages of air into
the coupled GC-IRMS system result in a high level of contamination. Despite these
challenges, the potential rewards that are promised by determinations of values of
organic compounds have encouraged continued instrumental advances.

D/H ratios of biomarkers are source-specific proxies for paleoenvironmental hydrologic
balances and water sources. These ratios can be determined using a high-temperature
(1450 °C) pyrolysis system that converts the hydrogen in the organic compounds into gas
for isotopic analysis (Burgoyne & Hayes, 1998). Specialized GC-IRMS units can provide
simultaneous measurements of biomarker concentrations and their D/H ratios (Hilkert et
al., 1999).

Interpretation

Compound-specific values enable source assignments to be made for biomarkers
that have multiple origins. For example, nearly all vascular land plants synthesize long-
chain n-alkanes for use as waxy coatings on their leaves, flowers, and pollen. Application
of n-alkane distributions to deciphering the changes in continental climates that would
modify the types of land plants has therefore been blunted by this non-specific hydrocarbon
biomarker synthesis. Plants that use different carbon-fixing pathways, however, produce
n-alkanes that have different carbon isotopic signatures. The waxy hydrocarbons, as well
as the bulk organic matter, of the leaves of and CAM plants clearly have different

values (Table III).
The distinction between the isotopic compositions of n-alkanes from land-plants having

different metabolic pathways has been used by Bird et al. (1995) to trace the history of
changes in the amounts of and plants in the watershed of the Johnstone River,
northern Queensland, Australia. Clearing of the original forests for sugar cane production
and pastures is recorded in a +3‰ shift in the values of n-alkanes isolated from river
sediments deposited since the late 1800’s. A smaller shift of + 1‰ that occurs in sediments
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deposited around 6 ka may record either a mid-Holocene transition to dryer climate or the
onset of aboriginal slash-and-burn agriculture.

Compound-specific carbon isotope analyses have also proven useful to identifying
origins of organic matter components even in cases where changes in watershed flora
have not occurred. Rieley et al. (1991) compared the values of individual to
n-alkanes extracted from sediments of Ellesmere, England, to those from the leaves of trees
overhanging the lake. Their analyses reveal that willow leaves appear to be the major source
of the sedimentary n-alkanes. Brincat et al. (2000) similarly employed values of waxy
n-alkanes to test the hypothesis that the plants that have dominated the post-glacial flora
around Lake Baikal, Siberia, succeeded a flora dominated by tundra plants during the
last glacial period (Qiu et al., 1993). This interpretation is based on the 3‰ shift to more
negative TOC values that occurs in sediments of this lake at the end of the glacial
period. In contrast to the bulk values, the leaf-wax values remain between –31.0 to
–31.5‰ throughout the entire sediment record, indicating that plants have remained
the dominant vegetation around Lake Baikal since 20 ka.

Changes in the proportions of land-plant and aquatic organic matter delivered to the
sediments of Sacred Lake, Mt. Kenya, from 40 ka to the present have been identified using
biomarker values (Huang et al., 1999a). Plant-wax values reveal a shift from

late-glacial vegetation dominated by grasses and sedges (values of –20 to – 18‰)
to post-glacial vegetation dominated by plants (values of –34 to –27‰). Unsaturated
hydrocarbon biomarkers that are specific to algae undergo a dramatic excursion from values
of –5. l‰ at the glacial maximum to values of – 30.3‰ in the early Holocene. The isotopic
shift shows that the low of the last glacial maximum favored grasses and limited
isotopic discrimination by freshwater algae. Refinement of this reconstruction is provided
by compound-specific analyses of lignin phenols isolated from the lake sediments
(Huang et al., 1999b). The l ignin results support the hypothesis of limitation
favoring grasses and add evidence of increased aridity that enabled dominance of these
plants around Sacred Lake near the termination of the last glacial period.

Xie et al. (2000) employed D/H ratios of the n-alkane that is diagnostic of Sphagnum

in a core from Bolton Fell Moss, Cumbria, England, to explore for effects of climate change
on this aquatic environment. The values of the biomarker hydrocarbon increase to
– 140‰ during two times of warmer climate around 1800 and 1960, and they decrease to
– 180‰ when climate was cooler around 1870. These fluctuations reflect changes in the
amounts of evaporative distillation of bog waters as air temperature increased or decreased.
The hydrogen isotopic composition of the bog water utilized by the Sphagnum changed as
the evaporation rate varied.

Organic matter pyrolysis

Environmental significance

The majority of organic matter in sediments consists of macromolecules that cannot be
characterized by usual chemical analyses. Pyrolysis uses heat to break the large molecules
into smaller molecules that can then be chemically identified. One type of pyrolysis that has
been shown to be of real value to paleolimnology is Rock-Eval pyrolysis, which was initially
developed to evaluate the hydrocarbon potential of petroleum source rocks (Espitalié et al.,
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1985a). This procedure approximates elemental analyses of organic matter in ways that
cannot be duplicated by actual elemental analyses.

Analytical method

Rock-Eval pyrolysis consists of the progressive heating of whole sediment samples and
measurement of the amounts of hydrocarbon-like substances that escape from the sediment
at different temperatures. Signals corresponding to gaseous hydrocarbons, volatile hydro-
carbons, and hydrocarbon components produced due to thermal degradation of organic
matter are generated during heating from 200 °C to 600 °C. The systems also calculate the
amount of created during pyrolysis. TOC is determined as the sum of residual and
pyrolyzed organic carbon contents.

Interpretation

Two Rock-Eval parameters that are particularly useful to paleolimnological studies are:
(1) the Hydrogen Index (HI), which represents the hydrocarbons generated from the total
organic matter expressed in mg and (2) the Oxygen Index (OI), which roughly
represents the amount of oxygen in mg The HI values are proxies for the H/C
ratios of organic matter, whereas the OI values roughly represent the O/C ratios (Espitalié
et al., 1985a, 1985b). These parameters reflect the origin of the sediment organic matter
(Peters, 1986) and are commonly plotted against each other in a Van Krevelen-type HI-OI
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plot. HI-OI plots identify three main types of organic matter and their alteration routes
during thermal maturation (Fig. 8). Type I organic matter is especially rich in hydrocarbon-
producing material that is typically derived from microbial biomass or the waxy coatings
of land plants. Type II organic matter is moderately rich in hydrocarbon-like material that
originates from algae. Type III organic matter is poor in hydrocarbon-generating materials
but rich in carbohydrates; it typifies woody plant matter. Oxidation of organic matter affects
both HI values and OI values. As hydrocarbon-rich organic matter (Type I or I I ) is oxidized,
its hydrogen content decreases while its oxygen content increases, and it takes on the HI-OI
characteristics of Type III organic matter. Talbot & Livingstone (1989) provide a practical
guide to interpreting Rock-Eval analyses that summarizes typical H/C ratios and HI values
of the major types of organic matter delivered to lake sediments.

TOC concentrations and HI values often vary through lacustrine sedimentary sequences
and indicate changes in organic deposition under different paleoenvironmental conditions
(e.g., Talbot & Livingstone, 1989; Hollander et al., 1992; Ariztegui et al., 1996a; Wilkeset
al., 1999; Talbot & Laerdal, 2000). A correspondence between elevated TOC and HI values
is often found in some sediment intervals and implies periods of greater algal paleopro-
ductivity. Of particular interest to paleolimnological studies, variations in the HI values of
sedimentary organic matter appear to reflect changes in algal communities. Ariztegui et al.
(1996b) note that sediments in Lago di Albano, Italy, that have elevated HI values correspond
to periods dominated by cyanobacteria production. In contrast, sediments having lower HI
values were deposited during times when diatom production was dominant.

Summary

Organic matter constitutes a minor fraction of lake sediments, yet it provides important in-
formation for paleoenvironmental reconstructions. The organic matter content of sediments
is made up of the residue of former biota. The amounts and types of organic matter present
in sediments consequently reflect environmental conditions that impacted ecosystems in
and around a lake at different times in the past.

Plants living in the lake and in its watershed are the principal sources of the organic
substances ini t ial ly delivered to a lake system, and changes in the amounts and kinds of
these biota reflect changes in climate and other environmental factors. Microbial reworking
of organic matter components during sinking and early sedimentation markedly diminishes
the total amount of organic matter while replacing many of the primary compounds with
secondary ones. The magnitude and nature of the microbial activity is also influenced by
environmental conditions.

Despite the generally low survival rate for most primary organic compounds, various
organic matter components of lake sediments retain source information and thereby be-
come important parts of paleolimnological and paleoclimatological records. Progressive
eutrophication of lacustrine systems, changes in watershed vegetation, and the advent of
agriculture are some of the paleoenvironmental aspects that can be inferred from geo-
chemical characteristics of sediment organic matter. Bulk parameters, such as elemental
and isotopic compositions, Rock-Eval pyrolysis results, and lignin oxidation products give
summaries of changes in delivery of organic matter to lake sediments. Carbon/nitrogen
ratios of total organic matter can reflect original proportions of aquatic and land-derived
material. Carbon isotopic compositions indicate the history of productivity and carbon
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recycling within the lake and provide evidence of changes in watershed vegetation that
may have accompanied climate change. Nitrogen isotopic compositions record some of
the dynamics of biogeochemical cycles and consequent availability of nitrogen to algae.
Changes in hydrogen isotopic compositions of lake-derived organic matter reflect changes
in hydrologic balances of aquatic environments. Biomarker hydrocarbon compositions
indicate relative abundances of trees, shrubs, and grasses in former times.

Processes active in the lake water, in the lake catchment, and in the lake bottom impact
the organic matter content of sediments, both in creating the components that collectively
constitute total organic matter and in altering and degrading them. Because of the multiplic-
ity of processes, multiple organic matter paleoenvironmental proxies should be employed.
An incomplete and potentially misleading paleolimnologic reconstruction may result if
only one or two proxies are used. Comparison of several independent organic geochemical
proxies helps not only to improve interpretations of paleoenvironmental change but also to
identify more of the processes that have participated in the changes.
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Introduction

In 1998, the United Nations Economic Commission for Europe (UNECE) issued a Protocol
on Long Range Transport for a hemispheric reduction of emissions of 16 persistent organic
pollutants (POPs) (UNECE, 1998). With the exception of polyaromatic hydrocarbons, these
chemicals are all halogenated organic compounds (Tables I and II) that are characterized
by a high toxicity, a relative insolubility in water, and a high capacity for environmental
persistence and biomagnification in foodchains. Many of these chemicals or their metabo-
lites have been shown to affect immune and reproductive systems, and some are known
for their ability to interfere with endocrine function. Perhaps the best known case is the
metabolite p,p’-DDE which has been linked to egg shell thinning in birds (Longcore &
Stendell, 1977) and has anti-androgen properties (USEPA, 1997a).

Their environmental persistence is due in part to the fact that the carbon-chlorine cova-
lent bonds have a relatively high bond strength, which imparts stability and environmental
persistence to these molecules (Fiedler & Lau, 1998). Once these chemicals are dispersed,
they are capable of persisting for many years in the environment, with environmental half-
lives often on the order of years to decades (Mackay et al., 1992, 1997). Most POPs are
only sparingly soluble in water (Table I) with water solubilities ranging between
and (Mackay et al., 1992, 1997). The fact that they are rapidly assimilated in
lipids and are excreted and metabolized very slowly causes them to be biomagnified with
concentrations increasing at each trophic level. In some cases, lipids from top aquatic
carnivores in freshwater systems (e.g., lake trout, burbot) are more than times more
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concentrated than the water as a result of bioconcentration and biomagnification processes
(Kidd et al., 1995).

The 15 halogenated POPs (Table I) actually consist of more than 500 individual com-
ponents ranging from mono-chlorobiphenyls and monochlorodibenzo-p-dioxins/dibenzo-
furans, to decachlorobiphenyls, decachlorobornanes and mirex. The above chemicals are
all semi-volatile to varying degrees, which means that they may be found in gas phase and
in condensed phases (water, soil, sediments) at ambient temperatures and pressures. The
lower chlorinated PCBs, HCH isomers and other components with higher vapor pressures
have the capacity to evaporate in warm environments and condense when they encounter
cold temperatures at high latitudes (e.g., Wania & Mackay, 1993, 1996) and altitudes (Blais
et al., 1998). This fractionation process has raised concerns for more remote ecosystems
that may be impacted by industrial and agricultural activities in tropical and temperate
latitudes, as discussed further below.

Because of the persistence and hydrophobicity of these chemicals, lake sediments can
act as strong sinks, and thus are potentially useful to determine a chronological sequence
of contaminant deposition. Such paleolimnological investigations are frequently used to
examine changes in contaminant loading through time, as well as to identify sources and
trajectories based on spatial patterns of chemical composition in sediments. Many processes
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affect the distribution of organic contaminants in sediments, and historical interpretations
of sediment cores must consider these factors. In this chapter, we discuss advances in
extraction and analytical methods for chlorinated contaminants, review some of the major
processes that affect the fate of persistent organic pollutants, and discuss their implications
for paleolimnological investigations.

Advances in extraction and quantitative analytical techniques

for POPs in sediment

Reliable extraction and quantitation procedures are clearly essential for the determination
of POPs in sediment. During the 1950’s and ‘60’s, it was established that methods used for
extraction of pesticides from plant and animal tissue, such as Soxhlet extraction, shaking
or blending of a dry sample mixture with an organic solvent, worked well for isolation
of chlorinated pesticides from soils with some modifications (Saha, 1971; Chiba, 1969).
The major modification was the use of polar solvents (e.g., dichloromethane DCM), or
mixtures (acetone:hexane, 1:1) which were found to give better recoveries of POPs in soils
than nonpolar solvents like hexane. More robust conditions (e.g., using alkaline or acid
preextraction), did not improve recoveries of neutral organics such as chlorinated pesticides
from soils because of co-extraction of humic and fulvic acids which created problems in
subsequent isolation steps (Chiba, 1969). Also some chlorinated aliphatic pesticides (e.g.,
DDT) were susceptible to degradation (dehydrochlorination) under alkaline conditions.
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Although early method development work was done on soils, the methodology was
soon adopted for sediments (Miles & Harris, 1971). Most studies now use rather sim-
ilar extraction, isolation and quantitation methodologies reflecting the maturity of the
knowledge base on this topic. We will not attempt a comprehensive review of analytical
methods for sediments, but instead present an overview of quality assurance, extraction,
isolation and quantitation steps widely used for determination of POPs. For greater detail
we recommend the reader consult well-reviewed analytical methods publications such as
USEPA Methods 1613, 1668 and 3541 and ASTM (1989). Our aim is to inform scientists
in the paleolimnological and related environmental organic geochemistry area of the basic
steps and quality assurance criteria for the determination of POPs in sediments, and then
discuss factors that affect their distribution in sediments.

Quality assurance steps in the determination of POPs

During sample collection

In general there are few standard, well-documented procedures for assuring quality control
of field collection of sediments for POPs. The basic approach is to consider the possible
sources of contamination during all phases of the field work from collection, transport to
and from the site, and during storage. Most contamination from POPs arises from past
use of PCBs in building materials and electrical devices, past use of organochlorine (OC)
pesticides for pest control, and from combustion (polyaromatic hydrocarbons (PAHs), and
polychlorinated dibenzo-p-dioxins and furans (PCDD/Fs). Sediment coring devices should
be rinsed with solvent (acetone is useful), air-dried and stored in polyethylene bags or other
sealed containers during transport. Between sites, thorough washing with water from a
clean field site, followed by solvent rinsing, is satisfactory except for highly contaminated
sediments. At the latter sites, additional rinsing with solvent and trace residue grade water
may be required. During extrusion of cores, samples should be placed in clean, thick
walled, polyethylene bags and tightly sealed, or stored in pre-cleaned glass jars with Teflon
or aluminum foil lined screw caps. Polyethylene is a suitable storage medium for sediments
in our experience, but may contain plasticizers (phthalates) and flame retardant chemicals.
As a precaution, it may be useful to ask the analytical laboratory to pre-extract a sample of
any container being considered for use by rinsing with solvent (e.g., DCM or hexane), to
determine if it contains any compounds interfering with the analysis of POPs.

By definition, POPs are quite stable in sediments in the short term and therefore samples
can be safely stored for periods of months to years at 0°C or lower. To date there have
been no storage stability studies of POPs in sediment; however, slow dechlorination is a
common degradation pathway in the environment e.g., DDT to DDD. A more pressing
concern is avoiding contamination from the storage building. Buildings built prior to the
mid- 1970’s are likely to have PCBs in air (Wallace et al., 1996) which may eventually
contaminate samples that are not in well-sealed containers with low levels of contamination.

In the laboratory

For low level (i.e., low ng/g dry weight PAHs and PCBs and pg/g level PCDD/Fs), some
laboratories conduct analyses for POPs in Class A clean rooms. These rooms are physically
isolated from other laboratory space by special entry passages, and utilize positive pres-
sured, carbon and HEPA filtered air. This reduces inadvertent introduction of lab air which
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can contain elevated levels of some contaminants found in building materials (e.g., PCBs in
paints, window gaskets), computer equipment (e.g., brominated diphenyl ethers), and PAHs
from urban dust and fuel sources. All solvents used for extraction are glass distilled, trace
residue grade. Glassware is precleaned by rinsing with solvents. Many laboratories preheat
glassware in clean ovens to 300–400°C overnight to remove semivolatile contaminants.
Sodium sulfate is heated at 600 °C before use.

Sample preparation and extraction steps

Extraction, isolation and quantitation steps for POPs are summarized in Figure 1. Soxhlet
extraction remains the method used by most analysts for recovery of chorinated pesticides
and PCBs from sediments, and the one which other techniques such as shaking with
solvent, ultrasonication, microwave assisted extraction, pressurized fluid extraction (PFE)
and supercritical fluid extraction, are compared.

Prior to extraction in a Soxhlet apparatus or by other related techniques such as pres-
surized fluid extraction (PFE), an anhydrous mixture is prepared usually by mixing wet
sediment (excess water removed by decanting or low speed centrifugation) with anhydrous,
precleaned sodium sulfate. Pre-drying of sediment (by freeze drying, oven or air drying)
has been commonly employed but is not recommended for sediments with low levels of
POPs because of possible contamination from laboratory air (Wallace et al., 1996; Alcock
et al., 1994).

Analysis of clay-silt fractions rather than bulk sediments has also been recommended
because these fine particle fractions usually contain most of the mass of hydrophobic
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organics (Price & Birge, 1999). This is less of a problem for sediment core material, which is
generally fine grained if collected from depositional zones. Furthermore, excessive handling
of the sample (e.g., wet or dry sieving to isolate the fine fraction), may give rise to additional
contamination as discussed above.

Surrogate recovery standards are added to each sample at the extraction step to monitor
the performance of the extraction and cleanup steps. PCBs 30 and 204 are often used
because they are not present in commercial PCB mixtures. For samples to be analysed by
mass spectrometry, these surrogates are usually deuterated (PAHs) or labelled (most OC
pesticides. PCDD/Fs and PCB congeners). Sample batches (6–12 samples) should include
a blank (all reagents except sediment) and a certified reference material. Soxhlet extraction
times vary widely but relatively long contact times i.e., >6 hrs are generally used. For
OC pesticides and PCBs, most laboratories use dichloromethane or acetone:hexane. For
PCDD/Fs, which are sparingly soluble in DCM, toluene is recommended as the extraction
solvent for sediment either by itself or as a second extraction (Oehme et al., 1993).

Use of certified reference sediments is critical to evaluating performance of extraction
and subsequent analytical steps. Sediment CRMs are available from the National Institute
of Standards and Technology (NIST, Gaithersburg MD, www.Nist.gov), BCR (Brussels),
Environment Canada, National Water Research Institute (www.cciw.ca) and National Re-
search Council of Canada (Halifax). These sediments have been thoroughly analyzed for
a range of POPs by independent laboratories. While surrogates added at the extraction
step allow evaluation of any losses of analyte during extraction and isolation steps, they
do not evaluate the recovery of naturally incorporated contaminants in sediments. This is
only possible by using labeled chemicals incorporated in the field (Chiba, 1969; Saha,
1971) or in long term incubations of sediment where the analyte has been well equilibrated.
Although relatively expensive, CRMs are useful for comparing extraction efficiencies of
various solvents and techniques because results for individual analytes can be compared
with the certified values. A limitation to this approach is that CRMs are usually certified
only for a limited suite of individual PCB congeners or OC pesticide components.

Isolation steps

Sediment extracts usually contain co-extractive pigments, plant waxes and other related
nonpolar components, as well as sulfur. If acetone has been used for extraction, it can be
removed by partitioning with water and hexane (Gchswend & Hites, 1981). Sulfur removal
is accomplished by stirring the crude extract with activated copper filings (prewashed with
HCl and stored in hexane) or mercury. The sample extract is then concentrated to small
volume using a rotary evaporator. The residual extract is exchanged into a nonpolar solvent,
usually hexane or pentane, by rinsing the flask with small amounts of solvent. It is critical
to have the final extract in a nonpolar solvent for chromatography steps.

Removal of co-extractive pigments is generally accomplished using silica or Florisil
columns (Fig. 1). For PAHs, alumina is also used. Alumina columns may dehydrochlorinate
some aliphatic organochlorines, and therefore should be avoided if halogenated compounds
are being determined. Florisil is known to retain PAHs and planar halogenated aromatics
such as PCDD/Fs, and so is generally not used for these analytes. Additional cleanup
steps are usually employed for isolation of PCDD/F and coplanar PCBs in sediment. These
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include use of KOH coated silica, sulfuric acid coated silica and carbon columns (Kjeller &
Rappe, 1995; Oehme et al., 1993). Size exclusion chromatography using high performance
liquid chromatography (HPLC) columns has also been used for isolation of POPs especially
PAHs. A typical procedure (Fig. 1) is as follows: Florisil columns (1.2% deactivated; 100–
200mm mesh) are prepared by carefully pouring preweighed Florisil into hexane filled
columns (1 cm outer diameter). The column is topped with anhydrous sodium sulfate. The
hexane is drained to the top of the column and sample extract is carefully added with a
Pasteur pipet. The sample is rinsed into the column and then a reservoir is added, and hexane
is used to elute PCBs and other very hydrophobic OCs. The hexane is followed by elution
with hexane:DCM (15:85) to isolate HCH, toxaphene, chlordane related compounds, p,p’-
DDT and other moderately polar OC pesticides and finally, elution with (1:1) hexane:DCM
to elute dieldrin, endosulfan and heptachlor epoxide. Actual volumes of eluate will depend
on length and volume of the column bed and are adjusted for each batch of absorbent.
PCBs and OC pesticides are isolated and separated on silica columns with similar elution
solvents. PAHs are generally separated from saturated hydrocarbons by the same type of
elution scheme; first elution with hexane or pentane for the alkanes then with DCM for
PAHs (Gschwend & Hites, 1981; Yunker et al., 1996).

Quantitative analysis by gas chromatography

Capillary gas chromatography coupled with a electron capture detector (ECD) and/or a
mass spectrometer (MS) is universally used for analysis of the 500+ components of the 16
POPs (Table I). The only exception is for PAHs where HPLC with fluorescence detection
is a practical alternative especially for unsubstituted 3 to 5 ring compounds.

A reliable supply of analytical standards is crucial for quantitative analysis of POPs.
Unless the laboratory has good facilities for storage and handling of pure, crystalline
standards, it is preferable to purchase analytical standards in pre-certified solutions from
commercial suppliers. These standards must be stored so as to limit evaporation of solvent.
Working standards are prepared, in the solvent used for gas chromatography (GC) injection,
from a more concentrated solution for daily or weekly use.

Capillary GC-ECD separation of POPs is conducted with a DB-5
(5% phenylmethyl silicone open tubular coated) column or with dual 30 or 60 m DB5
and DB17 columns using hydrogen or helium carrier gas. Various film thicknesses of
the liquid phase on the column are available; typically 0.1 to are used. The use
of dual columns allows confirmation of PCBs and OC pesticides which co-elute on one
column but not on another. Pressure programming, now widely available, aids in resolution
especially of higher molecular weight OCs (higher chlorinated PCBs) which have long
retention times. Split-splitless injection is generally used because it is less susceptible to
contamination of the injection port from co-extractive materials remaining in the isolated
extracts, compared with on column injection. Automated injection systems are widely used
as they give improved reproducibility compared to manual injections.

GC-MS is conducted with the same types of capillary columns using He carrier gas.
Gas chromatographic conditions are usually similar to GC-ECD. There are a range of
possible detection modes for POPs by GCMS and the reader is referred to recent texts
on the subject (Chapman, 1995, Oehme, 1999). Electron ionization (EI) mode is used for
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determination of PAHs and PCBs. This mode involves ionization, typically at 70 eV, with
detection of positive ion fragments. High sensitivity is achieved for aromatic compounds
which do not fragment and yield intense parent ions. Electron capture negative ionization
MS detection is a softer ionization technique widely used to detect highly chlorinated
compounds especially chlorinated aliphatics such as toxaphene, which fragment in EI mode.
In this mode, methane or argon are used as modifying gases in the ionization source of the
mass spectrometer and negative ions are detected. Quantitative analysis by GC-MS is often
performed by “isotope dilution” technique in which or deuterated internal standards,
added at the extraction step, are quantified and the amount of native compounds present in
the sample is determined by a ratio to the known amount of surrogate present. This method
has the advantage of adjusting automatically for losses of analyte in the workup steps. It
can only be applied to analytes that are structurally identical or behave very similarly to
the surrogate during extraction and isolation steps. In addition to surrogates added at the
extraction step, other surrogates are usually added just prior to GC-MS (or ECD analysis)
to correct for small changes in volume of the solvent in the vial used for injection into the
GC. This permits use of small final volumes (e.g., ) or smaller in the case of PCDD/F
analysis. Confirmation of the identity of each peak by GC-MS is based on retention time
and correct ratios of 2 characteristic fragment ions using selected ion monitoring. Using
high resolution MS improves the specificity of the analysis for POPs and is required in
standard methods of analysis of PCDD/F and co-planar PCBs (USEPA 1613, 1668). With
the higher resolving power of the high-resolution mass spectrometer (HRMS), characteristic
ions are distingished at millimass resolution resulting in fewer false positives and lower
detection limits.

At least 150 individual organochlorines that make up the 15 organohalogen compounds
on the POPs list (Table I) can theoretically be routinely quantified by capillary GC-ECD
using commercially available standards and peak integration software. A list of these com-
pounds (with some co-eluting PCB congeners) is given in Table i. It must be stressed that it is
difficult and time consuming to achieve reproducible results for all components, especially
those at low concentrations. Inter-laboratory studies of PCB congeners in marine sediment
have shown that the majority of experienced laboratories were within 20% of target values
in cleaned up and non-cleaned up sediment extracts for 10 major PCB congeners (de Boer,
1998). Other studies have shown that good agreement between experienced labs can be
obtained on far larger number of PCB congeners and OC pesticides in biological samples
(Schantz et al., 1996).

Method detection limits

Detection of POPs in sediments, especially in samples from remote locations, is limited by
sample size, sensitivity of the instrument, reproducibility of the injection and instrument
response, and blank values. Method detection limits (MDLs) are calculated taking into
account these parameters (Keith, 1991). The MDL is usually defined as the blank value for
an analyte in a reagent blank (or the practical instrumental detection limit if the blank is
zero) +3*Standard deviation of the analyte peak in a low concentration sample or blank
(Keith, 1991). The risk of false positives or negatives becomes progressively lower the
higher the result is above the MDL and is 0.1% at 6xSD above the mean blank. This latter
limit is called the Reliable Detection Limit (Keith, 1991). Typically MDLs for GC-ECD for
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a 10 g dry weight sediment sample analysed at a final volume of range from 0.02
to 0.03 ng/g for PCB congeners and most OC pesticides assuming no blank interferences.
Method detection limits of POPs by GC-MS under low resolution EI-MS conditions are
generally about 10x higher than for ECD. HRGC can achieve similar or lower MDLs than
GC-ECD for halogenated aromatics in EI mode and for many halogenated aliphatic POPs
under ECNI conditions because of higher specificity and lower blank values.
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For determination of low levels of PCBs and OC pesticides in sediment cores, a slice
dated to pre-1900 (i.e. prior to manufacture of PCBs) should also be analysed as a control
sample. Frequently these deep slices have low levels of PCBs due to smearing of sediments
downcore as the coring tube penetrates the sediments. These sediments also control for
contamination on storage, or during preparation (e.g., drying). Consideration should be
given to subtracting the results (congener by congener) for the deep slice. Results are
expressed on a ng/g dry weight (dw) blank corrected basis.

Recent advances in analysis for persistent organics not classified as POPs

While the 15 halogenated POPs and PAHs are best analysed by GC-ECD and GC-MS, many
other organic compounds in current use have similar physical properties and can be expected
to partition to sediments in aquatic systems although they may be less persistent. The nonyl
phenol ethylate surfactants have been shown to be relatively persistent in sediments. Anal-
ysis by HPLC-triple quad MS permitted the ethoxylates and nonyl phenol to be determined
simultaneously (Shang et al., 1999). The short and medium chain chlorinated paraffins,
which are complex mixtures of C10–C17 chlorinated n-alkanes, have been determined
in sediments by GC-high resolution ECNI MS (Tomy et al., 1997, Tomy & Stern, 1999)
following conventional extraction and cleanup procedures (Fig. 1).

Selecting an analytical lab

Leading analytical laboratories in the field of POPs measurements in sediments and soils
are certified by national or international standards organizations to recognized standards
such as ISO-9000. These standards ensure that sample handling after being received by
the lab, certification of personnel, record keeping, storage and use of analytical standards,
method certification, performance in interlab tests, and archiving of data are consistently
maintained. This is essential for work that may have regulatory and legal implications. These
rigorous standards come at a price. Typically costs per sample are relatively high and in some
cases there is a lack of flexibility for determining new contaminants or meeting low detection
limit criteria. Research oriented work on pathways and fate of POPs does not always
require this level of rigor. Good quality analyses of POPs in sediments, acceptable in peer
reviewed environmental science journals, can be accomplished by using a common sense
approach in which most of the quality assurance steps recommended by leading certification
organizations are adopted without seeking independent certification. This is a practical
alternative, especially for university based scientists and those in developing countries,
who may have experienced laboratory personnel and basic equipment for analysis, but may
lack funding for submitting samples to a certified lab.

Transfer processes in lakes

Conducting a comprehensive paleolimnological study of persistent organic pollutants re-
quires an understanding of the processes that lead to the eventual burial of these chemicals
in sediments. Once chemicals are released into the environment, they will enter aquatic
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environments via direct deposition on lake surfaces, and by fluvial sources. Direct deposi-
tion occurs by wet and dry deposition and by vapor exchange, each of which is shown in
Figure 2. Once these compounds are in the water column, there will be an exchange between
dissolved and adsorbed phases, with the latter settling to bottom sediments. Resuspension
may result from bioturbation due to benthic invertebrates in surficial sediments as well
as by physical resuspension by waves and water currents. Transformation by microbial
metabolic processes may also result in removal of the deposited organics if the products
are more water soluble. Ultimately, the distribution of organic contaminants in sediments
will depend upon all of these processes.

Air-water gas exchange

Multimedia models and field data indicate that this is a dominant process for the transfer
of persistent organic pollutants to lakes (e.g., Bidleman & McConnell, 1995; Mackay &
Wania, 1995). Fluxes of air-water gas exchange are typically calculated using the two-film
resistance model (Schwartzenbach et al., 1993). Fluxes can be in either direction and depend
upon air and water concentrations, partition coefficients, and air and water resistivities.

In natural waters, the ‘dissolved’ concentration that is measured will contain
POPs that are associated with colloids that pass through the glass fiber filter (GFF), yet
are not directly involved in the process of gas exchange. We therefore adjust to
account for sorption to colloids. Work on the binding of POPs to dissolved organic carbon
(Landrum et al., 1984, Chin et al., 1997) shows that the relation between the colloid-water
partition coefficient and the organic carbon-water partition coefficient
can be estimated simply by
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is estimated from the octanol-water partition coefficient ( Table I) using the
equation of Karickhoff (1981):

The actual dissolved concentration is estimated using the measured dissolved con-
centration and the concentration of DOC [(DOC), ] as follows:

The flux of organic compounds across the air-water interface is
calculated with this estimate of

where is the overall mass transfer coefficient is the air (vapor) concen-
tration of the compound H is Henry’s Law constant R is the
universal gas constant and T is absolute temperature (K). A negative
value indicates a net flux to the water, and a positive value indicates a net flux to the air.

is determined on the basis of air-side and water-side resistance as follows:

where and are the liquid and gas transfer coefficients The air-side and
water-side resistance is analogous to electrical resistance. For example,
may be defined as the sum of air side resistance and water side resistance

Air-side resistance is calculated using an empirical equation with air diffusivities
Henry’s constant (H, ), wind speed at 10m height and

RT (Schwartzenbach et al., 1993):

Likewise, water-side resistance is calculated with water diffusivities and as follows
(Schwartzenbach et al., 1993):

Values used for and are and respectively. All
other diffusivities are calculated using the compounds’ molecular weights (M) with the
following equation (Schwartzenbach et al., 1993):
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Wind velocities are determined with an anemometer and adjusted to a 10 meter height
using:

where z is anemometer height and is wind speed at that height (m/sec). Note that
Henry’s Law constants must be corrected for water temperature at time of sampling. This
is accomplished a number of ways, typically using the format described in Table IV. See
also reviews by Hulscher et al., (1992); Passivirta et al., (1999); and Bamford et al., (1999).

Air-water gas exchange is one of the dominant processes for the delivery of most POPs
to remote areas and is strongly affected by temperature (eq. 4). For example, a drop of 8 °C
in water temperature resulted in a drop in volatilization rates from to

in the Bering and Chukchi Seas (Jantunen & Bidleman, 1996). Declining
air concentrations of lindane in recent years has caused gas exchange in the Bering
Sea to shift from a net deposition of lindane in the late 80s to a net volatilization by 1993
(Jantunen & Bidleman, 1996). Similar declines in air concentrations of PCBs have caused
the Laurentian Great Lakes to become regional sources of PCBs by net volatilization from
the water (Jeremiason et al., 1994). These authors showed that volatilization from the lake
surface, not sedimentation to the lake bottom, was the dominant loss mechanism of PCBs
in Lake Superior.

Atmospheric deposition

In theory, a water drop equilibrating with airborne pollutants in the vapor phase is inversely
proportional to Henry’s Law.
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where is the dimensionless gas phase scavenging efficiency, R is the universal gas
constant and H is Henry’s Law constant In practice,

where is the dissolved concentration of the pollutant in rain.
The dimensionless particle phase scavenging efficiency is defined as

where is particle concentration of contaminant in rain, and is particle concen-
tration of contaminant in air. usually ranges from to and depends on particle
size, particle concentration, precipitation intensity and the nature of the precipitation event
(Gatz, 1975).

The total flux  of chemical by wet deposition is:

where is the fraction of total atmospheric solute concentration on the particle phase and
is the total atmospheric solute concentration (vapor + particles) in and P is

precipitation Wet deposition therefore depends on both vapor dissolution and
particle scavenging by rain drops. The dominance of one process over the other depends
on the gas phase and particle phase scavenging efficiencies. For example, compounds with
higher H will have smaller gas phase scavenging efficiencies (eq. 6) thus vapor dissolution
in water droplets would be small compared to particle scavenging by rain.

Atmospheric deposition of solutes on particles (Flux by dry deposition,
is estimated simply as:

where is deposition velocity Dry deposition of many organic contaminants
to lakes is generally small compared to wet deposition, with the possible exception of urban
areas where aerosol concentrations (and thus ) are much higher than remote locations.
Wet deposition is typically a dominant delivery process to water surfaces in remote areas
for many of the chemicals in Table I (Hoff et al., 1996, Jeremiasson et al., 1999). Dry
deposition may be a dominant process in urban areas, however, as was recently shown in
populated areas around Lake Michigan (Franz et al., 1998).

Sedimentation

The loss rate of POPs by sedimentation can be defined as follows:

where is the mass sedimentation rate is the inventory of total
suspended sediment in the water column on a volume basis is the fraction of
chemical on suspended particles, and RR is the sediment recycling ratio.

The recycling ratio is the ratio of chemical concentration on settling solids relative
to the chemical concentration on surficial sediments and represents the extent that the
contaminants are degraded and desorbed from particles before sediment burial. Recycling
ratios for polychlorinated biphenyls (PCBs) were shown to range from 5 to 2400 in Lake
Superior (Baker et al., 1991) with the higher values for lower molecular weight congeners
(Fig. 3). These results clearly show that the sediment core profiles are skewed relative to
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the congener abundance of settling particles, thus the concentrations of contaminants in
the sediment record are not identical to contaminants in suspension in the water column
and interpretations of the data must reflect this fact. Comparing chemical composition on
settling particles with that of surface sediments may allow a clearer interpretation of the
core profile by identifying those compounds that resist rapid degradation or desorption
from sediment.

The effect of lake trophic status

Sedimentation of phytoplankton biomass is an effective pump for contaminants to sedi-
ments. Several studies have shown that phytoplankton biomass can significantly influence
POP distributions in the water column (e.g., Baker et al., 1991; Dachs et al., 1997; Dachs
et al., 1999). In general, high biomass results in lower concentrations of POPs in phytoplank-
ton (Chung et al., 1999) and water (Larsson et al., 1992) and high rates of phytoplankton
biomass production result in rapid depletion of POPs in the water column (Axelman et al.,
1997). This, in turn, affects air-water gas exchange (eq. 4) by altering Lake trophic
status thus impacts the flux of PCBs and other POPs across the air-water interface, and thus
will affect the deposition of POPs in sediments when nutrient availability and phytoplankton
dynamics are altered.

In experimental fertilization studies at the Experimental Lakes Area in northwestern
Ontario, Jeremiasson et al. (1999) compared rates of gas exchange, wet and dry deposition,
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and settling velocities of PCBs in a control lake and an experimentally fertilized lake.
Figures 4 and 5 demonstrate increased sedimentation and gas absorption rates of PCBs and
decreased rates of volatilization in the experimentally fertilized Lake 227. This occurred
because higher plankton biomass scavenged more POPs from the water column, effectively

can be determined by first calculating the effective porous media diffusivity
as follows:

decreasing and driving up the net flux of gas absorption to the water (eq. 4). Bergland
(1999) showed that the mass of PCBs in surface and subsurface sediments of 19 Swedish
lakes was positively related to lake trophy as measured by total phosphorus concentra-
tions in lake water, and concluded that higher sedimentation rates in the eutrophic lakes
were responsible.

These results indicate that altering lake trophic status will alter air-water dynamics of
POPs and affect the rate that these chemicals are delivered to lake sediments. However,
the impact of changing lake trophic status on the rate of contaminant delivery to lake
sediments is still poorly known. Reductions in emissions of PCBs and other POPs in the
Great Lakes since the early 70s have coincided with declines in lake trophic status. The
declines in contaminant delivery to the sediments since the 1970s are likely the result of both
reduced PCB emissions, altered air-water dynamics from declining PCB concentrations
(Jeremiasson et al., 1994), and lower phytoplankton abundance.

Molecular diffusion

Diffusion in sediments can cause a net downward migration of POPs with the result that
their presence may appear in sediment horizons that are ‘too early’. The diffusion distance
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where is sediment porosity, is a measure of tortuosity in porous media, is the
particle adsorption coefficient is sediment bulk density and is
the aqueous solution molecular diffusivity Next, the solute quantity diffused
per unit area of sediment (Q/A) is calculated as follows:

where is the initial concentration
Penetration depth (Z, cm) can be calculated from Edgington et al. (1991):

where t = time. Since is inversely proportional to the sorption coefficient, compounds
with low or values such as HCH isomers, and hexa- and hepta-chlorinated toxaphene
components, can be expected to have relatively high pore water diffusivities. Miskimmin
et al. (1995) estimated that heptachlorobornanes had Z values of 2.7 cm after 30 years
in Chatwin Lake (AB), a lake that had been treated with toxaphene in the early 1960’s.
This accounted for the relatively broad peak of unaltered toxaphene observed in the core
both above and below the slice dated (with and to the year of addition
of the chemical. The analysis of lake and reservoir sediments known to be historically
contaminated with various POPs provides additional confirmation of dating techniques,
as well as a better understanding of the processes leading to loss and dispersion of the
added chemicals.

Mixing depth and its effect on resolution are important considerations in the interpre-
tation of concentration profiles of POPs in sediment (Eisenreich et al., 1989; Wong et al.,
1995). The intrinsic resolution the period over which any change in input rate of a
chemical species wil l not be detected within the sediment profile, is dependent on sediment
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mixing occurring at a steady-state (Eisenreich et al., 1989). is calculated using the
equation:

Mixed depths can be inferred from the profile, or by analysis of short-lived radio-
isotope tracers in sediment like Wong et al. (1995) found values of ranging from
4 to 16yrs in Lake Ontario. The intrinsic resolution in 6 southern Yukon Lakes and in
Lake Winnipeg ranged from 1 yr to 15 yr (Rawn et al., 2001). The depositional history
of chemicals, such as whose input flux (or decay rate) varies over a time period
greater than may not be preserved in sediment within the mixing zone because mixing
will obscure the trend. Eisenreich et al (1989) concluded that the historical profile of POPs,
which have shorter input half lives than decay, will not be destroyed.

Post-depositional transformation processes

It is important to consider post-depositional transformation processes when interpreting
historical deposition patterns of POPs in sediments. Although these compounds are per-
sistent by definition, it is possible for transformation processes to alter their abundance,
particularly over the course of decades. A critical step in the degradation of chlorinated
organic compounds is the cleavage of the carbon-chlorine bond. This may occur by hy-
drolysis, or through reductive dechlorination, which consists of a replacement of a chlorine
substituent with a hydrogen atom.

In aerobic environments, several bacteria have been shown to degrade PCBs and other
chlorinated organic compounds using mono- and dioxygenase systems, including Aci-

nobacter, Bacillus, Acetobacter and Pseudomonas. However, as PCBs must be used as
a carbon source, this process is thought to be minor in most natural sediments where
PCB concentrations are only a few ng/g (Rochkind et al. 1986). Under anoxic conditions
(redox potential <-300mV) reductive dechlorination of chlorinated organic compounds
may occur. Reductive dechlorination tends to be more rapid for compounds with a high
number of chlorine substituents (like PCBs, hexachlorobenzene, hexachlorocyclohexane,
etc.) In the case of PCBs, it has also been shown that reductive dechlorination reduces
chlorines in meta- and para substituted positions, resulting in an accumulation of ortho-
substituted PCBs over time (Young & Haggblom, 1991).

Although aerobic degradation of lindane is thought to be negligible in sedi-
ments (Fiedler & Lau 1998), under methanogenic conditions, successive reductive dechlo-
rination of lindane can produce monochlorobenzene and other constituents (Fiedler & Lau,
1998, and references therein). Studies carried out on anaerobic and aerobic sediments
showed bio-isomerization of and was the most
persistent isomer in a field environment due to bio-isomerization of into
and to the greater chemical stability of the latter isomer (Wu et al., 1997).

PCBs having 6 to 10 chlorines are reductively dechlorinated (Brown, 1987; Brown
& Wagner, 1990; Quensen et al., 1990). Under anoxic conditions, enrichment of mono-
and dichlorobiphenyls relative to tri, tetra- and penta- chlorobiphenyls was greater than
in aerobic sediments indicative of reductive dechlorination in the anoxic environments
(Brown, 1987). Meta- and para- substituted chlorines were removed from chlorinated
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biphenyls having 3 to 6 chlorines in anaerobic incubations of lake and river sediments
in the laboratory. Greater dechlorinating ability was associated with PCB contaminated
sediments which suggests that there has been a selection of microorganisms capable of
dechlorination. The microorganisms capable of dechlorinating PCBs may be able to use
PCBs as terminal electron acceptors and/or may use the energy potentially available from
dechlorination. Anaerobic degradation may lead to other “hexane extractable” products
besides dechlorinated PCBs (Rhee et al., 1993).

Congener-specific analysis of PCBs in Lake Ontario cores indicated that PCB concen-
tration profiles in sediments were affected by diffusion and degradation from reductive
dechlorination below the mixing zone (Eisenreich et al., 1989; Wong et al., 1995). These
processes modified, but did not destroy the historical input record, which resembled the
known history of PCB releases in North America (Eisenreich et al., 1989).

Reductive dechlorination in anaerobic sediments also caused the conversion of pp’
DDT to p,p’-DDD. Sediment half-lives of pp’ DDT were estimated to be between 14 and
21 years in Lake Ontario sediments with order kinetics (Oliver et al., 1989) thus rates
of degradation in sediments could be considered to interpret historical deposition. For
example, the rate of reductive dechlorination of DDT in sediment cores was calculated by
plotting 1n (DDT/ DDT + DDD) vs. sediment age as inferred by (Oliver et al., 1989).
Muir et al. (1995) found that the proportion of DDD/DDD + DDT increased downcore
in many lakes along a mid-continental transect from Northwestern Ontario to Ellesmere
Island (Canadian High Arctic). The half-life for anaerobic conversion of DDT to DDD was
<20 years in most lakes (assuming a constant ratio of DDD/DDT input to sediments).

Reductive dechlorination of toxaphene homologs has also be observed in Lake On-
tario sediments (Howdeshell & Hites, 1996). Amounts of hexa- and heptachlorobornanes
were shown to increase with increasing years of burial of the sediments. Miskimmin et
al. (1995) and Stern et al., (1996) identified a hexachlorobornane, B-923 (Hx-sed), and
a heptachlorobornane (B7-1001) as stable endproducts in lake sediments treated with
toxaphene. The appearance of B6-923 and B7-1001 in sediments from Yukon lakes appeared
to be consistent with past use patterns of toxaphene for biting fly control, while low amounts
were consistent with solely atmospheric sources (Stern et al., 1998). Enantiomer ratio (ER)
values for these congeners in one of the lakes treated with toxaphene showed evidence for
enantio-enrichment of B7-1001 but not B6-923 (Vetter et al., 1999). This suggests that not 
all dechlorination is microbially mediated.

The global distillation model: A paleolimnological validation

Paleolimnological investigations of organic contaminants in sediments have demonstrated
patterns of contaminant cycling on a global scale. Confirmation of the global distillation
model by Wania & Mackay (1993, 1996) is one example. Recent studies have shown a
tendency for semi-volatile POP chemicals to become concentrated in cold environments. Air
concentrations of organic contaminants often show an annual cycle with highs in summer
and lows in winter which relate closely with the slopes of their vapor pressure-temperature
curves (Wania et al., 1998).

The Global Distillation Model, also called the Grasshopper Effect and the Cold-Conden-
sation Effect, predicts a global fractionation of these chemicals will occur whereby more
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volatile compounds prevail in colder environments. In general, the global distillation model
predicts that compounds with higher vapor pressures and lower condensation temperatures
will tend to fractionate towards colder environments (Fig. 6). This may happen as a result
of (1) differential volatility at lower temperatures causing semi-volatile compounds to be
retained in cold environments; (2) funneling of semi-volatile chemicals by evaporation over
large tropical and temperate areas and subsequent deposition over relatively small areas in
colder northern or mountain environments; and (3) greater preservation and persistence in
colder environments.

This distillation effect has been shown to influence global distributions of many semi-
volatile organic contaminants. Simonich & Hites (1995) showed that concentrations of
the most volatile POPs in tree bark (HCH, HCB, PCA) increased significantly at higher
latitudes whereas less volatile compounds (DDT, endosulfan) were not correlated with
latitude, consistent with the predictions of the global distillation model (Fig. 6).

Allowing the global distillation model to run through time (Fig. 7), we expect a gradual
migration of semi-volatile organic compounds toward colder regions for they are pro-
gressively evaporated from warmer environments. Although the use of chemicals like
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PCBs are banned in many countries, and are expected to continue their decline in the
industrialized parts of North America and Western Europe, their gradual migration to
colder northern regions can potentially cause problems to persist well into the future.
With recent declines in water concentrations of persistent organochlorine pesticides in the
Great Lakes, virtual elimination dates have been estimated to range between 2010 for
DDT, and 2100 for hexachlorobenzene (HCB, Cortes et al., 1998). Environmental half-
lives for PCBs have been estimated by Van Metre et al. (1998) at about 9 yrs in the southern
United States with the current restrictions on PCB manufacture in place. However, the
trend for PCB deposition in lake sediments of the far north shows at least a 20 yr lag with
rates increasing to the present day (Fig. 8). These paleolimnological results support the
global distillation model and suggest that the problems of contamination by chlorinated
xenobiotics in the far north may persist longer than they will in southern latitudes. However,
temporal trend studies with biota show declining PCBs and DDT since the 1970’s in
marine biota, especially from the early 1970’s to mid-1980’s (Addison & Smith, 1998;
Braune, 1999). The terrestrial and marine systems may reflect different input pathways and
time trends.

Further evidence in support of the global distillation model is shown by PCB congener-
specific analysis of surface lake sediments over a full latitude gradient across Canada (Muir
et al., 1996). Canadian mid-latitude sediments contained a full suite of PCB congeners
from the lighter, more volatile di- and tri- chlorobiphenyl congeners (e.g., #8, 18, 28)
to the relatively immobile nonachlorobiphenyl congeners (e.g., #206). A clear shift in the
predominance of the lighter di- and tri-chlorobiphenyls is observed in the far north (Amituk
and Hawk lakes, Fig. 9). This pattern supports the hypothesis that the heavier PCBs with
higher temperatures of condensation will fall out at lower latitudes. The distribution pattern
also showed a significant positive correlation between congener concentrations of PCBs
8, 18 and 28 and latitude, thus the concentrations of these specific congeners are higher
in the remote north than they are in the industrialized south. This outcome is consistent
with global distillation model predictions (Wania & Mackay, 1993), although differences
in sediment preservation are also a potential cause for higher concentrations of some PCB
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congeners at higher latitudes. Studies of PCB distributions over latitude gradients in Canada
have also identified a shift toward lower chlorinated PCB congeners in the far north when
examining burbot liver (Muir et al., 1990) and zooplankton (Koenig & Lean, 1997).

Summary

A review of current analytical methods for persistent organic pollutants (POPs) in sediments
is presented, along with a summary of the major processes that govern the fate of POPs
in the environment. Reliable analytical methods are essential for developing datasets on
concentrations of POPs in sediment cores. Prevention of contamination during the sam-
pling, storage, preparation and extraction of sediments is critical to the analytical work,
especially for sediments from remote areas. In addition to good quality chemical residue
data, an understanding of transport processes in the environment is necessary for a complete
interpretation of sedimentary deposits of POPs for paleolimnological reconstructions of
organic contaminant deposition. The example of long range transport of POPs to polar
regions is used as a case study showing the utility of paleolimnological approaches to
understand global transport processes.
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We conclude that lake sediments provide a valuable record of historical deposition of
organic contaminants provided it is recognized that degradation, desorption and diffusion
of some constituents is inevitable. We recommend a holistic approach that considers the
potential for these factors by examining water column processes as well as sediment pro-
cesses for core reconstructions that infer past changes in historical deposition of persistent
organic contaminants. This includes an understanding of desorption/degradation prior to
burial and the calculation of recycling ratios for constituents or interest. Further research
will be needed to assess linkages between changes in lake trophic status and their impact on
sediment burial of POPs. Recent advances in analytical techniques, such as use of HPLC-
MS, will allow the approach to be extended to other persistent non-halogenated compounds
(e.g., nonyl phenol ethoxylates).
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Introduction

The near infrared (NIR) part of the electromagnetic spectrum is commonly defined as the
region spanning wavelengths from 780 nm to 2500 nm. The astronomer, William Herschel,
discovered the near infrared region as early as 1800 (Herschel, 2000), but it took a long
time before this part of the electromagnetic spectrum found practical use. The difficulties in
interpreting the rather complex NIR signals, which usually demand multivariate modelling,
was a major reason for its late introduction as an analytical technique in chemistry.

Modern near-infrared spectrometry (NIRS) commonly involves the measurement of
the absorption spectrum for a sample at tight intervals along the whole NIR wavelength
region, which could result in a few hundred to many thousands of absorbance-variables,
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depending on instrument technology and design. While most absorption bands overlap,
no constituents can be directly interpreted and quantified from the NIR spectrum. The
common use involves development of calibration models (transfer functions) between the
NIR spectra and constituents measured by conventional methods on the same samples.
The calibration functions are then used to predict the constituents from NIR spectra of
new samples. This approach utilises the simplicity and speed of NIR analysis, making
quantification by NIR predictions inexpensive compared to other methods.

Karl Norris is often acknowledged as the “inventor” of the NIR technology. Together
with co-workers, Norris started using wavelengths in the NIR region to quantify compo-
nents of grain in the 1970s (McClure, 1994) and was thereby the first to use MRS for
analysis of chemically complex samples. Since then, NIRS has become widely used for
quantification of certain constituents in the food and feed industry (Osborne & Fearn, 1988),
for product identification in, for example, the pharmaceutical industry, and in the process
industry for process monitoring (Davies & Williams, 1997). More recently NIRS has found
some environmental applications, including palaeolimnological applications (Nilsson et al.,
1992; Malley & Nilsson, 1995; Foley et al., 1998; Dåbakk, 1999). Since 1997 there have
been sessions on environmental applications at the international meetings organised by The
International Committee for Near Infrared Spectroscopy (Davies, 1997).

Theory

NIRS is based on absorption of radiation between polar bonds in molecules, and in particular
the bonds between light atoms, such as those in the first period of the periodic table. The
molecular bonds vibrate in a manner similar to a diatomic oscillator, and the simplest model
explaining these absorptions is that of the harmonic oscillator. However, the harmonic
oscillator does not explain overtone transitions, and the model of the anharmonic oscillator
is more precise (Fig. 1; Bokobza, 1998).

The NIR spectrum contains overtones and combination bands that are derived from
fundamental absorptions known from infrared (IR) spectroscopy. The overtone transitions
are absorptions from the ground level to vibrational energy level 2 or higher (Fig. 1).
Combination bands arise from combinations of fundamental C-H, O-H, N-H and S-H
vibrations. The absorbtion spectra for some typical molecular bonds are shown in Figure 2.

The number of combinations and overtones in a NIR spectrum is large, resulting in
overlapping bands that are rather smooth. Bonds that vibrate at high energy and with large
amplitude carry the most intensity and are those involving hydrogen, the lightest element.
The overtones and combination bands are much weaker (usually by a factor of 10 or more)
than the fundamental absorption bands. This allows analysis of samples that are several
millimetres thick (Bokobza, 1998).

The interpretation of NIR spectra is not as straightforward as that of IR spectra. The
NIR spectra are smoother and the peaks broader. In NIR spectra, bonds with high dipole
moments give the strongest overtone absorptions. A basis for quantification in absorp-
tion spectroscopy is the Beer-Lambert equation, which relates concentration directly to
the absorption
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where is the molecular absorptivity, C is the concentration and l is the path length.
Absorbance is calculated from transmission using

or

where R is the measured reflectance, is a reasonable approximation. However, in reflectance
spectroscopy, the Beer-Lambert model ceases to be valid because of changes in effective

where is the 100% transmission (Skoog & Leary, 1992). In reflectance spectrometry, one
measures the reflectance (R) and not transmittance (T). The theory on diffuse reflectance
is not as extensive as that on absorption, although there are some good references in the
literature (Kubelka & Munk, 1931; Williams, 1987; Burger et al., 1998).

Several equations are used in diffuse reflectance spectrometry to relate the measured
reflectance to absorbance so that quantification can be achieved. All equations are based
on the assumptions in Beer-Lambert’s equation. It is found that the simple transform of
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pathlength that are caused by light scattering. These changes in pathlength can be corrected
for, and there are quite a few data pre-treatments to choose from. The pre-treatments are
also referred to as spectral filters.

The interaction between NIR radiation and the sample changes as a function of wave-
length, making different parts of the NIR spectrum useful for different purposes. Since
the spectral information is largely derived from overtones of fundamental absorptions,
chemical information is repeated along the spectrum. For instance, water peaks are found
at approximately 1940, 1410 and 920 nm, corresponding to absorptions of the first, second
and third overtones, respectively. The properties of NIR spectra as a function of wavelength
are summarized in Figure 3.

Currently NIR spectrometry is most commonly used to predict or monitor macrocon-
stituents, i.e. >0.1–1% of the sample weight. Common constituents are carbohydrates, cel-
lulose and hemicellulose, proteins and lipids (Osborne & Fearn, 1986; Davies & Williams,
1996). Constituents other than those containing organic, hydrogen bonds have also been
monitored by NIR, e.g. heavy metals (Malley et al., 1996). Such NIR applications are based
on “indirect or correlative” modelling, i.e. the concentration of the constituent of interest
(e.g. a heavy metal) correlates with some organic constituent occurring at levels detectable
by NIR.
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Instrumentation

There are four basically different instrument designs, based on how incident energy is
selected (McClure, 1994). These are grating instruments (monochromators), Fourier trans-
form instruments, filter instruments and Diode Array-based instruments. Figure 4 illustrates
the basic design of a scanning NIR spectrophotometer.

Instruments used for palaeolimnological research should preferably have a scanning
region that covers the entire NIR region (780 to 2500 nm). The instruments should also
have rather high signal-to-noise ratios (S/N) or low RMS noise. If, in research, one starts
using an instrument with high noise, possible applications may not be discovered because
of signals being drowned in instrument noise. Resolution is of less interest (Norris, 1998),
since, for all practical use of NIRS on complex biological samples, wavelengths close
to each other have very high correlations. If the S/N is poor, high resolution can partly
compensate for this (Norris, 1998).
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Grating instruments

Tungsten halogen lamps are usually used as the energy source for NIR instruments. Holo-
graphic gratings are manufactured through a photoetching process, have fewer defects and
better throughput along the entire NIR spectrum than mechanically grooved gratings, and
they have therefore, to a large extent, replaced the old mechanically grooved gratings. Use
of otherwise proper instrument designs allows very low instrument noise, i.e., root mean
square (RMS) noise, and good wavelength accuracy for grating instruments (in some cases
specified RMS noise is less than 20 microabsorbances). The major drawback of grating
instruments is their lack of speed when it comes to monitoring of fast chemical processes
or products moving quickly, such as on a hopper. For most laboratory use, the speed is of
little interest, since data are usually obtained in less than a minute.

Fourier-transform instruments

Although the Fourier transform (FT) technology is rather new, A. A. Michelson presented
the interferometer principle already in 1881 in his search for the aether. There are several
different intereferometer techniques on the market. The use of FT-IR is mature and many
manufacturers of FT-IR instruments have extended the wavelength interval from the mid-IR
to the NIR wavelength region based on the same instrument optical bench as used for IR
measurements. However, the noise increases when going from mid-IR to near-IR, because
the moving part (e.g., wishbone, crystal) has to move quicker on account of the higher
frequency. An advantage of many FT-NIR instruments is that the spectral resolution is
superior to grating NIR instruments.

Filter instruments

Filter instruments use several narrow band filters that are usually mounted on a rotating
filter wheel to acquire data at several different wavelengths. Fixed filters are also used. A
drawback is that filters have to be selected specifically for each application and that rather
few variables are obtained. A rather interesting break-through in near infrared spectroscopy
came along with the acousto-optical tuneable filter (AOTF), supposed to consist of a
monochromator with no-moving-parts. It relies on a crystal (for NIR it is in which
optical and acoustical waves move at different angles. The acoustic waves are used to tune
the filter and obtain monochromatic beams. The scanning speed is large as compared to
grating and FT instruments. The major drawback is that the crystals themselves appear to
be difficult to manufacture in a reproducible way, making transfer calibrations between
instruments difficult. The crystals also change over time.

Diode Array-based instruments

A problem with grating instruments, as well as FT-instruments, is both the scanning speed
as well as the moving parts that make them unsuitable in certain industrial environments.
These problems are largely overcome by using diode array (DA) detector spectrophotome-
ters that have no moving parts, and where the grating can also be fixed. Although there
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are commercially available DA spectrophotometers, the search for improvements in this
technology is extensive because of high noise.

NIR analysis of sediment samples

Sample preparation

Two important properties in NIRS should be considered in analysis of sediment samples.
These are the influence of the particle sizes and the water content on the spectral signal.
Differences in particle sizes and sample cup packaging may result in light-scattering effects
that are not necessarily of interest for the specific constituent that is to be analysed. NIR
analysis of samples with a high water content results in broad peaks with high absorptivity
that may hide spectral information from other constituents than water. These problems have
to be dealt with in sample preparation and by spectral pre-treatments (see next section).
The basic rule is that the samples should be both dried and as homogenous as possible,
before the spectral information is collected.

Freeze-drying is probably the most appropriate way of drying sediment samples prior
to NIR-analysis. To avoid destruction of important organic structures, the samples should
preferably be dried at low temperature. The NIR signal in samples dried at 90 °C differs
significantly from samples dried at lower temperature (Fig. 5), which might be explained,
for instance, by the destruction of protein structures at temperatures above 60 °C. However,
there are also differences between samples dried at low temperature in an oven, and freeze -
dried samples. A probable explanation for this could be that drying of very wet sediment
samples at low temperature takes a long time, which allows considerable bacterial activity to
take place before the sample is completely dry. Furthermore, from a practical point of view,
a freeze-dried sample usually has a structure that facilitates the following homogenisation,
while mechanical processing of samples dried in an oven is more difficult.

The further handling of samples involves grinding using a simple mortar or an analytical
mill. We propose the following sample handling and preparation scheme for NIR-analysis
of sediment samples:

1.

2.

3.

Freeze the samples in the field, directly after sampling (e.g., on dry ice), and store the
samples frozen until further processing to avoid biochemical degradation.

Freeze-dry the samples.

Grind the sample in a mortar, and homogenise the sample before transferring the
powdered sediment into the sample cup.

This sample handling and preparation scheme has been subjected to various tests, and
proved to result in reproducible spectral signals (see e.g., Dåbakk et al., 1999). As suggested
by Malley & Williams (1997), the sample could be sieved prior to NIR analysis in case
the sediment contains coarse grained particles (>2 mm). Apart from the possible effects of
grinding, the sample preparation and the subsequent NIR-analysis is non-destructive. This
means that the sample can be used for further physical, chemical or biological analyses
using “conventional” analytical techniques.
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A suitable amount of dried sediments for NIRS analysis is or more. The sediment
should, after being ground, be transferred to sample cups suitable for reflectance analysis. It
is advantageous if the spectrometer has a spinning cup module so that the samples are rotated
during NIR measurement. This allows a bigger portion of the sample to be measured and,
to some extent, it also compensates for sample heterogeneity. Fiber-optic sample modules
can also be used to measure the dried sediment if the fiber optic is suitable for reflectance
analysis. This will usually require a bundle of smaller fibers in order to transfer sufficient
light to the sample; such bundles are commercially available.

Spectral filters and pretreatments

An obstacle with NIR spectra is that they often carry unwanted physical information about
the sample, e.g. particle size, that are usually expressed in the first few components in
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the multivariate data analysis. There are many means of filtering the unwanted signals in
the spectra. Multiplicative signal correction (MSC; Geladi et al., 1985), derivation, and
standard normal variate (Barnes et al., 1989), are all frequently applied for these purposes.
When spectral signals are interpreted as such, i.e. without creating calibrations by some
mean of multivariate regression techniques, the spectral data need to be scatter-corrected.
However, the scatter effects may be overcome by using, for example, partial least squares
(PLS) regression to create calibrations. Prediction using scatter-corrected data generally
do not improve the modeling results.

MSC is a way of removing spectral effects that arise from different effective path
lengths in reflectance spectrometry caused by different particle sizes (Geladi et al., 1985).
By assuming that each sample spectrum has an offset and a slope that is caused by some
unwanted physical effects, one can correct for this if the variability is systematic. The
correction is done against a reference spectrum, which is usually the mean spectrum of all
sample spectra. However, outliers (i.e. samples that do not belong to the sample population
of the sediment NIR spectra) should be removed before the MSC. For further discussion on
outlier detection, see Martens & Næs (1989), Geladi & Dåbakk (1995) and Birks (1998).
Each spectrum is plotted against the reference spectrum, and the slope and offset is then
calculated using least squares. The sample spectrum is then corrected by subtracting the
offset and dividing by the slope. There are a few modifications on the MSC algorithm,
amongst them the piece-wise MSC. In piece-wise MSC, one does not assume that the
varying offset and slope is constant over the spectral range, but uses windows of different
samples to adjust offset and slope locally.

Derivatives are intuitive ways of treating NIR spectra and, generally, the first and second
derivative spectra achieve roughly the same result as MSC. The first derivative gets rid of the
baseline (offset), while the second derivative removes the slope. A problem with derivatives
is that they amplify spectral curvature. This is often desired, but it may also increase the
random noise, which becomes an important aspect as soon as the detection limit for the
spectrophotometer is approached. To reduce the effect of increasing random noise, one can
smooth the spectra prior to differentiation.

Recently, orthogonal signal correction (OSC) was developed (Wold et al., 1998). OSC
works in a similar manner as MSC, but differs in one important aspect. The filtering
matrix is orthogonalised with respect to the dependent variable, which then assures that no
information, which carries information on the dependent variable in the calibration step,
is removed.

Calibration

The purpose of measuring NIR spectra of sediment samples is to relate spectral variability
to attributes of the samples or their origin, e.g., for analysis of a specific organic constituent
in lake sediments or for inferring lake-water pH from sediment samples. This modelling is
usually done multivariately since there are many correlated variables in the NIR spectra.
Valuable guidance on multivariate analyses in NIRS is found in Martens & Næs (1989) and
in Geladi & Dåbakk (1995). The concepts of multivariate modelling are further described
in Volume 3 of this book series (Birks et al., in preparation).

To obtain a proper NIR calibration, experimental-design aspects also need to be con-
sidered, i.e. both the spectral variability as well as the whole concentration gradient of the
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constituents to be measured should be covered within the calibration data-set. A practical
way of setting up a proper NIR calibration is to measure all the samples on the NIR
instrument and then to select a subset of samples that are as different as possible for
further analysis. An optimal selection of such a calibration set can be made by means of,
for example a PCA (Jackson, 1991) or a D-optimal design (Carlsson, 1992). The transfer
function obtained from the calibration can then be used to predict the sediment constituent
of interest for the samples that were not included in the calibration.

Uses of NIRS in palaeolimnology

The initial exploration of near-infrared reflectance spectrometry in palaeolimnology has
shown that NIRS has the potential to become a valuable complement to conventional
chemical and biological analyses. Several properties make NIRS a suitable technique for
routine analysis in palaeolimnology. It is sensitive to all types of organic molecules, it is
easy to use without advanced training and, furthermore, it is a rapid, and thereby a cost-
effective tool. However, it is important to remember that what is actually measured by NIR
in a sample is the organic constituents. Some studies also show that hydrogen or water
bound to mineral particles may influence the NIR spectra. It is important to remember that
constituents at the per mille level or lower are probably not directly reflected in the NIR
spectra. These components can, in some cases, be quantified through correlation to other
constituents present at higher concentrations. Since the beginning of the 1990s the NIR
technique has started to take its first steps into palaeolimnology, and currently NIRS is
used in three major types of applications:

1.

2.

3.

In combination with conventional analytical techniques, NIR spectra can be calibrated
for direct analysis of a specific sediment constituent or environmental variable of
interest, thereby allowing analysis to be made at a higher temporal or spatial (e.g.
whole basin studies) resolution. This approach is in line with the application of NIR
spectroscopy in the agricultural and food industries.

The NIR spectra can be used for reconstruction of water chemistry, or other envi-
ronmental parameters, from lake sediments. This approach requires establishment of
transfer functions by calibration of NIR spectra from surface sediment samples against
measured parameters of the water, such as pH, total phosphorus (TP) or total organic
carbon (TOC). These transfer functions can then be applied down-core for inference of
past water quality. A similar application is in contemporary lake monitoring programs.
Surface sediment samples could be taken, for example, each 5th year for NIR mea-
surements and subsequent inference of several water chemistry parameters, or other
environmental parameters, for which transfer functions are available. In this approach
effects of diagenetic processes on NIRS, which may be a problem in down-core studies,
are circumvented.

The NIR spectra per se can be used as a “fingerprint” to detect temporal or spatial
changes in the chemical and biological composition of the sediment samples. The NIR
spectra can then be used for optimal selection of samples for further detailed analysis
by other chemical or biological means. This is in line with the approach in which NIR
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spectroscopy is applied today in many industrial processes, e.g., for quality assurance
and on-line process control in the wood and pulp industry.

These current uses of NIRS in palaeolimnology will be briefly described below. For
a more extensive review of sediment constituents and properties analysed by NIRS, see
Malley (1998). In her article, she also discusses further research needed to prepare for NIRS
to become a routine analysis of sediments.

NIR calibration for direct analysis of sediment sample composition

One use of NIRS on sediments is to replace more expensive and slower classical chemical
analyses. Successful NIR calibrations for carbon, carbonate, nitrogen, and phosphorus
concentrations in a sediment core were recently reported by Malley et al. (1999), which
demonstrates that a rapid, non-destructive, simultaneous analysis of these elements can be
achieved by the use of NIRS. In this study on the eutrophication history of the lake Arendsee,
Germany, an initial attempt was also made to develop calibrations for total diatoms, as
well as the relative frequencies of three dominant diatom species. A similar study was also
conducted on sediment cores from four Canadian lakes. In this study, the explained variance
between results from conventional chemical analysis and NIR-predicted concentrations
ranged between 97 and 99% for total C, organic C, and N (Malley et al., 2000).

The NIR approach has also been used for direct prediction of chemical constituents in
marine sediment. Balsam & Deaton (1996) determined the carbonate, organic carbon, and
opal content in marine sediments from spectral data. Besides near-infrared spectral data,
reflectance spectra from the near ultra-violet and the visible region were also included in
their study.

Further support for the use of NIRS in palaeolimnology can be found from NIR analyses
of peat and soil samples. For instance, McTiernan et al. (1998) utilised the different organic
chemical compositions in peat forming plant species to predict the degree of humification
and the botanical composition in peat cores from NIR spectra of the peat samples. Successful
quantification of the energy content, carbohydrates, lignin and amino acids in peat has also
been achieved by NIR analysis of peat samples (Johansson et al., 1987; Albano et al., 1988).
In studies of forest floor litter decomposition, McLellan et al. (1991a; 1991b) replaced the
classical wet chemical methods with NIR predictions of nitrogen, carbohydrates and lignin.
Based on the successful calibrations (e.g., for the N calibration was 0.94), the authors
concluded that NIR determination could be the future analysis of organic-matter carbon
chemistry, because the NIR-analyses are more easily standardised than traditional wet
chemistry procedures.

In addition to quantification of organic constituents directly reflected in the NIR ab-
sorbance spectra, constituents not directly observed from the NIR spectra have been quan-
tified. The success of these calibrations probably depends on correlation between the
particular constituents (e.g., heavy metals), and organic components reflected in the NIR
spectra. Malley & Williams (1997) modelled the metal composition in the sediments of
Lake 382 in the Experimental Lakes Area in north-western Ontario, Canada. The predictive
power of the calibration models was generally very good. For instance, the      between NIR-
predicted metal concentrations and metal concentrations analysed by conventional chemical
methods were 0.93 for Zn and Mn, 0.91 for Cu, 0.88 for Ni, 0.86 for Fe, and 0.81 for Pb,
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while the poorest calibration was achieved for Cd (0.63). The authors interpreted that the
NIR information primarily described the metal concentrations by the metal association with
sediment organic matter. The wavelengths associated with most of the variance in heavy
metal concentrations were attributed to protein, cellulose, and oil. The poorer performance
of the Cd-model was attributed to its greater association with inorganic ligands as compared
with the other metals.

Reconstruction of water chemistry, or other environmental parameters, using NIRS

In palaeolimnology it is also common to develop “indirect” calibrations, e.g., models
(transfer functions) aimed at predicting the water-chemistry from biological indicators
in the sediment. These transfer functions developed from data sets on surface sediment and
water chemistry for corresponding time periods can then be used to reconstruct water quality
changes (e.g., changes in pH or total phosphorus) by applying the surface sediment model
to fossil data (stratigraphic data) of the biological indicators. The conceptual approach for
water chemistry reconstruction using NIRS on surface sediment samples is presented in
Figure 6. This is how NIRS was introduced in palaeolimnology (Korsman et al., 1992), and
the basic assumptions for this approach are that:

1.

2.

3.

the organic material in lakes, which settles and forms the sediment, is either influenced
by the water chemistry conditions and the biota living in the lake, or influences the
lake-water chemistry (e.g., catchment-derived humic compounds);

properties of this sediment material can be recorded by measuring the NIR spectra; and

the NIR spectra can be multivariately modelled to obtain transfer functions between
the NIR spectra of the surface sediments and the water chemistry.

Korsman et al. (1992) and Nilsson et al. (1996) evaluated the possibility to establish
transfer functions for lake-water pH, total phosphorus (TP), and total organic carbon
(TOC) of the lake water. The top 1 -cm of sediment was sampled from a series of lakes
with different pH, TP and TOC, and NIR spectra from the samples were obtained. The
spectra were calibrated against average values for the lake-water chemistry for a time
period corresponding to the time period represented by the surface sediment sample. The
results have been encouraging and suggest that intense lake-water sampling programmes
can partly be replaced by surface sediment samples collected at well-spaced intervals (such
as every 2–5 years), and analysed by NIR spectroscopy. The NIR spectra of surface sediment
samples can then be used to monitor temporal trends in lake-water chemistry.

Malley et al. (1993, 1996) also analysed N, P and C content in lake-water seston.
The seston was captured on a glass fibre filter, dried and scanned on a NIR reflectance
instrument. A sub-set of the samples was used to develop calibration functions, while the
remaining samples were used to test the prediction performance. The between
NIR predictions of C, N and P, and the wet chemical determinations, ranged between 0.88
and 0.97. The authors concluded that the prediction performance was as good as for the
wet-chemistry techniques used.

Similar results were achieved in a study of Swedish lakes, although with a somewhat
lower predictive performance (Dåbakk et al., 2000). In this study, the ability to estimate
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some water chemistry variables (i.e., total nitrogen, TP and TOC) from NIR spectra of
paniculate organic matter (POM) captured on filters, was also investigated. A clear rela-
tionship between NIR spectra of the filters and lake-water chemistry was obtained, however,
the standard error of prediction was too large to suggest that NIR spectroscopy could replace
the current methods. The unexplained variance was also much larger then when modelling
lake water chemistry from surface sediments. One major reason for the limited correlation
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between MR spectra of particulate organic material and lake-water chemistry is probably
that the two entities represent different time periods. The lake water chemistry represent
the conditions at the sampling date, while POM represents an extended time period. To
achieve a better correlation between the two entities, water chemistry data averaged over
the time period during which the particulate organic material was formed are needed.

Another novel approach for NIRS in a palaeolimnological context was the climate
reconstruction in a northern Swedish lake by Rosén et al. (2000). The northern Swedish
mountain area is characterised by a distinct zonation in vegetation; from a mountain-birch
forest (Betula pubescens ssp. tortuosa Led.) at low altitude, through a Salix-dominated
shrub zone, up to an alpine heath zone at higher altitude. In this study, the NIR-signal
from surface sediments from 76 lakes significantly differentiated between lakes situated
in these three vegetation zones. A model between NIR spectra of surface sediments and
lake altitude was also established. This model captured 86% of the variance in altitude
among the training-set lakes and the cross-validated error was 78 m, representing 8.3% of
the altitude gradient. Previous studies from northern Fennoscandia have shown a significant
relationship between temperature change and altitude (Laaksonen, 1976). Thus, the altitude
model was used to reconstruct temperature change in a small headwater lake situated about
100 m above the present treeline in the northern Swedish mountains. The temperature record
derived from this NIRS-altitude model showed similar trends to inferred temperature based
on other proxy data (diatoms, pollen and chironomids).

NIK spectra as a “fingerprint” for temporal and spatial changes

of sediment properties

The use of NIR spectra on sediment samples to predict certain constituents from calibration
models is, by itself, one important development taking advantage of the speed and low cost
of the method. This approach, though, only utilises a small proportion of the information
on the organic chemical composition contained in the MR spectra. One alternative, then, is
to use the whole NIR spectra as a “fingerprint”, which can be used to evaluate the variation
in sediment composition both in time and space. The total variation represented by several
hundred absorbance values can normally be compressed to less then 10 “latent variables”,
components, by different multivariate statistical methods. Similar approaches are used in
the process industry where hundred or thousand of signals, used to monitor the performance
of some production process, are compressed to a “finger print” and followed over time.

The close link between lakes and their catchments was evident in a study of spatial
variability in surface sediment composition in a small northern Swedish lake (Korsman
et al., 1999). In this study, the information in the near-infrared spectra of surface sediment
samples was used to determine how sediment composition varied over the lake bottom.
The study showed that the NIR spectra per se provide information that can be used to study
sediment characteristics as well as sediment focusing in a qualitative way. The variance
in the NIR spectra (Fig. 7) was only to a minor extent explained by the variation in water
depth or sediment organic content. More importantly, the spatial evaluation of the spectral
data suggested that NIR analysis of lake sediments mainly reflects sediment properties
that cannot be simply explained by water depth or amount of organic matter. Principal
component modelling of NIR spectra from 165 coring sites, established along a 50m x 50m
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grid, revealed that the influence of land-use and inlets on sediment characteristics was more
pronounced in the spectral data than what would be expected from loss-on-ignition analysis.

In palaeolimnological studies, the possibility to use the NIR spectra per se has not been
used for optimal strati graphic sample selection. However, successful results from the use of
NIRS in soil science suggest that such an approach would be fruitful in palaeolimnology.
Stenberg et al. (1995) proposed an excellent strategy for sample selection based on NIR
spectra. Using principal component score plots of the NIR spectra, 20 of the originally 146
samples were selected. These 20 samples represented all variations in clay content, soil
organic matter, cation exchange capacity and base saturation that occurred in the total set of
samples. All further classical chemical analyses or experiments could then be performed on
the reduced data set, which included the full variation in the variables of interest. Using this
reduced data set, transfer functions between NIR spectra and soil variables were developed
and further used to predict these same variables in all other samples. Using this approach
for the actual sample set, the analysis costs would have been reduced by 70%. The same
strategy could easily be used on sediment cores or surface sediment samples.

Future perspectives

The successful use of NIRS in different industrial applications (e.g., Davies & Williams,
1996), and the promising results from various environmental applications including the
previously described sediment studies, suggests that NIRS can become a valuable tool in
palaeolimnology. A potential limitation for the use of NIRS in palaeolimnology could be the
effects of diagenetic processes on the NIR signals. A test, comprising a comparison of NIR
spectra from the top 0–1 and 1–2 cm from 56 mountain lakes in northern Sweden (Rosén
et al., 2000), indicated that the decomposition of organic material, which inevitably occurs
at the sediment/water interface, was not a significant problem. However, these results can
not be used for general conclusions about sediment-ageing effects on NIR signals, and this
needs further investigation.

If diagenetic processes prove to cause problems for some sediment-NIR applications,
calibration data-sets using consolidated (sub-surface) samples rather than surface sediment
samples might be a solution. For example, a transfer function between sediment-NIR and
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lake-water pH could be established using sediment samples from cores and pH values
inferred using diatom analysis (cf. Korsman et al., 1992). For analyses of sediment chem-
istry using NIRS, such as of organic sediment constituents that normally require expensive
analyses, a lake specific data-set consisting of a limited number of samples of consolidated
sediments can be used to construct transfer function. The NIR spectra could then easily be
collected at any interval and the sediment constituent of interest could be predicted using
the transfer function. In such a case, the simplicity and the rapidness of NIRS would allow
a temporal resolution solely based on the aim of the study and the limitations set by the
sediment, e.g., accumulation rate or bioturbation.

Summary

Near-infrared spectrometry (NIRS), which is a rapid, non-destructive spectroscopic tech-
nique, is commonly used for process control and quality assurance in food, pharmaceutical,
and pulp and paper industries. However, until recently there has been limited use of NIRS
in a palaeolimnological context.

Several properties make near-infrared spectrometry (NIRS) a suitable technique for
analysis of lake sediments. It is sensitive to all types of organic molecules, it is easy to
use without advanced training, and it is a rapid, and thereby a cost-effective tool. NIRS
utilises absorbance within the near-infrared region (780–2500 nm) resulting from bending
and stretching vibrations in molecular bonds, and in particular the bonds between light
atoms (e.g., C-H, O-H, N-H or S-H). Absorptions in the near-infrared region for some
common organic chemical bonds are presented in the chapter.

A spectrum obtained for a sediment sample is rich in chemical information. However,
the information is found in several overlapping combination bands and spectral overtones,
rather than in distinct absorption peaks. The development of a reliable calibration model
is therefore one of the most important steps to gain quantitative information on chemical
compounds from the spectral response of a sample. This involves a thorough consideration
of experimental design and multivariate calibration.

The influence of, e.g., the particle sizes and the water content on the spectral signal
also need consideration in the analysis of sediment samples. For instance, differences in
particle sizes may result in light-scattering effects, while analysis of samples with high water
content results in broad peaks with high absorptivity that may hide spectral information
from other constituents. These problems have to be dealt with in sample preparation and by
spectral pre-treatments. A sample handling and preparation scheme involving freeze-drying
and grinding of the sediment samples, and different spectral filters and pretreatments are
presented and discussed in the chapter.

Since the beginning of the 1990s the NIR technique has started to take its first steps
into palaeolimnology, and currently NIRS is used in three major types of applications:
1) the calibration of NIR spectra for direct analysis of a specific sediment constituent or
environmental variable; 2) the use of NIR spectra for reconstruction of water chemistry,
or other environmental parameters, from lake sediments; and 3) the use of NIR spectra as
a “fingerprint” to detect temporal or spatial changes in the chemical and biological com-
position of the sediment samples. These palaeolimnological applications of NIRS, which
are briefly presented in the chapter, show that NIRS has the potential to become a valuable
complementary or alternative tool for chemical and biological analyses of lake sediments.
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Introduction

What is fly-ash?

Fossil-fuels are burned at high temperatures to produce heat and power for electricity
generation and other industries. At temperatures of up to 1750 °C (Commission on Energy
and the Environment, 1981) and at a rate of heating of approaching (Lightman
& Street, 1983), the droplets, or pulverised grains of fuel, are efficiently burned even though
they only remain in the furnace for a matter of seconds. The products of this combustion
are porous spheroids of mainly elemental carbon (Goldberg, 1985) and fused inorganic
spheres formed from the mineral component of the original fuel (Raask, 1984). These
spheroidal carbonaceous particles (SCPs) (Fig. 1) and inorganic ash spheres (IASs) (Fig. 2)
are collectively known as fly-ash, the term used to describe the particulate matter within
emitted flue-gases.

There are, in fact, three components of fly-ash and they are formed in different ways.
First, non-combustible material (IASs), second, combustible matter that was not burned
(SCPs) and third, matter which was formed during the combustion process. These processes
of formation determine the morphology of these particles and, as this is the main means
of identification in paleolimnological studies, it is worthwhile to briefly describe them.
They also control the relative abundances of the different particle types in the various fuel
fly-ashes and this information can be used in source apportionment studies.

The non-combustible material when heated rapidly undergoes some volatilisation, giv-
ing rise to sub-micron particles termed ‘fume’, whilst the non-volatile component coalesces
to form hollow ash spheres termed ‘cenospheres’ (Raask, 1984) with a variety of in-
ternal structures (Lightman & Street, 1968). Less frequently, solid spheres (Lightman
& Street, 1968) and plerospheres (cenospheres containing encapsulated smaller spheres
formed by inconsistent heating through the mineral grain, Fig. 3) are formed. Up to 25%
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(typically 15–17%) of coal is non-combustible and approximately 0.1% of fuel-oil (Gold-
stein & Siegmund, 1976). Hence IASs comprise 95–98% of coal fly-ash (Raask, 1984) and
less than 20% of oil fly-ash (Mamane et al., 1986).

When pulverised coal particles are heated rapidly, they change from angular non-porous
coal fragments to porous and often partitioned spheroids having a molten appearance
(Lightman & Street, 1968). These particles are fragile and will fragment if they remain
in the combustion chamber. In oil-droplet combustion, volatiles are produced as the droplet
heats and it is in this expelled cloud of hydrocarbons that ignition first occurs. Then, as
heat is given back to the droplet, burning of the volatiles on the particle surface takes place.
As emission of volatiles decreases, the droplet collapses and becomes rigid forming the
final SCP (Lightman & Street, 1983). Oil SCPs are spheroidal, often more porous than coal
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SCPs due to the greater emission of hydrocarbons, and have a complex internal structure.
On some particles a contour effect around the pores is seen, which some authors have
suggested is characteristic of this fuel-type (Lightman & Street, 1983; Kothari & Wahlen,
1984; Griffin & Goldberg, 1981). However, this contouring has also been observed on the
surfaces of coal particles (Rose, 1991) (Fig. 4).

The component formed during the combustion process is termed soot (Chigier, 1975;
Nettleton, 1979) and although carbonaceous, is usually sub-micron in size and bears no
morphological resemblance to SCPs. It is for this reason that it is important from the outset
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to define the terms and hence the particulates, under study. This chapter will deal only with
the SCP and IAS components. The combustion of wood does not give rise to SCPs and
charcoal particles will be dealt with in a separate chapter in Volume 3 of this book series.

Definition of terms

Although SCPs and IASs are produced by the alteration of original particles passing through
the furnace, and soot is produced during combustion processes, there has been some
confusion in the literature, especially in earlier works. However, it is important to realise
that these studies are referring to the same particle types. For example, SCPs have been
variously referred to as soot (Charles et al. 1990), soot balls (Punning et al., 1994), (Tolonen
et al., 1990), soot particles (Renberg & Wik, 1984; 1985a), soot spheres (Renberg & Wik,
1985a), soot spherules (Hilgers et al., 1993) carbon particles/elemental carbon particles
(Griffin & Goldberg, 1975; 1979), carbonaceous particles (Guilizzoni et al., 1992; Rose,
1990a), charcoal particles (Kothari & Wahlen, 1984) and spheroidal fly-ash particles (SFP)
(Punning et al., 1997a), although this latter may also include black IASs. Wik et al. (1986)
identified the potential mis-interpretation problem of using the term ‘soot’ and changed
to ‘coarse carbonaceous spheres’. Recently, however, the term spheroidal carbonaceous
particle or spheroidal carbonaceous fly-ash particle (both abbreviated to SCP) has become
the usual term and is now widely used (e.g., Korhola et al., 1996; Korhola & Blom, 1996;
Lan & Breslin, 1999; Odgaard, 1993, Renberg & Hultberg, 1992; Rose et al., 1994; 1998a;
1999a; Rose, 1995; Virkenan et al., 1997; Wik & Renberg, 1991a; 1991b; 1996). However,
in a more comprehensive description of many combustion-related particles, classified using
morphological features, Doubleday (1999) refers to SCPs as ‘SPCBK’, an abbreviation of
‘spheroidal carbonaceous black’.

The nature of their formation and their porosity means that both oil and coal SCPs
are never spherical. However, they do have some degree of sphericity to their morphology
and for this reason they are termed spheroidal. IASs are spherical and come in a variety of
colours from colourless through yellow, red, brown and black, depending on their elemental,
and in particular iron, content. Therefore, the counting of black ‘spheres’ and terming them
SCPs (e.g., Larsen et al., 1996) may lead to further confusion as to the exact nature of the
particle types included in the enumeration. Here, spherical fly-ash particles of any colour
are deemed IASs and are precluded from being identified as SCPs for that reason.

Why use fly-ash in paleolimnology?

SCPs are not produced from wood, biomass or charcoal combustion, and hence have no
natural sources. Therefore, they are unambiguous indicators of deposition from industrial
combustion of fossil-fuels. Their use as markers in sediments and other depositional sinks
is enhanced by their easily identifiable morphology and, because of their elemental carbon
composition, by their relatively simple extraction from the sediment matrix. IASs, on the
other hand, or rather particles morphologically identical to them, do have natural sources
from volcanic emissions (LeFèvre et al., 1986) and micro-meteorites (Handy & Davidson,
1953; Hodge & Wright, 1964). In addition, their aluminosilicate composition makes them
less able to withstand chemical attack and, compositionally, similar to many of the sediment
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minerals from which they are being extracted. This results in a less efficient extraction
technique (Rose, 1990b). Finally, the chemical composition of IASs is dependent on that
of the original mineral, whereas the elemental composition of SCPs can give clues as to
their source fuel-type (Rose et al., 1996). In consequence, most paleolimnological studies
involving fly-ash have focused on SCPs whilst IASs have been the subject of only a few
(e.g., Rose, 1990b;1996; O. Nagafuchi, pers. commun.).

Historically, SCPs have been used in two main ways. First, as supporting evidence for
the acid deposition hypothesis in the surface water acidification debate of the 1980s, and
second as a cheap and simple means of adding a few recent dates to sediment cores. In the
former, the sediment record of SCPs, along with other indicators of atmospheric deposition
(e.g. metals, magnetics), were seen to correspond with unprecedented acidification as
reconstructed from fossil diatom assemblages. This work was undertaken on both sides of
the Atlantic as part of SWAP (Surface Water Acidification Project) in Europe (e.g. Battarbee
& Renberg, 1990) and PIRLA (Paleoecological Investigation of Recent Lake Acidification)
in North America (e.g., Charles & Whitehead, 1986; Charles et al., 1990). The use of SCPs
for sediment dating was developed by Renberg & Wik (1984; 1985a) in Sweden and has
latterly been employed throughout Europe, especially in the UK and Ireland (Rose et al.,
1995). This is discussed in more detail later.

More recently, the spatial distribution of atmospheric deposition has been studied using
SCP concentrations in a number of surface sediments across a region (e.g., Wik & Renberg,
1991a; Rose & Juggins, 1994; Alliksaar & Punning, 1998; Bowman & Harlock, 1998; Fott
et al., 1998; Rose & Harlock, 1998) or within a lake (e.g., Lake Baikal, Rose et al., 1998a).
Patterns have been shown to be similar to those of other deposited pollutants such as metals
and sulphur. Similarly, full core SCP inventories have been seen to show good agreements
with sources across wide regions e.g. Europe (Rose et al., 1999c) whilst within-lake inven-
tories of multiple cores show good agreement with inventories of deposited metals such as
Hg and Pb. SCP concentrations in surface sediments have also been used in combination
with metal concentrations in sediments and catchment mosses to give indications as to
sources of deposition (Rose et al., 1998b). Some examples are given in Table I.

Finally, as mentioned above, the chemistry of SCPs has been used to determine the fuel-
type of individual particles. This has been employed to trace both changes in deposition
sources through time at an individual site (Rose et al., 1996) and to map deposition from
different fuel sources across a region using SCPs from surface sediments (e.g., Rose et al.,
1999b). Again, this is discussed more fully later.
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A brief history

Wik and Renberg’s (1996) review of environmental records of SCPs included a synopsis
of the historical development of their use, so only a brief outline will be given here.

Griffin & Goldberg (1975) were the first to describe the presence of spheroids of ele-
mental carbon, in coastal marine sediments off the California and British Columbia coasts.
In 1979 they extracted elemental carbon from a box-core taken from Lake Michigan and
suggested that the change in morphology of particles up the core towards a greater degree
of sphericity was due to changes in fuel-use from wood to coal and oil combustion (Griffin
& Goldberg, 1979). They therefore became the first to extract and identify SCPs from a lake
sediment core. They used this approach to produce a simple fuel-type classification based
on particle morphology and surface texture (Griffin & Goldberg, 1981) whilst Goldberg et
al. (1981) showed a comparison between the sediment profile of elemental carbon concen-
tration and profiles of a number of trace metals thereby implying the impact of fossil-fuel
combustion on the sediment metal record of Lake Michigan. After briefly returning to the
subject of black carbon in Lake Michigan, although this time the sub-micron component
(Griffin & Goldberg, 1983), and expanding on these works in a book (Goldberg, 1985),
these pioneers appear to have stopped working in the field.

The method employed by Griffin & Goldberg, developed by Smith et al. (1975), used
approximately 10 g of dry sediment and an infra-red technique to determine elemental
carbon concentrations. For most paleolimnological studies, this is an impractical amount
of sediment to obtain and work with and therefore the technique developed in Sweden by
Renberg & Wik (1984; 1985a) using much smaller amounts of sediment, chemically treated
and directly counted by microscopy, was a great step forward towards using SCP analysis
routinely in paleolimnological studies. Renberg & Wik were also the first to use SCP profiles
as a lake sediment dating tool (Renberg & Wik, 1984; 1985a), the first to look at SCPs in
soils (Wik & Renberg, 1987), and sediment traps (Wik & Renberg, 1991b), and the first to
publish a regional distribution of SCPs using surface sediments and compare this to excess
sulphate in deposition and Pb in moss (Wik & Renberg, 1991a), although similar work
was being undertaken concurrently in Scotland (Rose, 1991; Rose & Juggins, 1994). The
Renberg & Wik technique was employed in SWAP so that the first sediment profiles for the
UK (Darley, 1985; Wik et al., 1986) and Norway (Wik & Natkanski, 1990) were produced.

In the UK, Rose (1990a; 1994) developed the chemical extraction of SCPs further so that
more of the unwanted sediment fractions were removed, whilst larger numbers of sediment
samples could be treated simultaneously. In addition, a technique was also developed which,
for the first time, extracted IASs from lake sediments (Rose, 1990b). Rose et al (1996) also
developed a technique whereby SCPs from coal, oil and peat could be allocated to their
fuel-type by means of their elemental chemistry and this technique was applied to SCPs
extracted from both surface sediments across a region and from a single site down a core.
This was later expanded to include all the major fuel-types of Europe (Rose et al., 1999b).

In North America, for PIRLA, “soot” particles were counted on slides made for charcoal
and pollen analysis (Charles & Whitehead, 1986) and profiles of coal and oil “soot” were
produced using the morphological parameters described by Griffin & Goldberg (1981).
In recent years, SCP analysis has been undertaken by many workers on sediments from
all continents in the world, although much of the work to date has been focused within
Europe (Table II).
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Methods of extraction and enumeration

As mentioned above, SCPs are composed of elemental carbon and, although physically
fragile, this makes them resistant to chemical attack. Strong reagents can therefore be used
to remove unwanted fractions of sediment without doing the SCPs any physical damage.

Smith et al. (1975) used basic peroxide (a mixture of hydrogen peroxide and
potassium hydroxide (KOH)) to remove organic material followed by hydrochloric (HCl)
and hydrofluoric acid (HF) stages to remove carbonate and silicate fractions respectively.
An infra-red technique was then employed to determine elemental carbon levels. This
approach reduced their original 10 g of marine sediment to 10–30 mg.

However, the two currently most frequently used techniques are those devised by
Renberg & Wik (1984) and that described by Rose (1994). The former of these is the
simpler, using an digestion to remove the organic material. The residue is then
poured onto a petri-dish and the SCPs counted under a binocular microscope at 100x
magnification. In this way SCPs down to diameter can be identified. In the technique
described by Rose (1994), the digestion is performed in polytetrafluoroethylene (PTFE)
tubes in a water-bath rather than in beakers and hence a larger number of samples can
be prepared at a time. In a modification of the Smith et al. (1975) procedure, unwanted
sediment fractions are removed by sequential chemical attack, with nitric acid HF
and HCl used to remove organic, siliceous and carbonate material respectively. A starting
sediment mass of 0.15 g is reduced to less than 0.001 g using this technique, thus removing
more than 99.3% of the sediment (Rose, 1994). A weighed sub-sample of the final residue,
consisting of carbonaceous material and a few persistent minerals, is then evaporated onto
a coverslip, mounted on a microscope slide and counted at 400x magnification. SCPs down
to c. can be identified in this way.

The method for extracting IASs from sediments is less vigorous as the particles are
less chemically robust. Being composed mainly of aluminosilicate precludes the use of HF
whilst the use of concentrated HCl would severely erode if not dissolve entirely the iron-rich
spheres. In addition, many of the surrounding sediment minerals are themselves composed
primarily of aluminosilicate minerals and thus a chemical extraction is by necessity both
subtler and less complete. Consequently, the final residue contains more material and hence
enumeration of the IASs is also more difficult than for SCPs. The procedure is similar to
that of the SCP extraction in that sequential chemical digestion is used to remove unwanted
fractions (Rose 1990b). However, using this method, is used to remove organic
material, 0.3 M sodium hydroxide (NaOH) to remove biogenic silica, and dilute HCl to
remove the more readily dissolvable carbonates. The final residue is treated in the same
way as for SCPs, and the slide counted at the same magnification. Finally, in a technique to
enumerate a combination of both particle types (as “spheroidal fly-ash particles”), Punning
et al., (1997a) used 2 M NaOH and 10% to remove organic matter before mounting
the samples in glycerine and counting at 420x magnification.

Safety note

The removal of sediment fractions by selective digestion, particularly using the SCP method,
involves the use of a number of hazardous chemicals. It is important to stress that these
procedures should always be undertaken in fume cupboards employing all the necessary
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laboratory protocols for the use of these substances. This includes protection of the analyst,
by wearing appropriate eye protection, laboratory gloves and protective clothing, and other
laboratory users by the correct use of chemicals and the disposal of digestion residues.
In particular, HF should be used with the upmost caution. Additional safety procedures
for the use of this chemical are in place wherever it is employed and these should be
followed at all times. These include additional protection for face, hands and clothing as
well as procedures for the disposal of residues and dealing with any spillages or burns.
It is strongly recommended that training in the use of this chemical and these associated
procedures is undertaken before using it for the first time.

Temporal distribution

Most paleolimnological research studies involving fly-ash particles have been down-core
profiles of particle concentrations. There have been three main underlying reasons for
doing this. First, in order to correlate with some other temporal trend and thus attribute
an atmospheric deposition cause (e.g. biological change such as a move towards a more
acidic sediment diatom assemblage; increases in metal concentration). Second, to allocate
dates to a core, and third, in order to determine the trends in particle concentrations through
time per se, i.e., as indicators of impacts from atmospheric deposition or as surrogates for
other pollutants.

Given certain criteria, such as a sediment accumulation rate which allows a reasonable
temporal resolution, and an undisturbed record, temporal trends in SCP concentration
(e.g., numbers of particles per gram dry  or accumulation rate (e.g., numbers
of particles are remarkably consistent wherever they have been analysed. The
reasons for this are that there have been such major changes in the development of global
fossil-fuel combustion at certain times, that although there are local depositional influences,
these only tend to modify the underlying patterns rather than causing radical differences
from one region to another. Thus, there are similar temporal patterns in the SCP records in
lakes across Europe, in China, Siberia, the USA, and in circum-polar Arctic regions. These
major features are the start of the particle record, the rapid increase in particle concentration
and a particle concentration peak.

The start of the particle record

As SCPs are not produced by any natural means, the first major change in the sediment record
was the start of the record or the move from the absence to the presence of particles. This is
the most regionally variable feature of the SCP profile and depends both upon the strength
of the initial source and the detection limit of the analysis (this latter criterion is further
influenced by the sediment accumulation rate, the amount of sediment available for analysis
and so on). In the UK, the start of the SCP record begins in c. 1850/1860 (Rose et al., 1995)
as a result of the combustion of coal at high temperatures following developments in
the Industrial Revolution. At this time, emissions were vented to the atmosphere via low
chimneys and hence distribution was more spatially limited with highest concentrations
close to the source. However, as the sources were small and local, they were more abundant
with each town having at least one small coal-fired station. The spread in this technology was
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rapid and hence it was only a matter of a decade or so from the first power station generating
electricity for public heating and lighting (Holborn Viaduct, London on January 1882)
to thousands of stations creating particulate emissions right across the country. The start of
the SCP record in lake sediments thus predates the first electricity generating station and
therefore probably reflects the earlier use of coal in industrial processes as a whole (Rose
et al., 1995). In addition, this early industrial coal combustion was both less efficient than
today and lacking in any emission controls. Thus each town became a significant point
source for the surrounding district.

A simple calculation demonstrates this. A modern 2000 MW coal-fired power station
consumes about 22,000 tonnes of coal a day if it operates continually for 24 hours. De-
pending on the mineral content of the coal there may up to 6000 tonnes of ash to remove
per day (Hart & Lawn, 1977). In a modern station most of this ash is removed by effi-
cient electrostatic precipitators and only 10–15 tonnes a day is emitted to the atmosphere
(Hart & Lawn, 1977). Values of c. 12 tonnes a day have also been suggested for both
coal and oil-fired power stations (1000 MW) fitted with “appropriate emission controls”
(Laxen, 1996). Given that the masses of a SCP and a IAS are in the region
of and respectively, then 10 tonnes of ash consisting of 95%
IAS and 5% SCP will emit to the atmosphere c.           IASs and c. SCPs,
each day of operation. The small early power stations may have been 100 or even 1000
times smaller than this, and their lack of efficiency also probably increased the number
of larger particles removed as bottom ash or travelling only very small distances from
the source, thus having minimal impact beyond the immediate vicinity. However, they
would not have included any emission controls to efficiently reduce the number of particles
emitted to the atmosphere. Consequently, even the most conservative estimates suggest that
from early on millions of SCPs and IASs were being emitted every day from hundreds
of sources across the UK. It only takes a small proportion of these to be transported
away from the local area for lake sediments across the country to store fly-ash particles in
detectable numbers.

The start of the record throughout the UK therefore occurs at a reasonably uniform
time. However, the UK is not an isolated case and similar situations will have occurred in
every industrialised country as this new form of power generation was developed. The start
of the SCP record therefore occurs within a few decades (1850–1900) in most industrial
countries, although in northern Sweden records of SCPs in the century have been
reported (Renberg & Wik, 1985b). Although a few other sites may show pre-1850 records,
this has been attributed to core smearing (i.e. the movement of high concentration sediment
to lower levels during the process of coring or extrusion) and currently, there is little other
convincing evidence for these very early particles.

Meteorological phenomena will transport airborne contaminants many thousands of
kilometres to relatively clean areas. Industrial spherules have been recorded in the middle
of the Atlantic Ocean (Folger, 1970) and in Greenland (Hodge et al., 1964) and Antarctic
(Fredriksson & Martin, 1963; Hodge et al., 1967) ice deposits. Therefore, particles may
also be detected in the lake sediments of areas prior to the time of the first local or regional
emissions. In these situations, the detection limit of the technique may influence the date
at which the presence of fly-ash in the lake sediment record is first observed rather than
the date of first deposition (e.g. Rose et al., 1998a). Therefore, in sediments where SCP
concentrations are very low, dates for the start of the record should be treated with caution.
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As far as IASs are concerned, there is no start of the record as a natural background
of volcanic and possibly micrometeoritic particles are present (Rose, 1990b). However,
this background appears to be approximately uniform and removing this tends to give an
‘industrial signal’ starting at a similar time as the SCP record (Rose, 1990b; 1996).

The rapid increase in particle concentration

The second major change in fossil-fuel combustion, reflected in the lake sediment fly-ash
particle record, followed the end of the Second World War. At this time there were two
significant developments. First, a major expansion in the consumption of fossil-fuels at
power stations rapidly increasing in size (Laxen, 1996) as a result of a dramatic demand
for electricity, and second, the availability, for the first time, of cheap fuel oil leading to the
development of the first large-scale oil-fired power stations. In lake sediment profiles this
is observed as a rapid increase in particle concentration following almost a century of slow,
but steady increase. This is observed throughout Europe (e.g., Wik et al., 1986; Rose et
al., 1995) and in some areas of North America (e.g., the Adirondacks, Charles et al., 1990)
although in other areas such as the Great Lakes a rapid increase has been observed since
the early years of the century (Griffin & Goldberg, 1981; Lan & Breslin, 1999) with
no significant changes during or after the Second World War. This undoubtedly reflects the
differences between the industrial developments of Europe and the USA and the impact
that the Second World War had upon them. For example, a great deal more restructuring
and rebuilding was required in Europe following this period leading to a sudden increase in
demand for electricity, whereas development in the USA was a more continuous process.

In terms of its use as a dating feature, the rapid increase in SCP concentration is therefore
probably more useful in Europe than in North America, although further studies are required
to determine the geographical extent of the contrasting patterns in the Great Lakes and the
Adirondacks. As a dating point on a profile, it has been defined as the depth at which the
intercept of the extrapolated gradients of the slow, steady increase (pre-feature) and the
rapid increase (post-feature) occurs (Fig. 5) (Rose et al., 1995).

Where both fly-ash particle analyses have been undertaken (e.g. UK, Japan) the rapid-
increase in concentration occurs simultaneously in both SCP and IAS profiles showing the
major influence of coal combustion. However, in other areas such as Sweden (Wik et al.,
1986) and Norway (Wik & Natkanski, 1990), the increase in fossil-fuel consumption is
almost entirely attributable to an increase in oil use and therefore, although the SCP profile
shows a rapid increase at this time, it is uncertain whether an IAS profile would also do so.

The particle concentration peak

In many countries, as combustion technology has developed, so there has been a move
away from a large number of small, local power stations providing electricity to a limited
area, to a smaller number of large power stations located outside urban areas feeding into
a national grid of electricity supply. Alongside this trend has been an increase in combus-
tion efficiency, as well as an increased awareness of environmental concerns, both urban
and non-urban. This has led to the introduction of tall stacks which dilute and distribute
emissions more effectively, but perhaps more importantly has led to the introduction of
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emission control legislation and hence particle control technologies, such as electrostatic
precipitators, cyclones and ‘baghouses’.

This increase in combustion efficiency and the introduction of particle arrestors at
source, in addition to the implementation of successively more rigorous control legislation,
has meant that despite the continued increase in fuel consumption, in many industrialised
areas, particulate emissions have started to decline. In addition, in some countries, such as
the UK, changes in policy have led to a decline in heavy industry, reducing emissions both
directly and indirectly via a reduced demand for electricity, as well as a move away from
the use of traditional fuels such as coal and fuel-oil to natural gas.

In the lake sediment record, the above changes are recorded as a move away from the
rapid increase in concentration of the 1950s and 1960s to a particle concentration peak and
subsequent decline to the sediment surface. In many areas, such as Sweden, Norway (Wik &
Natkanski, 1990), Finland (Korhola & Blom, 1996), Germany (Hilgers et al., 1993), North
America (Charles et al., 1990; Lan & Breslin, 1999) and southern UK (Rose et al., 1995),
this occurs in the late-1960s to early-1970s. Whereas in other areas, such as northern UK
(Rose et al., 1995), Ireland (Flower et al., 1994; Rose et al., 1995) and Slovenia (Brancelj
et al., 1999) this occurs in the late-1970s or early-1980s.

Such variability is probably due to national and regional changes in the processes
described above. Despite tall stacks, particle sources still impact areas nearer to them
rather than those more remote, and hence the gradual retro-fitting of particle controls, the
tactical switching to alternative fuels to reduce sulphur emissions to agreed levels, and
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the reduction of industrial processes will all affect local and regional areas more greatly
than the national picture. Therefore, despite the particle concentration peak being the least
ambiguous and most clearly definable SCP profile feature, it is probably also the one most
open to local variability.

It is also a feature which, depending on local sources, has only recently become apparent
in some areas. Although even early works of Griffin & Goldberg (1981) and Renberg & Wik
(1984; 1985a) showed peaks and surface declines in their profiles, the rather later appearance
of this feature in the north of the UK meant that in early studies (e.g., Darley, 1985; Wik et
al., 1986) the surface decline was absent and the particle concentration maximum was at
the surface. The first published work showing a surface decline for a UK site is thus Wik
& Natkanski’s (1990) paper where Loch Doilet and Lochan Uaine in Scotland show this
sub-surface peak, although no date is ascribed to it. Four other sites from Scotland also
included in this paper show no surface decline. The reason for this simultaneous presence
and absence of the feature in UK cores is probably a combination of differences in sediment
averaging processes between sites (physical mixing due to water currents, bioturbation, etc.)
and differences in sediment accumulation rate leading to variability in sampling resolution.
Despite this, post-1985, almost all UK cores now appear to show a sub-surface peak except
in exceptional circumstances where sediment accumulation rate is very slow (e.g., Lochan
Uaine, Scotland; Barber et al., 1999). The same is seen to be true across Europe where
most sediment profiles show surface declines except for some mountain lakes (Rose et al.,
1999c) or arctic lakes (Rose et al., unpubl.) where slow sediment accumulation rates are
the controlling factor.

In other areas of the world, where coal consumption is increasing rapidly and where
particle control technologies are less widespread, for example in China, SCP concentra-
tions continue to show surface concentration maxima despite the lakes having more rapid
sediment accumulation rates (Table II) (Boyle et al., 1999).

Dating

Allocating the features described above to an undated sediment profile is usually quite
straightforward, although only rarely do profiles approach that of the schematic profile
shown in Figure 5. Renberg & Wik (1985a) described this method of SCP dating as
“indirect” as it relies upon other means in order to calibrate the profile within a region
before it can be used on an undated core. Consequently, several SCP profiles must be
dated by independent techniques, such as varve counting or chronology, before one
can be confident about using these dates. However, once this has been done, confidence
in allocated SCP dates can be high and where this has been done “blind” i.e. SCP dates
allocated prior to obtaining independent dates, this author at least can report an often
surprisingly good agreement.

To date, it is only rarely that more than one independently dated sediment core has been
analysed for SCPs within a region such that a regional dating consensus can be determined.
This is something that will need to be done in the future, as the ability of to date the

century becomes less reliable. However, where independently dated SCP profiles are
available in the literature, Table II summarises this information.

Apart from these three features, other techniques have been employed in order to allocate
SCP dates to undated cores. Matching cumulative SCP percentiles between dated and
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undated cores has been undertaken on cores taken simultaneously from adjacent lakes
(Renberg & Wik, 1984) and multiple cores from within a lake basin (Rose et al., 1999a) in
order to allocate up to nine dates in addition (but related) to the dating features described
above. However, this approach has so far been limited to cores taken at the same time,
although a development, in order to make this approach more widely applicable, might
be to use the concentration peak of an independently dated profile as 100% and relate the
percentiles of the undated core to this.

Another more complicated approach to obtaining further dates on SCP profiles is to
use particles characterised to their fuel-type, and then use documentary evidence for major
changes in fuel-use to allocate dates to those changes. Particle characterisation and other
methods of determining changes in fuel-use are described later.

A complication in using SCP profiles in order to allocate dates to sediment cores is
that of profile variability, and this occurs on two scales, within-lake and regional. Rose
et al. (1999a) showed ten profiles taken from within the deep basin of Loch Coire nan
Arr, a site in the north-west of Scotland, and showed the variability that occurred between
them in terms of both concentration (peak and surface) and historical patterns. Although
the profiles showed quite significant variability, the major dating features were identifiable
in each and the cumulative profiles showed good agreement. This suggests that, although
SCP concentrations may vary at a sediment depth between cores, over time the cores were
receiving similar SCP deposition. This was highlighted by the calculation of full SCP
inventories for each core which also showed good agreement. Thus a SCP inventory is
a better way of comparing the depositional impact at a number of sites. However, SCP
inventories may still contain some variability due to, for example, the inwash of particles
from catchment sources (e.g., Rose et al., 1999c). In dated cores, this can be compensated
for by normalising the SCP inventories to the inventories of The resulting
ratio is therefore a ‘pollution index’ for the total deposition period and is probably the best
inter-site comparison available for SCP data.

An additional conclusion from the Loch Coire nan Arr study is that, although within-lake
processes may alter SCP deposition to the sediment, even over very small distances, the three
major features used for dating were still present and readily identifiable. Subsequent studies
(Rose, unpublished data) have shown that within lake variability in the SCP profile, and also
in full inventory, increase when the full lake basin is considered, as might be expected. This
work, which builds on that described by Wik & Renberg (1991b), is beginning to identify
the processes involved in SCP movement within a lake and factors that are important in
SCP focusing. Such work will be important in further interpreting the sediment record.

Inter-site comparisons on a regional basis cannot practically also include multiple cores
from within each lake and hence there is a reliance on a single core from the deep area
of a lake providing a reasonable record of atmospheric deposition through time. However,
some studies have shown that SCP dates vary between regions within a country (Rose et
al., 1995) and therefore the extent of coherent dating regions, and the within-region and
between region variability, must be fully understood before SCP dates from one area of
a country can be allocated to another. To date, the work of Rose et al (1995) is the only
attempt to explore this, although individual sites in northern and southern Sweden (Renberg
& Wik, 1984) appear to show similar dates for profile features whilst those in southern and
mid-Norway (Wik & Natkanski, 1990) may differ by a few years. This approach is currently
being developed in the UK (Rose, 2000).



334 NEIL ROSE

Spatial distribution

Spatial distribution data on SCP and IAS in lake sediments has been produced on a variety
of scales from within-lake to national and international. Within a lake, information can be
obtained on recent sediment distribution and the extent of sediment focusing (e.g., Wik &
Renberg, 1991b; Wathne, 1999) such that the processes involved in sediment deposition,
movement and storage within a lake can be further understood. On a larger scale, but still
within a lake, 26 surface sediments and six full sediment cores were analysed for SCP within
Lake Baikal, Siberia c. 500 km apart (Rose et al., 1998a) to show atmospheric deposition
from different sources in the catchment.

On a national scale surface sediment SCP concentrations have been shown to have a
good spatial agreement with atmospheric lead deposition (as recorded in moss samples)
and excess sulphate in wet deposition in Sweden (Wik & Renberg, 1991a), total sulphur
deposition in Scotland (Rose & Juggins, 1994) and atmospheric deposition of trace metals
as recorded by catchment mosses in the UK (Rose & Harlock, 1998), Estonia (Alliksaar
& Punning, 1998), Ireland (Bowman & Harlock, 1998) and the Czech Republic (Fott
et al., 1998). In these latter studies, particle concentrations where also shown to have a
good agreement with known emission sources. IAS concentrations in surface sediments in
Scotland were also found to have a positive correlation with sulphur deposition (total, dry,
wet; measured and modelled) of a similar order to those of SCP (Rose, 1996). Surface
sediment SCP concentrations have also been shown to have a good spatial correlation
with distance from source in areas where single point sources provide the only significant
inputs to a region. In such cases, for example Svalbard (Rose et al., unpubl.), and the
Jianghan Plain of central China (Boyle et al., 1999), impacts from the source are observable
above a background level up to 60–80 km from the source. The use of lake sediments as
a series of spatially-arrayed depositional archives rather than pollutant sinks per se allows
regional patterns of deposited contaminants to be identified. Hence the data can be used to
assess the impacts not only on the freshwater bodies included in the study, but also on the
wider environment, such that there are implications from these studies to both human and
environmental health (Rose et al., 1998c).

One of the major problems in using particle data in the above way is determining exactly
what a surface sediment concentration represents. As discussed above, sediment accumula-
tion rates can significantly alter particle concentrations and whilst a 0.5 cm sediment slice
in one lake may represent one year, in another it may represent ten or more years. Whilst
acknowledging this limiting dimension to the data, this has not and should not preclude the
use of SCP concentration data in a spatial way. In the studies described above, the association
with SCP and IAS concentrations with other deposited pollutants (sulphur, metals) and with
known source areas suggests that spatial patterns are dependant on atmospheric deposi-
tion rather than on variation in sediment accumulation rate. The variability of sediment
accumulation rate between lakes can never be fully overcome without independent dating
but the selection of similar lakes through adherence to pre-determined criteria goes some
way to avoiding gross differences (Rose et al, 1998b). Within any of the countries where
such studies have been undertaken, particle concentrations varied by at least 100 times
(>4000 times in Wik & Renberg, 1991a). For sediment accumulation rates to vary by the
same amount would mean a range of, for example, between 0.01 and
which although not impossible is unlikely in similar lakes. Therefore, although variation
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in sediment accumulation rate will without doubt modify surface sediment concentrations
it is still possible to identify high and low deposition areas. Indeed, the chance that the
patterns observed are the product of physical processes rather than depositional patterns
must be infinitesimal.

On a still broader geographical scale, 33 dated sediment cores from mountain
lakes across Europe were analysed for SCP as part of the EU funded AL : PE (I & II)
projects (Rose et al, 1999c). Sites ranged from the north-west of Svalbard to the Sierra
Nevada in southern Spain, and from the Sierra Estrela in Portugal in the west to the Tatra
Mountains of Slovakia and Poland in the east. At this scale it is not possible to say anything
about national trends as only one or two sites were taken from within a small mountainous
area of each country. However, the sites were deliberately selected to adhere to strict criteria
and were thus as comparable as any set of lakes across such a wide area could be. There
were four main conclusions of this work. First, the temporal trends in the SCP profiles were
similar throughout the continent. Second, the distribution of SCP surface concentrations,
but especially SCP surface accumulation rates and inventory ratios, showed a
latitudinal pattern, with most contamination in a band between 48–52 °N decreasing towards
the north (Svalbard; 89 °N) and the south (Sierra Nevada; 37 °N) in good agreement with
the latitudinal pattern of emissions. Third, only a few of the profiles could be interpreted
using combustion statistics from a single (the host) country. Although many of these sites
are located close to national boundaries, this result emphasises the transboundary nature
of SCP movement and airborne pollutant transport within Europe generally. Fourth, that
despite the remote nature of these sites, in particular Arresjøen in north-west Svalbard,
there were no sites at which contemporary sediments gave a zero concentration of SCPs.
By contrast with some other pollutants, in particular some persistent organics, there is
no distillation effect for SCPs, by which they can move to these remote latitudes and
altitudes and, consequently, their presence in these remote sites is due to a simple emission,
transport and deposition process. This latter point highlights two key concepts. First, that
particles can travel thousands of kilometres from their emission source and second, that
even relatively large fly-ash particles have reached the most remote areas of, at least, the
northern hemisphere.

Studies in the remotest areas throughout the northern hemisphere appear to show similar
SCP concentrations in the surface sediments. Sites in northern Sweden (Wik & Renberg,
1991a), Svalbard (Rose, 1995; Rose et al., 1999c), mid- to northern Norway (Wik &
Natkanski, 1990; Rose et al., 1999c), northern Finland (Korhola et al., unpubl.), Arctic
Canada (Doubleday et al., 1995), Arctic Russia, Iceland and Greenland (Rose, unpublished
data) show concentrations of between suggesting a possible hemispheri-
cal background of SCPs upon which local and regional influences are superimposed closer to
sources. Doubleday (1999) found SCPs to be the most common ‘combustion-type’ particle
in both Self Pond and Kirk Lake in the eastern Canadian Arctic although data were presented
in percentage form preventing direct comparison with published particle concentration data
from elsewhere.

Currently, there is little SCP and IAS data for the southern hemisphere. Cameron
et al. (1993) showed a SCP profile for Lake Nicholls in Tasmania which had a surface
concentration just above the level suggested as a northern hemispherical background and
an improbably long historical record. Chenhall et al. (1994; 1995) presented ‘ash’ profiles
for Lake Illawarra in New South Wales, Australia. Here, the ash, extracted by flotation of
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the  fraction, included siliceous ash (IASs), carbonaceous ash (including charcoal,
coke, graphite, soot and presumably SCPs), sulfide particles and iron oxide particles and
reached up to 35% (by dry weight) in some sediment levels. However, as this includes
many particle types such measurements are difficult to compare with other literature data,
although significant contamination of the site is suggested. Some, currently unpublished,
SCP work has been undertaken in south-eastern Australia (S. Mooney, pers. commun.)
and New Zealand (F. Davies, pers. commun.) whilst one or two isolated samples have
been analysed from Chile, Peru and the maritime Antarctic (Rose, unpublished). Of these,
the Peruvian (Lake Titicaca) and the Antarctic (Signy Island, South Orkneys) samples
produced SCP concentrations of zero suggesting a southern hemisphere background, if it
exists, may be significantly lower than the north and that truly pristine areas (in the absence
of SCP sense) may exist in remote areas of the southern hemisphere. However, this may be
due to the detection limit of the technique and further work is needed to determine whether
these areas are truly pristine and if so, their geographical extent.

Source apportionment

Information on the historical and spatial distributions of SCP, IAS and associated pollutants
(trace metals, sulphur, PAHs, etc.) can be obtained or inferred from interpreting particle
concentration data or transforming these data into particle accumulation rate, or inventory
form. However, further information is available from fly-ash particles, extracted from lake
sediments, when they are allocated to their fuel-type such that the total concentration is
sub-divided into fuel-classes.

Particle characterisation can be applied to both core samples and surface sediments
to obtain information on the impacts of changes through time at a site or the impacts of
contemporary emissions across a region, respectively. Such information is useful for policy
formulation and in terms of targeted emission reductions, whether to protect a sensitive
environment or the health of a population, source identification for airborne pollutants
is vital. Supporting evidence can also be provided for long-range transport models as
particulate sources may be identified from external sources (e.g. Davies et al., 1984).

Such studies are really only of use for SCPs rather than IASs. The vast majority of
IASs come from solid fossil-fuels (coals, oil shale) but there is no morphological means
by which to separate them, coming as they do from the fused minerals present within the
fuel. Similarly, there is no certain way of identifying sources chemically, as the chemical
composition of the IAS particle is dependent upon the original mineral rather than the
fuel-type and hence the particle compositions are also potentially very similar between
fuel-types (i.e., mainly aluminosilicate). However, Alliksaar et al. (1998) suggest that oil
shale IASs contain higher Ca and K and lower Al than their coal-derived counterparts.

In regions where there is only one fuel-type producing IASs, the IAS/SCP ratio can pro-
vide information on the relative impacts of deposition from these fuel-types (Rose, 1996).
For example, in the UK, coal combustion produces SCPs and IASs whilst oil combustion
produces only SCPs. Consequently, an IAS/SCP ratio can provide some information on the
relative distributions (both spatial and historical) of these fuel-types. Similarly in Estonia,
the main fuel-source is oil shale which produces a very high IAS/SCP ratio. Consequently,
the relative impacts from this and other fuel-types can be obtained by determining the
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IAS/SCP ratio. Here, additional information is produced on the various impacts of sources
from within and outside Estonia (Alliksaar & Punning, 1998).

Fuel-type apportionment by morphology

Fisher et al (1978) used light microscopy to differentiate between 11 morphological types
of coal fly-ash (including SCP and IAS), but the first attempt at a fuel-type allocation
for SCPs was by Griffin & Goldberg (1981) who used a combination of scanning-electron
microscope (SEM) derived shape and surface texture to allocate particles into coal, oil, wood
or wood/coal categories. The shape categories were ‘porous spheres’, ‘elongate prismatic’
and ‘irregular fragments’. Here, we are concerned only with SCPs and hence the ‘porous
sphere’ class. In this class, coal and oil were distinguished by their surface textures; coal
having a ‘smooth’ or ‘rough, irregular, pitted or cellular’ texture whilst that of oil was
described as ‘etched, convoluted or layered’. Such a simple classification is undoubtedly
useful, although coal SCPs have also been observed which show these surface features
(Fig. 4). Many particles of both oil and coal origin have very little surface area, being
highly porous or ‘lacy’ (Fig. 6) (Lightman & Street, 1968). This limits the use of surface
features in a fuel-type classification, and this group of particles, which will become more
abundant as combustion efficiency increases, were not included in the Griffin & Goldberg
(1981) classification.

A morphological approach has been used to differentiate between coal and oil SCP
types in North American studies (e.g. Kothari & Wahlen, 1984), including PIRLA (Charles
et al., 1990). However, in this latter study, fuel-type determinations were difficult in many
cases (D. Charles, pers. commun.) and although it was still possible to produce individual
profiles of coal and oil, these were found to contain more “variation” than some metal and
PAH profiles (Charles et al., 1990) and this may be as a result of these difficulties.
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In a more all encompassing classification, Doubleday (1999) produced a morphologi-
cally based description for all combustion derived particles collected in the eastern Canadian
Arctic (including those from waste incineration, aircraft emission and domestic burning),
where the fly-ash particles considered in this chapter formed classes. However, this was
only used as a classification tool and not for fuel-type apportionment of the fly-ash particles.
When applied to sediment material from the same area the results were expressed in terms
of percentages of total particles or as percentages of total combustion particles.

Size distribution studies (Shen et al., 1976) indicate that particulates emitted from coal-
fired boiler stacks generally have a higher mean diameter than those from oil-fired boilers,
but there is a large overlap, especially as particles from different coal combustion techniques
also appear to show morphological and size differences due to differing furnace temper-
atures (McCrone & Delly, 1973; Falster & Jacobsen, 1982). Particles cannot therefore be
classified to fuel-type on size criteria alone.

When embedded in resin and thin-sectioned, oil carbonaceous particles appear roughly
circular with extensive and regular cross partitioning (Raask & Street, 1978), and are
anisotropic in cross-polarised light (i.e., they give incomplete extinction upon rotation).
Lightman & Street (1968) identified four different types of coal-derived particle using this
approach: (1) solid particles produced from the fusain maceral; (2) ‘balloons’ with thin
walls and a single large cavity; (3) ‘C’ shaped particles with thick walls and a single large
pore opening to the surface; and (4) ‘lacy’ particles with many internal partitions similar to
those from oil combustion. The relative numbers of these particles produced during coal
combustion depends on the type of coal and burning conditions (size of flame, furnace
type, etc.), and hence will change through time. However, the ‘C’ shaped particles were
generally found to be the most common (Lightman & Street, 1968). In cross-polarised
light, the ash particles from low rank coals are isotropic (i.e. give complete extinction upon
rotation) and mid- to high-rank coals are anisotropic (Griest & Harris, 1985).

Fuel-type classification by optical microscopy has been used with a high degree of
success (80–90%) with power station ash (P. Street, pers. commun.). However, it is not
convenient with particles extracted from lake sediments, because the number of particles
available to embed in the resin is many orders of magnitude lower and the ‘lacy’ particles
would remain unclassified. Thus it would appear that there is currently no morphological
approach which both effectively separates the fuel-types and is applicable to particles
extracted from lake sediments. We must therefore turn to particle chemistry.

Chemical apportionment

Elemental analysis has been performed on particulates from many different combustion
sources including car emissions, incinerators and cigarettes, as well as from coal and oil-
fired power stations (McCrone & Delly, 1973). The results from McCrone & Delly and
other studies (Shen et al., 1976; Cheng et al., 1976) show that the major elements present
in power station emission particulates are, for oil: V, Fe, Si, S, and Ca; and for coal: Fe, Ti,
Si, S, K, and Ca. Titanium and vanadium have, therefore, been used in the past as indicative
of coal and oil particles, respectively (e.g. Ganor et al., 1988). However, both oil and coal
are heterogeneous materials, and vanadium is present in some coals and titanium in some
oils. Consequently, these elements do not allow consistent discrimination between fuel
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types for all particles. Since particles from different fuel-types cannot be accurately and
consistently differentiated on the basis of individual chemical parameters, multi-element
characterisation must be used.

Multi-element approaches to SCP characterisation

Rose et al. (1996) described the development of a SCP characterisation for oil and coal
fuel-types, using particle chemistries determined by energy dispersive X-ray spectroscopy
(EDS). This technique is described as semi-quantitative as the results are expressed as a
percentage of the total of elements selected for analysis. Additionally, the EDS detector used
was unable to determine elements lighter than sodium, and thus carbon and oxygen, most
probably the major constituents in SCPs (c.f. traffic-derived soot; Fruhstorfer & Niessner,
1994), were not measurable and do not appear in the total. However, rather than being a
drawback, this had a positive effect as the 17 trace elements analysed consequently appeared
to be much more important to the particle composition than in reality, and it was these,
rather than the carbon content, which were used in differentiating between the fuel-types.

Individual particle chemistry data were acquired by computer controlled SEM, and
thus it was possible to analyse many thousands of particles relatively quickly (Rose et
al., 1996). A reference dataset of almost 6000 coal and oil particles was produced using
fly-ashes obtained from ten power stations in the UK and Ireland. After data screening
to remove outliers, linear discriminant function analysis produced a discrimination rule
which allocated over 95% of the particles to the correct fuel-type under cross-validation.
The technique was then applied to SCPs extracted from a sediment core taken
from a lake on Hampstead Heath in north London, UK. The results showed good agreement
with known combustion history of coal and oil in the region, with 100% coal until the
early 1950s when the first major oil-fired power station in the UK was commissioned at
Bankside on the River Thames in 1952. Although coal particles dominate throughout the
core, the proportion of oil SCPs increased from the 1950s through to the mid-1970s when
the record first declined and then became more erratic. This coincides with the period of
the oil crisis caused by the embargo of 1974 and the subsequent increased uncertainty over
the future of fuel-oil. There is a general decline in oil particles after this point except
for a small peak at c. 1984 which may correspond to the increase in oil use during
the national coal-miners strike of 1984/85. If this is not an over-interpretation of these
trends, then SCP characterisation data could be used to add these additional dates to a
sediment profile.

The spatial distribution of characterised particles was also studied using surface sedi-
ments from lakes in Scotland, northern England and Northern Ireland (Rose et al., 1996).
Above average concentrations of oil particles occurred around Glasgow, the east coast
near Aberdeen, and Galloway in the south-west. These agreed with the location of known
oil-combustion sources and suggests that the acidification of lochs in the Galloway area
(e.g., Battarbee et al., 1989) may partly relate to pollutants originating from oil-fired power
stations in Northern Ireland.

An attempt was also made to extend the characterisation to identify individual power
station sources, but this was only partially successful (Rose et al., 1996). However, even
these allocations were probably over-estimated as the dataset was unlikely to include the



340 NEIL ROSE

full range of chemistries produced from each individual power station. This is because
the fuels burned at each station vary through time and hence the overlap between stations
using the same fuel-types was unlikely to be fully observed. This situation has become
exacerbated since the introduction of multi-fuel stations.

The Rose et al. (1996) study also showed that particles from peat combustion were
distinguishable from coal and oil suggesting that the technique could be extended to include
other fuel-types. As part of the EU COPERNICUS funded project ‘FLAME’ (Fly-ash and
metals in Europe - 1994–1996, Rose et al., 1998c) a particle characterisation was developed
which included all the non-gaseous fossil-fuels used for power generation in Europe, i.e.
coal, oil, peat, brown coal and oil shale. This is described in Rose et al (1999b). The
approach was similar to that described above. 33 reference ashes were obtained from six
fuel-types (Czech and UK coal were treated as separate fuels to determine any within-
fuel variability) in the four participating countries (UK, Ireland, Estonia, Czech Republic)
and over 48,600 particles were analysed for 21 elements. After removal of univariate and
multivariate outliers, 1000 particles were randomly selected from each fuel-type to produce
a 6000 particle dataset from which to develop the discrimination.

The final classification involved a hierarchy of quadratic discriminant functions (QDFs).
The first hierarchical level separated the six fuels into three ‘fuel-groups’ (oil; coal series;
oil shale/Czech black coal), whilst the second hierarchical level used separate QDFs to
separate each fuel group into its component fuel-types. Some fuel separations proved to
be very good with oil, oil shale, Czech black coal and brown coal being 94.1%, 89.3%,
86.0% and 84.1% correctly allocated to their fuel-types, respectively. The coal-series and,
in particular peat and coal, showed considerable overlap and were less effectively separated.
In total, of those particles allocated to a fuel-type, over 80% were allocated correctly.

This discrimination was then applied to particles extracted from 196 lake surface sed-
iments across the four countries (Alliksaar & Punning, 1998; Fott et al., 1998; Bowman
& Harlock, 1998; Rose & Harlock, 1998). Spatial trends in most key fuel-types in each
country (oil shale in Estonia, brown coal in the Czech Republic, peat and oil in Ireland, coal
and oil in the UK) showed good agreement with emission sources, increasing confidence
in the technique. However, in all countries, absolute percentages were low due to high
allocations to the coal fuel-type even in areas where coal-use was known to be low. It is
thought that these high coal values were due to mineral particles surviving the chemical
pre-treatment and being allocated to the coal fuel-type due to the similarity in both the
major elements comprising these minerals and those elements important in the allocation
of particles to coal (e.g., Si, Al, K). A critical assessment of the techniques employed in
the chemical analysis of carbonaceous particles together with possible future directions for
this work is discussed in Watt (1998).

Although primarily paleolimnologically based in its development, the above approach
to SCP source apportionment is applicable to particles extracted from any depositional sink
including atmospheric collectors, building stone crusts, soils and leaves.

Comparisons between source apportionment techniques

Although no direct comparisons between morphological fuel-type apportionments and
multi-element chemical apportionments have yet been made, Rose (1996) compared the re-
sults obtained from the EDS-derived fuel-type trends at the Hampstead Heath site
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(described above) with those derived from interpreting trends in the IAS/SCP ratio. As
IASs, in the UK, are almost solely derived from the combustion of coal, an increase in the
IAS/SCP ratio should correspond to a higher proportion of SCP allocated to coal by the
EDS technique, whilst a lower ratio should indicate more oil.

The results from Hampstead Heath did show similar trends (Rose, 1996). At the base
of the core where SCP characterisation showed 100% coal, the IAS/SCP ratio was at
a maximum (1.5), and as oil SCPs were seen to increase between the 1950s and the
mid-1970s, so the ratio also declined. However, in more recent years, in the mid-to-late
1970s, where there is a dramatic increase in IAS/SCP, there is only a slight corresponding
increase in coal SCP%. From the late 1970s or early 1980s there is a general decrease
in both profiles followed by an increase just below the sediment surface. There is no
definite trend during this period probably reflecting the uncertain fuel policies in the UK
at this time.

An alternative way of using IAS to follow temporal fuel-use changes is to compare IAS
concentration directly rather than using the IAS/SCP ratio. Here, the suggestion is that so
few IASs are produced from oil combustion that they can be used as a surrogate for coal
consumption directly. In the Hampstead Heath core the trends are once again comparable
showing an increase between the base of the core and the early-1970s, a decrease in the
mid-1970s followed by another increase from the late-1970s to the early-1980s and a
subsequent decline.

IAS/SCP is therefore a useful means of detecting trends in fuel-type changes and
influences at lake sites, but is probably not as reliable as that of SCP characterisation.
It was beneficial to conduct this study in the UK where coal and oil are the main fossil-
fuels used in industrial combustion and where coal is almost solely the source of the IAS
particle type. In countries where there are influences from other fuel-types (e.g. brown
coal, peat), the IAS/SCP relationship as an indicator of fuel-type may not be as clear. Both
approaches can therefore yield useful information on trends in fuel use through time and the
changes in deposition from these sources at a site. However, although the trends appear to
compare quite well, there is probably less quantitative value in either an IAS concentration
or an IAS/SCP profile and they should be interpreted with caution.

The future

It is likely that fly-ash particles, especially SCPs, will continue to be used in paleolim-
nological studies for many years to come, fulfilling the roles that they have up until
now. In particular, their use as a means of dating recent sediments may become more
important as the half-life of  gradually precludes it from effectively dating the late-

century and progressively successive periods. Eventually, it may be that SCP dating
becomes one of the few reliable ways of dating the and centuries. However,
in order to do this, reliable, independently dated SCP chronologies need to be established
before becomes too unreliable for this period. Currently, there are few parts of the
world where such work has been undertaken and hence this is a global challenge which
needs to be addressed over the next few years. However work has now started in this area
(Rose, 2000).
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In terms of the use of SCP chronologies to date future periods, this remains unclear. In
some areas of the world (e.g. China and India) industrial combustion of fossil-fuels is still
expanding and hence the SCP record is assured. Indeed, it has recently been predicted that
there will be a doubling in the global amount of coal used for electricity production by 2020
and most of this will be in China and India (ENDS, 1999). In Europe and North America,
as alternative energy sources are sought, clean combustion technologies improve and the
major switch from traditional fuels to natural gas and nuclear energies is pursued, SCP and
IAS concentrations in sediment records may continue to decline and possibly even fall back
to zero. This would be the final particle dating feature for paleolimnological studies in these
areas concluding a discrete stratigraphic period which, as there is currently no evidence
for particle decay in the sediment archive, may remain of use to paleolimnologists for
hundreds of years. However, as long as coal and oil are burned at industrial temperatures,
and it appears this will continue well into the century at least, then there will be a
fly-ash sediment record for paleolimnologists to use.

SCP characterisation may become more problematic. As combustion technology devel-
ops, so industrial sources are making use of multiple fuels such that an individual furnace
can now use a combination of coal, oil and natural gas, or even domestic refuse. The
problems faced in the past, and discussed above, whereby the use of single fuels from
different sources (cf. using, for example, coal from a single source as in the case of pit-
head power stations) caused significant overlap within particles derived from that fuel, will
become exacerbated to such an extent that source apportionment may become impossible.
It will still be possible to differentiate a coal SCP from an oil SCP for example, and
this may be improved by developing techniques (e.g. individual particle PAH analysis),
but they may be being produced from the same point source. This may still be of use
in high resolution air sampling research programmes, but in paleolimnological terms it
may prove too complicated to be of practical use. However, as with SCP dating, the
historical sediment record will remain such that fuel-type changes through time at a site or
historical regional patterns can still be determined, but these will be restricted to a discrete
historical period.

In parts of the world where single fuels are used extensively, however, particle charac-
terisation may remain useful in, for example, transboundary studies. An example of this is
in eastern Asia where coal combustion from China may influence areas such as Japan where
mainly oil is used. In such cases, identification of coal SCPs may still provide evidence of
long-range transport from external sources (Nagafuchi pers. commun.).

An area which may develop further is the use of SCPs as surrogates for reconstructing
trends in deposition of other pollutants. In the past, the spatial distribution of SCPs has
been shown to be well correlated with Pb (Wik & Renberg, 1991a; Boyle et al., 1999),
polycyclic aromatic hydrocarbons (PAHs - Broman et al., 1990; Wathne et al., 1997) and
sulphur (Wik & Renberg, 199la; Rose & Juggins, 1994), whilst the spatial record of IASs
has also been shown to agree well with sulphur (Rose, 1996) and the temporal trends of SCP
have been shown to agree at least qualitatively with the interpolated historical record of
sulphur deposition (Rose, 1991) and PAHs (Wathne et al., 1997). Further work is required
to explore the changes in the relationships between these various pollutants though time, but
with some development it maybe that fly-ash can provide a reliable way of reconstructing
historical, site-specific sulphur deposition and this would have implications for providing
input data for freshwater acidification and recovery models.
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Summary

The combustion of non-gaseous fossil-fuels at industrial temperatures gives rise to emis-
sions of SCPs and IASs, together termed fly-ash. When these are deposited from the
atmosphere onto a lake and its catchment, the lake sediment record preserves the patterns
of deposition and these can be interpreted by paleolimnologists. Most paleolimnological
work has been undertaken using SCPs. The temporal patterns of SCP deposition are similar
in many areas of the world and are used in three main ways: ( i ) to correlate with some other
temporal change, such as a shift in pH, and attribute this to an atmospheric deposition
source; (ii) to allocate dates to cores; and (iii) to determine trends in particles as indicators
of deposition or as surrogates for other pollutants.

There are currently three main features employed in SCP sediment dating. These are the
start of the particle record, the rapid increase in concentration, and the concentration peak.
Some regional variability occurs and these features must be calibrated to independently-
derived dates (e.g. annual varves; chronologies) before application to sediment
profiles from other lakes. In lakes with very slow sediment accumulation, the maximum
concentration may be at the surface. Other dates may be attributable by using cumulative
percentage profiles, or possibly by SCP fuel-type characterisation.

The spatial distribution of SCP concentrations, accumulation rates, inventories and
inventory ratios have been undertaken at a range of scales from within-lake to

continental. Within a lake, profile variability can occur to a significant degree, although
the main profile shape is almost always present allowing core cross-correlation. At large
scales, regional, national and international trends reflect emission sources and show good
agreement with atmospherically deposited sulphur, lead and PAHs. The transboundary
nature of particle movement has also been highlighted by these studies.

Particle source apportionment allows further information to be obtained from SCPs.
Morphologically, this has been done by thin-sectioning and by size, but multi-element
chemical apportionment is probably the most reliable for SCPs extracted from sediments.
This has now been undertaken for the major fuels of Europe and, when applied to almost
200 lakes in four countries, showed good agreement with the distribution of major fuel
use. IAS/SCP ratios have also been used to determine trends in both spatial and temporal
fuel-use and where this has been compared with SCP characterisation results reasonable
agreement has been found.

For the future, SCP dating may become important, especially for the century, as
the half-life of progressively precludes its use for this period. Coal consumption for
electricity generation is currently predicted to double by 2020 and hence the use of fly-
ash particles in paleolimnological studies is assured for at least the short term. However,
interpretation of particle characterisation data may become more problematic as industrial
sources move towards the use of multiple fuels.
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Introduction

The application of stable isotopes of oxygen and carbon to the study of sedimentary car-
bonates has become commonplace since it was first proposed by Urey (1947) and since
pioneer studies by Emiliani (1955), Epstein and colleagues (1951, 1953) and McCrea
(1950). Coupled with the study of polar ice-cores (e.g., Dansgarrd et al., 1982; Jouzel et
al., 1987), the study of marine carbonates has given us a wealth of information about past
climates and sea-level changes. The study of non-marine sedimentary carbonates, be they
endogenic (i.e., forming in the water column) carbonate or biogenic shell material, has
become more common since the early studies by Fritz and colleagues (1974, 1975) and
Stuiver and colleagues (1968, 1970).

Nevertheless, the isotopic study of lacustrine carbonates for the purpose of paleoenvi-
ronmental reconstruction is far from a quick and simple routine for two reasons: (1) bulk
carbonates in lake sediments are composed of several components, each having a different
source and thus containing different information; and (2) a lake may be supported by
variable amounts of groundwater and surface water, and range from ephemeral or permanent
and small to large and thus tends to be a more complex system than the ocean, demanding a
full accounting of the factors that affect its stable-isotope values and hydrochemistry (e.g.,
Gat, 1995; Hostetler, 1995; Winter, 1995).

Thus bulk carbonates should not a priori be assumed to be a single endogenic phase, but
instead they require full characterization, for they are typically composed of inorganic and
biogenic fractions, and one or both fractions may include detrital components that are likely
to be out of isotopic equilibrium with the (paleo)water and other carbonate fractions in the
sediment. Various carbonate fractions must first be identified through x-ray diffraction and
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petrographic means, may need to be separated from one another depending on their identity
and quantity, and must be prepared differently prior to analysis.

The isotopic study of lacustrine carbonate cannot be undertaken without supporting
evidence. It needs the context, the framework, or the constraints provided by other proxy
records (such as pollen, diatom, and ostracode assemblages) before it can be made to tell
an intelligent story. The complexity of a lacustrine system means that any isotopic study of
carbonates requires some knowledge of processes operating in the modern lake system and
a thorough characterization of the core and the bulk sediment before any carbonate analysis
is undertaken. The physical and chemical characteristics of the modern lake and the relation
of the modern lake water to modern lacustrine carbonates are needed to understand how
the lake might have responded to environmental change, and, in turn, how its archive, the
carbonates, might have recorded this change. The whole-core as well as the bulk-sediment
studies provide the additional framework within which to interpret the carbonate data.

The main purpose of this chapter is to provide a guide for the isotopic analysis of
lacustrine carbonates, pointing out potential pitfalls and how to avoid them. A full discus-
sion of the complex relationships among lake morphometry, hydrologic budget, and the
hydrochemical response to climatic change is outside the scope of this chapter (simple
treatments can be found in Siegenthaler & Eicher, 1986; Hosteller & Benson, 1994; Gat,
1995; Winter, 1995). However, a brief discussion of the relationship between carbonate

and lake-water and between lake-water and climate is included.

Nomenclature and systematics

Delta notation, fractionation factor, and standards

Stable isotope geochemistry uses a relative scale rather than absolute ratio of isotopes. The
delta notation, defined as

where R is the isotope ratio and is equal to etc., requires an
internationally agreed-upon standard against which the isotope ratios of any sample are
compared. The notation for different isotope pairs is written such that the mass of the
less abundant isotope is placed after the symbol and is written, for example, as
for oxygen.

The current standard for carbon isotopes is VPDB (Vienna Pee Dee Belemnite
), which has replaced PDB (Pee Dee Belemnite from Pee Dee Formation,

South Carolina). PDB was consumed long ago, necessitating this change. VPDB, unlike
PDB, is not an actual material and is defined relative to isotopic reference material NBS-19,
TS-limestone: of NBS-19 relative to VPDB is +1.95‰. NBS-19 is quite homogeneous
as long as at least 3 grains are analyzed together and is isotopically stable during long-term
storage in a desiccator.

There are two standards for oxygen, VSMOW (Vienna Standard Mean Ocean Water)
and VPDB. Conventionally, VPDB is used for carbonates and paleotemperature work and
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VSMOW for silicates and water. As for PDB, the original SMOW (Standard Mean Ocean
Water) material is no longer available. SMOW was defined as

by Craig (1961) and has been accepted internationally. The of VPDB is defined relative
to NBS-19: of NBS-19 relative to VPDB is –2.20‰.

Additional terms that may be of some use are the isotope fractionation factor   defined as

where = the isotope ratio of substance x, and = the isotope ratio of substance y.
Chemists tend to use only in situations where thermodynamic equilibrium can be demon-
strated; geologists tend to use to designate any observed isotope ratio differences. The
thermodynamic fractionation factor as a function of temperature is generally given in
the form of the isotopic distribution coefficient

where A and B are experimentally determined or calculated constants, and T is temperature
in Kelvins.

Isotopic analysis of carbonates typically is carried out to investigate environmental or
climatic conditions that prevailed in the past. However, the above equation makes it clear
that, in order to calculate the temperature of carbonate formation, the of water and
the constants A and B must be known for that carbonate mineral, and to find out the
of water, the constants A and B as well as the temperature of carbonate formation must be
known. As we shall see, there are situations in which the knowledge of temperature or even
of of water matters little. And there are other situations in which multiple proxies
must be used to estimate one or the other.

to become increasingly depleted in making the resulting precipitation lower in
The of the precipitation at any one location depends on the airmass trajectory (which
determines the rate of temperature-change with time or dT/dt) as well as the source of
the moisture. In most of the mid- to high-latitude regions of the world, the and of
precipitation vary seasonally because of the changes in the north-south temperature gradient
(Siegenthaler & Eicher, 1986; Rozanski et al., 1993). Monthly isotopic measurements of
precipitation collected over a given time period, say 10 years, are needed to determine how
closely the shifts in isotopic values mimic temperature changes. The long-term mean of pre-
cipitation falling at any one place (with the exceptions of ocean islands and maritime tropics)
fits the relationship

The relationship between climate and of meteoric precipitation (Fig. 1)

The stable-isotopic composition of meteoric precipitation is a natural tracer of airstreams
that bring moisture inland from its predominantly marine sources. The progressive con-
densation of water vapor from the airmass as it travels inland causes the remaining vapor
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(Rozanski et al., 1993), or

(Siegenthaler & Eicher, 1986), and most of the precipitation falls on the line

known as the Global Meteoric Water Line.

The relationship between carbonate and lake-water

If endogenic or biogenic lacustrine carbonate forms in thermodynamic equilibrium with
lake water, and if the carbonate is low-Mg calcite, there is a well established temperature



APPLICATION OF STABLE ISOTOPE TECHNIQUES … 355

dependence on oxygen-isotope fractionation between water oxygen and carbonate oxygen:

where of liberated from at 25 °C in the laboratory and of
in isotopic equilibrium at 25 °C with water from which calcite precipitated (Craig, 1965).
The of aragonite is higher than that of coexisting calcite within the temperature range
of interest (Tarutani et al., 1969; Horibe & Oba, 1972; Grossman & Ku, 1986). Depending
on the climatic setting of the lake, this difference in the of aragonite and calcite will
need to be taken into consideration. For example, given that the of varies by
about –0.23‰/°C, a simple shift in mineralogy or in the proportion of aragonite
to calcite, can give the false signal of temperature shift of 2 °C.

and trace-element ratios of lake-water as indicators of P-ET

and groundwater contribution

A lake is a water body that temporarily stores surface water and/or groundwater. Ground-
water is normally recharged from surface water, but it may be considerably older than
modern surface water. Shallow, regional, or localized aquifers (such as glacial outwash or
tunnel valleys) should be recharged by local precipitation and may be nearly contempo-
raneous with surface water. Confined aquifers with recharge zones in far-away places and
aquifers with episodic recharge events, such as only during extremely wet periods, will
have water with and of precipitation that reflect the climate of the time and place
of recharge. In all cases, the ionic composition of groundwater is determined partly by
biological activities in the soil zone and partly by aquifer lithology.

of lake-water

The of lake water is rarely that of contemporaneous meteoric precipitation except
for short-residence-time lakes in humid environments. Evaporation removes with the
rate of removal dependent on surface wind speed, relative humidity (RH), and temperature
(saturation vapor pressure is a function of temperature, hence RH is also a function of
temperature). Calm wind and high RH mimic a closed-system equilibrium condition (free
energy change becomes more important), and windy and/or arid conditions result in large
observed fractionation. The fractionation depends on the translational velocity of different
isotopes of water molecules. The overall isotopic fractionation during evaporation is the
net result of the kinetic fractionation during the liquid-to-vapor phase transition and the
kinetic fractionation during the vapor-to-liquid phase transition. Light isotopes undergo
phase transition more readily whether it be liquid-to-vapor or vice versa. The near absence
of reverse phase-change under the condition of low RH and/or high wind speed can be
thought of as contributing to large observed isotope fractionation. Detailed treatment of
evaporation can be found elsewhere (Craig & Gordon, 1965; Gonfiantini, 1986; Hostetler
& Benson, 1994; Gat, 1995).

Closed-basin lakes are cut off from surface outflow and some may have no stream inflow,
but many can be regarded as windows to the shallow (and in some cases deep) groundwater
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system. Neighboring closed basin lakes may be connected by a groundwater system. The
of water in such lakes can have unexpected values (Fig. 2): (1) both the groundwater

recharge and the direct runoff into the lakes may occur preferentially in early spring before
plants have leafed out; (2) during the growing season active evapotranspiration by plants
may preclude any significant recharge of the shallow groundwater system; (3) evaporation
during summers from such lakes and unconfined aquifers will evolve the toward higher
values, but the effect of the previous summer’s evaporation may be partially (or greatly)
offset by the runoff from snowmelt, and by continued input from the groundwater system
(Ito et al., 1998); and (4) groundwater recharged from evaporated lakes will then discharge
isotopically evolved water into those lakes lower in the groundwater flow path (Smith et al.,
1997). Hence and of groundwater discharging into lakes may be very different
from those of local precipitation.

Mg/Ca and Sr/Ca ratios of lake-water

Meteoric precipitation has little to contribute to lake water’s major and minor element
chemistry, except for dissolved and (except near marine coasts), but groundwater
discharging into a lake contains dissolved cations and anions reflecting its previous history.
Groundwater contains cations such as Ca, Mg, Si, and Sr, anion such as Cl and anion
complexes such as and and organic compounds depending on the lithology
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of the aquifers and the biological activity in the soil zone. The concentration of each
ionic species will depend on several factors, such as the chemical reactivity of the water
recharging the aquifer (e.g., the concentration of ), the lithology and mineralogy of
the aquifer, the residence time of water in the aquifer, as well as the climate and whether
the groundwater was recharged from a highly evaporative surface-water body.

Not all lakes are supersaturated with respect to (low-Mg) calcite, but in lakes that
do exceed calcite saturation, Ca, and minor amounts of Mg and Sr are removed
from the water. Hence low-Mg calcite precipitation removes Ca from solution and leaves
Mg and Sr in solution. If low-Mg calcite precipitation or saline groundwater discharge
keeps pace with the evaporative concentration, both the salinity and Mg/Ca ratio in water
will increase, and aragonite rather than low-Mg calcite becomes a stable phase (Müller
et al., 1972; Eugster & Jones, 1979). Aragonite has a high distribution coefficient for
Sr/Ca (Veizer, 1983) so that its formation removes Sr from lake water, lowering water’s
Sr/Ca even though the salinity of water may be increasing. Mg continues to be excluded
from aragonite, so that with continued evaporation the salinity and the Mg/Ca of water
increases (Eugster & Jones, 1979; Haskell et al., 1996; Xia et al., 1997c) unti l some Mg-
bearing mineral starts to precipitate. Under some conditions, monohydrocalcite (Hull &
Turnbull, 1973; Spencer, 1977) or magnesian (i.e., high-Mg) calcite (Last, 1982) forms
rather than aragonite. The formation of high-Mg calcite is common in seawater and should
occur in waters with similar or higher Mg/Ca ratios as in seawater, but its occurrence in
lacustrine settings has not been widely reported, possibly because the carbonate phases
are not routinely fully characterized. One caveat in relating Mg/Ca to salinity is that,
under some circumstances, a change in the physical structure of a lake alone will enable
calcite to precipitate, leading to an increase in Mg/Ca independent of salinity (LaBaugh &
Swanson, 1992).

Mg/Ca and Sr/Ca ratios thus generally can be used to track the evolution of salinity
in closed-basin lakes (Eugster & Jones, 1979) unti l Mg becomes a major element in some
evaporite mineral that forms in hypersaline water. However, the of water does not
necessarily keep increasing with increased residence time or continued drought. The small
volume of water remaining at the end of the dry period can be overwhelmed by the addition
of water either from snowmelt or sudden rain. The salts may redissolve and the salinity
remain high, but the of the added water may reset the isotope value, erasing the
isotopic memory of the dry period.

of dissolved inorganic carbon (DIC)

The of DIC can change seasonally as a result of (1) annual turnovers which mix
low DIC from oxidized or respired organics from the lake bottom throughout the
water column; (2) the extraction of low by photosynthesis, atmosphere-water
exchange, or evasion of from water (Cole et al., 1994); and (3) input of DIC or
dissolved organic carbon (DOC) into the lake from surface runoff and groundwater inflow.
In addition, the of epilimnion and hypolimnion DIC will differ always in meromictic
lakes, or seasonally if there is annual turnover. Even within the epilimnion, the DIC
of water adjacent to actively photosynthesizing plants and algae may differ from the DIC

elsewhere.
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Carbonates in lake-sediments

Carbonate minerals contained in lake sediments consist of inorganic and biogenic compo-
nents. One or both components may include detrital (formed outside the catchment) and/or
terrestrial (formed in catchment) fractions. Whether these non-lacustrine fractions must be
removed depends on the amount and the delta values of these “foreign” fractions compared
to lacustrine fractions. Inorganic and biogenic carbonates may also need to be separated
from each other for the very same reasons.

Inorganic carbonates

Inorganic carbonates found in lake sediments can have multiple origins: endogenic fraction
precipitated in the water column, authigenic (but non-endogenic) fraction formed from pore
water, detrital fraction, and a fraction formed by alteration (diagenesis) within the sediment.
Under ideal conditions, endogenic carbonates are formed in thermodynamic equilibrium
with lake-water, typically in the epilimnion, due to photosynthetic uptake of dissolved
or due to evaporation of water and evasion of Hence, if the information we want is that
of lake-water when carbonate mineral(s) formed, then the endogenic carbonate fraction is
what we need to separate and analyze.

However, inorganic detrital components may be very difficult to identify and remove.
Smear-slide examination is helpful, and SEM analysis can reveal the presence or absence
of good crystal forms. Oxygen and carbon isotopic values, Mg/Ca and Sr/Ca ratios, or even

ratios of any carbonates in the surrounding regions can be measured and compared
with the measured values of carbonate sediment. While this does not prove conclusively
that there is no detrital fraction, it can tell whether the detrital fraction occurs in enough
abundance to affect the values of the non-detrital component.

Pore-water carbonates and altered carbonates, if they are found together with the
endogenic component, may be difficult to identify. Pore-water carbonates may occur as
overgrowths on the endogenic and detrital component, and if any alteration of endogenic car-
bonates occurs due to reaction with pore waters, the admixture would be nearly impossible
to separate.

Biogenic carbonates

Biogenic carbonates may be derived from ostracode and aquatic mollusk shells, or terrestrial
mollusk shells. Terrestrial mollusks obviously do not carry any record of lake water and
must be removed. The of biogenic fractions is typically offset from thermodynamic
equilibrium values because of vital effects. The organisms form the shells at a significant
metabolic cost to themselves. For example, ostracodes are found in waters that are un-
dersaturated with respect to calcite and in waters that are forming endogenic aragonite or
high-Mg calcite. Without significant expenditure of energy on their part, low-Mg calcite
could not be forming in such waters. Whenever energies are expended, the assumption of
chemical or isotopic equilibrium must be questioned, and the deviation from the expected
thermodynamic equilibrium value is called the vital effect.
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Some of the biogenic fractions are remains of planktonic organisms and others of nektic
or benthic species. Yet others are partial to groundwater seepage sites and may not have
been living in the lake. Some species are stream dwellers and they or their remains are
washed in during floods. So in most cases the fossil material needs to be separated from
the inorganic fraction, and fossil material must be identified and non-lacustrine species
removed. In general, good practice calls for identification and separation of species.

Mollusks

Aquatic snails and clams can be a good source of stable-isotope information. Most mollusks
precipitate aragonite, others calcite (typically low-Mg). Their habitat influences the
values — those living on aquatic plants wil l likely show the effect of photosynthetic uptake
of by plants (McConnaughey, 1991). Snails and clams keep adding new

carbonate as they grow, and unless the shells are subsampled, the analysis yields some sort
of averaged information. The value obtained is not a strict average over the lifespan of
the mollusk: the early years have less carbonate than later years, unfavorable years have
less carbonate than favorable years, and new shell material is not added continuously in
all seasons. The vital effect on isotope fractionation is known to exist for some mollusks
(Fritz & Poplawski, 1974; Barrera et al., 1994), but the effect has not been quantitatively
investigated. A new study on aragonitic shells of certain species of clams indicates that this
species has little if any vital effect on oxygen-isotope fractionation (Dettman et al., 1999).
With the myriad factors that can affect the magnitude of isotope fractionation by living
organisms, more such studies on a few common species with wide environmental tolerance
are needed.

Ostracodes

Ostracodes are nearly ubiquitous minute crustaceans with a pair of low-Mg calcite shells
enclosing the soft body (Fig. 3). The shape of the shells vary from kidney-shaped, spherical,
to lenticular, and are species specific with local variations (e.g., van Morkhoven, 1962).
Some species exceed 1 mm in length (anterior to posterior) while others are about 0.2 mm
in the largest dimension. The proper identification of ostracodes and fossil ostracode shells
requires some training and readers are encouraged to refer to specific publications (e.g.,
Delorme, 1970a, 1970b, 1970c, 1970d, 1971).

Ostracodes moult 8 times before becoming adults, each time creating new shell from the
dissolved and in the water (Chivas et al., 1983). There are nektic (swimmers)
and benthic (crawlers) species of ostracodes, with some of the latter species being infaunal.
The nektic species in lacustrine settings are typically not open-water swimmers but live
on aquatic plants in near-shore settings. Some benthic species are found in groundwater
discharge sites in wetlands, springs, and in lakes. They may not really live in the lake so
much as live in the groundwater.

The seasonality of ostracode hatches and moults is still being worked out for many
species, and this information is critical for the interpretation of isotopic data (Xia et al.,
1997a; von Grafenstein et al., 1999). Species reaching adult stage in spring will naturally
carry information different from those doing the same in summer or fall. The vital effect on
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oxygen-isotope fractionation is known in many ostracode species, contrary to early studies
in which several species had to be bulked (Fritz et al., 1975; Durazzi, 1977). For example,
the candonids for which some data exist, the is about 1.5‰ higher than expected for
equilibrium inorganic calcite (Dettman et al., 1995; Xia et al., 1997c; von Grafenstein et al.,
1999). The vital effects on isotope fractionation are said to be genera-specific. However,
the different timing of moults or microhabitat preference of different species within a
genus make it inadvisable to randomly mix species for analysis. The rate of calcification,
which is faster for early instars and slower for late instars, may also affect oxygen-isotope
fractionation. This effect has been observed for trace-element uptake (Chivas et al., 1983).

Bio-induced carbonates

Bio-induced carbonates might be termed those that form as an extra-cellular by-product.
However, the rigid classification of biogenic, bio-induced, or even inorganic carbonates is
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difficult. The minute calcite or aragonite crystals that form as summer whiting observed on
many lake surfaces as a result of algal bloom are generally considered inorganic but perhaps
should be called bio-induced. Extracellular calcite on stoneworts or characean algae and
calcite loricae of phacotacean algae, which I include here as an examples of bio-induced
carbonate, perhaps could be called biogenic in the sense that calcification is the immediate
result of bicarbonate assimilation for photosynthesis.

Charaphytes

Chara is a well-known green alga (Chlorophyta) of the class Chraphyceae, order Charales
(Fig. 4). Because of its appearance, it is commonly mistaken by non-specialists for a
vascular plant. It can reach about 0.5 m in length, is anchored to the lake or pond bot-
tom in shallow water by rhizoids, and appears as though it has leaves (the determinate
laterals) and seeds (oogonia). Chara generates the proton necessary to convert dissolved

into by an exchange with intracellular involving active transport
(McConnaughey, 1991; McConnaughey & Falk, 1991). Calcification appears to be stoi-
chiometric to photosynthesis in moderately alkaline solution so long as sufficient is
present (McConnaughey & Falk, 1991). The of thus formed appears to be in
isotopic equilibrium with that of water, but the is elevated by about 5‰ compared to
the of benthic ostracodes living among the Chara (R.M. Forester, pers. commun.).
This is likely a result of the local depletion of in due to photosynthetic uptake
of The systematics of the stable isotope fractionation of photosynthetically-induced
Chara await proper study.

The intact stem casts of Chara are sometimes found in lake sediments. When these
stem casts are found, then we need to be concerned whether much of the fine-grained
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carbonate is actually composed of crushed Chara stem casts. The of the stem cast
may be in isotopic equilibrium with the water from which it formed, just as we assume or
hope is the case for all endogenic carbonates. The however, is not, and will skew the
reconstructed value of the paleo DIC toward a higher value.

Phacotus

Phacotus is a nearly ubiquitous (e.g., Naef & Martin, 1987; Schlegel et al., 1998) but a not
well known unicellular flagellated green algal nannoplankton (Chlorophyta) belonging to
the class Chlorophyceae, order Chlamydomonadales (Fig. 5). Phacotaceae are characterized
by bivalved “loricae” or shells composed of an outer layer of rings of staggered calcite
crystals in an organic meshwork and an underlying organic layer (Dunlap & Walne, 1993;
Hepperle & Krienitz, 1996). P. lenticularis and P. sphaericus the two commonly studied
species, are about 15 to in diameter (but half as thick) with a lorica thickness
of about 1.0 to (Hepperle & Krienitz, 1996). In order to form the calcite lorica,
P. lenticularis appears to require water supersaturated with calcium carbonate (Hepperle &
Krienitz, 1997). Hepperle & Krienitz, op. cit., suggest that when the pH of water reaches 8.6
and the availability of free for photosynthesis becomes limited, extracellular carbonic

free available for photosynthesis, while locally increasing the pH, which promotes
calcification. Apart from the requirement of supersaturation, P. lenticularis and
P. sphaericus occur in oligotrophic to hypertrophic waters with temperatures of 15 to 25 °C,
and during summer months they can occur in concentrations exceeding 5 million individuals
per liter of water (Koschel et al., 1987; Schlegel et al., 1998). Koschel et al., op. cit., have
also reported concentrations of about a million shells per liter or the equivalent of
of per liter in Lake Tollense, Germany.

Unfortunately, little if anything is known about the values of the Phacotus loricae.
Kelts & Hsu (1978) called attention to this green alga as a possibly significant source of car-
bonate sediment in lakes, but no studies have appeared in the last 20 years. As early as 1902,
an occurrence was reported of Eemian carbonate lake sediment (near Hollerup, Denmark)
that consisted almost entirely of fossil loricae (Lagerheim, 1902). Such great abundance
suggests that fossil loricae may constitute a significant fraction of the fine-grained carbonate
found in lake sediments. Because, unlike ostracodes and mollusks, Phacotus does not form
calcite lorica in undersaturated water, it is possible that the of lorica calcite is in
thermodynamic equilibrium with the of water. However, by analogy with Chara, the

of lorica calcite is likely to be elevated. The systematics of stable isotope fractionation
during lorica calcification await verification either through empirical observation or through
laboratory culture.

Post-deposition alteration

The alteration of endogenic and biogenic carbonates within the sediment due to reactions
with pore-water can be a serious problem. The decay of organic sediments produces
which may lead to partial to complete dissolution of calcite and aragonite (Dean, 1999).
Partial dissolution is the more difficult problem, for the remaining carbonate may contain

anhydrase catalyzes the transformation of to molecular  and This makes
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a skewed record. Recognition of partial dissolution of fine-grained endogenic carbonates
probably requires careful SEM investigation. Mollusk and ostracode fossils can be checked
for the disappearance of surface features. The ornamentation and muscle-attachment scars
on the surfaces of ostracode shells and the fine growth lines of mollusk shells are the first
to dissolve. There is strong evidence that the and values as well as trace-element
concentrations within an ostracode shell are not uniform. Poorly calcified ostracode shells
have a high concentration of Mg (Chivas et al., 1983) and a low (Xia et al., 1997c),
and by inference the early calcified part of any shell may have higher Mg/Ca and lower

and be the first to be removed during partial dissolution.
Another problematic alteration is that of carbonate overgrowth. Such overgrowth is

impossible to remove since anything that will chemically dissolve the overgrowth will
also dissolve the original carbonate, and mechanical means will likely destroy the delicate
fossil shells of ostracodes and mollusks. Attempts to remove the overgrowth in an adjustable
power ultrasonic bath or with an ultrasonic probe have proved unsuccessful in my laboratory.

Isotope analysis

The isotopic analysis of calcite and aragonite can be accomplished by  liberating in
a reaction with 104% phosphoric acid in the classic method described by McCrea (1950).
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Studies have shown that the use of acids of concentrations other than 104 ~ 105% can
cause shifts in (Wachter & Hays, 1985). Automated preparation devices such as the
common acid bath or the drip method systems used with modern mass spectrometers have,
in some sense, taken the preparation methods out of our direct control. The automated
systems typically react carbonate samples as little as a few tens of micrograms at elevated
temperatures (e.g., 70 °C) for a short time. Swart et al. (1991) report that different reaction
methods result in different fractionation values. Be that as it may, the key
is to include enough standards in the day’s run to insure reproducibility and to normalize
all values with respect to VPDB.

Fine-grained carbonates containing dolomite or siderite require a different strategy. If
isotopic value of the bulk carbonate material is desired, the prepared sample can simply
be reacted at a high temperature (Rosenbaum & Sheppard, 1986) since the reaction rate
of dolomite and siderite in phosphoric acid is very slow at 25 or even 70 °C. If isotopic
values of individual carbonate minerals are desired, then this can at least be accomplished
partially. The prepared material can first be reacted at 25 °C for just 1 hour, which should
leave intact resistant fractions such as dolomite and siderite. The residue is then washed and
dried and reacted at the requisite high temperature. In my laboratory, when this method is
employed, we spot-check some samples by subjecting them to XRD-analysis both before
and after the 25 °C reaction.

In some laboratories, the remaining acid residue is used to obtain trace-element chem-
istry. The samples destined for tandem trace-element analysis must then be reacted in
ultra-pure phosphoric acid with very low concentrations of metals such as Mg and Sr. The
reaction with the acid should also be carried out preferably in a quartz vessel. If a Pyrex
vessel is used, it should have been acid-leached for a sufficiently long time to insure that
leachable metals have been removed.

Preparation of carbonate samples for isotope analysis (Fig. 6)

Best material for stable-isotope analysis is a pure carbonate phase. However, even what
appears to be pure marl is probably not all carbonate and silt but contains small amount of
organics. Biogenic carbonates are never pure and contain chitin and other organic material
that hold the shell together. Some material can be left and will not affect the isotopic
analysis; other materials must be removed or the obtained and values will not
be accurate.

Bulk sediments

Fine-grained carbonates contained in lacustrine sediment are typically analyzed “as is”
after freeze-drying. However, organic components and sulfides in the sediment do react
with phosphoric acid. Organics cause a shift in to a lower value, and sulfides cause a
shift in Some laboratories clean the sediment in hydrogen peroxide solution to remove
labile organic compounds. The experience in my laboratory, which is heavily skewed toward
sulfate- and sulfide-rich sediments of the northern Great Plains of North America, is that
hydrogen peroxide does little to remove organics. The treatment creates some organic acids
that in turn attack the carbonates but leave sulfide minerals intact. One of the present routines
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at my laboratory is to treat the bulk-sediment samples with lab-grade 2.5% NaOCl solution
(Fig. 6c). Coarse carbonate matter such as ostracodes and mollusks is then hand-picked
from the treated sediment. If the sediment contains detrital carbonate and it is sufficiently
coarse, the grains can be picked out at this stage (we should be so lucky!). An alternative
method we use is to pass the treated sediment through a sieve and catch the fine
fraction (Fig. 6e). This suspension of fine-grained endogenic carbonates is then centrifuged
and freeze-dried. We have also started to experiment with a differential settling technique in



366 EMI ITO

which treated bulk sediment is made into a thin slurry and subjected to sequential centrifuge
treatments for different time-duration at different speeds (K. Conrad, pers. commun.).

Some very organic-rich samples have required multiple treatments with NaOCl of up
to 24 hours each. Comparative tests with other cleaning methods have shown that while the
NaOCl treatment does cause some shifts, especially in Mg/Ca and Sr/Ca ratios in ostracode
shells, its effect may be the smallest AND it results in complete removal of organics and
sulfides (Forester et al., 1971; Gaffey et al., 1991; Love & Woronow, 1991; Gaffey &
Bonninmann, 1993; Keatings et al., 1999). One other key point in bulk-carbonate sample
preparation is the need to modify the pH of any solution that is used for cleaning and rinsing.
Deionized or distilled water has a pH well below the bicarbonate stability field, so that
prolonged contact of sediment with such water will result in a loss of carbonate. Addition
of some to bring up the pH to the range of the bicarbonate stability field seems ad-
visable. Prolonged contact with tap water, especially at elevated temperatures (ca. >50 °C),
should be avoided to minimize isotope exchange and trace-element contamination.

Removal of fine-grained detrital carbonate is a difficult problem with no clear-cut
solution. In some sediment, the detrital component is dolomitic, and its dissolution along
with the endogenic calcite or aragonite can be prevented by reacting the prepared sediment
with 104% phosphoric acid for just 1 hour at 25 °C. If the detrital component has the
same mineralogy as the endogenic component, some indirect and much less satisfactory
methods can be tried. One method assumes that the proportion of some detrital silicate
fraction such as feldspar and detrital carbonate is constant with time. Then some likely
sources of detrital carbonate phase are investigated and appropriate samples are collected.
The averaged (or some other) isotopic value of these carbonates is subtracted on mass-
normalized basis (such as based on the abundance of feldspars) from the measured isotopic
value of the prepared sediment. Such attempts are time-consuming but can place some
limits on the likely contribution of the detrital carbonate component(s).

Separated fossils

The separation of biogenic carbonates from bulk sediment is typically accomplished by
soaking the sediment in a pH-stabilized deionized water containing a solution of commer-
cial Calgon or Triton-X 100 to help disaggregate the sediment (Colman et al., 1994; Xia
et al., 1997b). The sediment is then wet-sieved through a       filter and the residue
is dried either in the air or in a freeze-dryer (Xia et al., 1997b; Wansard et al., 1998)
(Fig. 6d). Fossils should be separated by species, and in the case of ostracodes by instars
as well (Fig. 6f). The seasonality of moults as well as habitat preference are different
for different species of ostracodes and for different instars (von Grafenstein et al., 1992,
1999; Xia et al., 1997a). The best bivalves and ostracode shells are those that are still
articulated with all surface features clearly visible. Unfortunately, such fossils are not
necessarily available. Nevertheless, those shells with signs of corrosion or overgrowth
should be avoided. Trapped or adhered clays may have little effect on isotopic analysis, but
will have a large effect on trace-element analysis. The degree to which the samples must be
cleaned will vary depending on whether the samples are to be subjected to tandem isotope
and trace-element analysis. Chitin in ostracode shells apparently contains a measurable
concentration of Mg (A. Chivas, pers. commun.) so it is important that the shells be treated
with NaOCl solution. Fossil samples destined for isotope analysis alone or that appear to
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be clean under the microscope may need nothing more than cleaning in deionized water
(amended with ), followed by a rinse in absolute ethanol (von Grafenstein et al.,
1992; Yu & Ito, 1999).

Modern or live specimens

Live ostracode specimens can be drowned in ethanol, resulting in open shells (U. von
Grafenstein, pers. commun.). Subsequent storage in absolute ethanol also results in the
separation of the soft body and the main chitin layer from modern ostracode shells (e.g.,
Wansard et al., 1998). U. Von Grafenstein (pers. commun.) does not subject the shells to any
further aggressive treatments, for his samples are analyzed only for their stable isotopes.
In my laboratory, where most samples are also analyzed for Mg/Ca and Sr/Ca, the samples
stored in ethanol are subjected to NaOCl treatment to remove all organic components.
Some bivalve specimens are large enough to sample individual growth bands separated by
hibernation periods (Dettman et al., 1999). The micro-drilled samples are then cleaned to
remove the organic components.

Conclusions

Useful information on paleohydrology and paleoclimate can be obtained from lacustrine
carbonates through stable-isotope and Mg/Ca- and Sr/Ca-ratio analysis. In order to maxi-
mize the quality of data, thorough characterization, separation, and the cleaning of samples
are necessary. Invaluable constraints on the interpretation of sediment data can be obtained
by the analysis of modern water and live calcareous organisms or core-top or sediment-
trap endogenic carbonates. Where groundwater is important, samples of domestic and
agricultural well water as well as samples taken by mini-piezometers are useful. The final
key to getting the most out of carbonate isotope analysis is to use other proxy data to
constrain all possible interpretations.

Summary

The oxygen- and carbon-isotope analysis of lacustrine sedimentary carbonates can yield
useful paleoclimatologic and paleohydrologic information. However, because lacustrine
carbonates are composed of several components, each having a different source and thus
containing different information, and because a lake may be supported by variable amounts
of groundwater and surface water, and range from ephemeral or permanent and small to
large, a full accounting of the factors that affect its stable-isotope values and hydrochemistry
is needed. Specifically, ( 1 ) carbonate phases must be well-characterized and separated
according to their origin; (2) the isotopic relationship among today’s climate, lake water,
and modern carbonates must be investigated, and (3) constraints from whole-core and bulk-
sediment studies and other proxy records are taken into consideration. From analytical point
of view, care must be taken to ensure that the carbonate phases are pure and free of organics
and sulfides.
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Introduction

Carbon and oxygen isotope analysis of lake sediment cellulose is a paleolimnological
approach that is gaining increasing usage, especially in carbonate-free sedimentary sys-
tems. As with carbonate-based paleolimnological investigations (see Ito, this volume),
lake sediment cellulose can provide a record of lake paleohydrology. As a result, studies
incorporating this technique typically aim to address the following research questions:

1.

2.

3.

How has the water balance of the study lake varied during the past?

What does the inferred paleohydrologic record suggest about past changes in climatic
conditions?

What is the relationship between past hydrologic change and lake or watershed carbon
cycling?

Lake sediment cellulose has been used as an archive of paleoenvironmental information
in diverse geographic and ecoclimatic settings. These include Great Lakes of both North
America (Ontario; Duthie et al., 1996; Wolfe & Edwards, 1998; Wolfe et al., 2000c) and East
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Africa (Victoria; Beuning et al., 1997), smaller lakes in temperate regions of North America
(Edwards & McAndrews, 1989; Padden, 1996; Padden et al., 1996; Wolfe et al., 2000a), in
the circumpolar arctic and subarctic (MacDonald et al., 1993; Edwards et al., 1996; Wolfe
et al., 1996, 1999, 2000b) and in the subtropical Andes (Abbott et al., 2000), as well as
ancient Glacial Lake Agassiz (Buhay & Betcher, 1998). While substantial progress has
been made over the last decade in methodological development and interpretation of stable
isotope data from lake sediments, various intriguing questions remain to be addressed in
future investigations.

This chapter details the technical procedures used to prepare and analyze lake sediment
samples for cellulose carbon and oxygen isotope composition, considers important factors
in the interpretation of cellulose isotope data, briefly highlights key results from recent
applications, and outlines future research needs and directions.

Stable isotope tracers in lake waters —

Phase changes during the passage of water through the hydrologic cycle cause variations in
the respective abundances of  and relative to and because of slight differences
in the volatilities of the different water isotopomers. This isotopic fractionation results in
characteristic isotopic labeling of meteoric waters. A key feature of this natural labeling
is the existence of strong linear relations (“Meteoric Water Lines”, MWLs) commonly
observed between and values in precipitation falling at different times of the
year. MWL relationships arise because of isotopic rain-out of atmospheric vapour masses
and temperature-dependent fractionation effects in clouds (Fig. 1). As a result, decreasing
temperature at the site of condensation and increasing latitude, altitude, and distance from
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moisture source (continentality) will generally result in progressively decreasing and
values in precipitation (Dansgaard, 1964; Rozanski et al., 1993).

Preferential loss of molecules containing the common light isotopes, and during
subsequent evaporation from surface waters enriches the remaining water in the heavy
isotopes, and causing displacement from the MWL in space (Fig. 1).
Surface waters within an individual catchment frequently plot along well-defined Local
Evaporation Lines (LELs) having slopes generally between 4 and 7, largely depending on
the relative humidity, and offset from the MWL in relation to the amount of cumulative
vapour loss (Craig & Gordon, 1965; Gonfiantini, 1986).

In contrast to lake water and which are largely controlled by physical
mechanisms, the of dissolved inorganic carbon (DIC) in lake water may be strongly
mediated by in-lake biological processes, as well as exchange with atmospheric
(McKenzie, 1985; Quay et al., 1986; Herczeg, 1987; Herczeg & Fairbanks, 1987; Lee et
al., 1987). During photosynthesis, phytoplankton preferentially consume leaving
the remaining relatively enriched in the heavy carbon isotope, Recent work
suggests that many lakes may act as sources rather than sinks of atmospheric (Cole
et al., 1994). However, in productive lakes where diffuse influx of atmospheric does
occur, this input replenishes withdrawn by phytoplankton and may serve to amplify
the biologically-induced of the epilimnetic DIC pool.

Decaying plant material that sinks below the photic zone releases DIC,
which may be reincorporated into phytoplankton tissue upon circulation and mixing of lake
water. In lakes where the carbon isotope effects of photosynthesis and respiration are not as
pronounced, river and groundwater input of DIC may exert a greater influence on lake water
DIC (Rau, 1978). Catchment-derived DIC may potentially span a wide range
of values ( to 0‰) reflecting influx of dissolved from the decomposition of

soil organic matter (in areas devoid of carbonate) and the chemical weathering
of carbonate terrane (Boutton, 1991b).

Close linkage may occur between seasonal cycles of lake water and DIC For
example, lakes may develop progressively increasing values of epilimnion and
during the open-water season due to the combined effects of evaporative
and summer precipitation in addition to productivity-driven
and atmospheric drawdown, respectively. Variations through time in the amplitude and
pattern of these seasonal cycles may be manifested as long-term trends, recorded in the lake
sediments. These variations result from changes in numerous climatic and environmental
factors including the carbon and oxygen isotope composition of source waters, relative
humidity, residence time, lake nutrient status, and physical characteristics of the catchment
such as vegetation, hydrology, geology, and soil development.

Thus, isotope-based paleolimnological and paleoclimatological reconstructions have re-
lied mainly on carbon and oxygen-isotope signals preserved in carbon- and oxygen-bearing
inorganic and organic matter produced within the lake water and preserved in bottom
sediments. Carbonates of both authigenic and biogenic origin have been used extensively
in hard-water lakes, especially at low and mid-latitudes (Ito, this volume), whereas organic
matter and cellulose have proven to be useful archives in carbonate-deficient soft-water
lakes. Increasing attention is now being focused on nitrogen isotope composition of bulk
organic matter (Talbot, this volume) and the hydrogen isotope composition of kerogen
(Krishnamurthy et al., 1995; Meyers & Lallier-Vergès, 1999) and aquatic plant lipids
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(Sternberg, 1988; Buhay, 1997; Sauer et al., 2001a) as additional isotopic paleo-nutrient
and paleohydrologic tracers, respectively.

Historical development

Cellulose is the most abundant bio-molecule in nature, occurring in the cell walls of higher
and lower plants primarily in stalks, stems, trunks and all woody components of plant tissues
(Ott et al., 1954). Cellulose is also a structural component of the cell walls of some algae,
comprising from 1–10% of the dry weight of the organism (Prescott, 1968; De Leeuw &
Largeau, 1993). Cellulose in algal cell walls can exist as native cellulose (cellulose I) or as
amorphous forms or single chain molecules (Ott et al., 1954; Kreger, 1962). Primary algal
groups in which cellulose has been identified in freshwater species are Charophyta, Chloro-
phyceae, Desmidiales and Zygnematales, including such common genera as Cladophora,

Closterium, Nitella, Oocystis, Pediastrum, Spirogyra, and Botryococcus (Kreger, 1962;
Prescott, 1968; Tsekos, 1999). Although some studies suggest otherwise (Chapman, 1962),
there is no conclusive evidence for cellulose in blue-green algal cell walls (Kreger, 1962).

Within lake sediments, cellulose may be preserved as identifiable algal cells (e.g.,
Botryococcus in Lake Victoria (Beuning, unpublished data)), within zooplankton fecal
pellets (Edwards, 1993), or as amorphous organic matter. The chemical structure of cellulose
contains carbon, hydrogen, and oxygen, each a potential archive of isotopic information.
While the ratio of carbon, oxygen and carbon-bound hydrogen isotopes is “locked in” with
death of the cellulose-synthesizing organism, oxygen-bound hydrogens are exchangeable
(Sternberg, 1989a). As a result, hydrogen isotope analysis of cellulose requires nitration or
equilibration preparative procedures to control exchangeable hydrogen. Moreover, strong
species-dependent effects on cellulose-water hydrogen isotope fractionation have precluded
its use as a paleo-isotopic archive (e.g., Sternberg, 1988).

Carbon and oxygen isotope analysis of cellulose in lake sediments was first conducted
by Edwards & McAndrews (1989) to investigate the Holocene paleohydrology of a lake in
southern Ontario, Canada. Two important conclusions were drawn from this study. Firstly,
the fine-grained cellulose fraction in offshore sediments appeared to be dominantly aquatic
in origin. This interpretation was based primarily on coherent isotopic relations between the
surface sediment cellulose and the modern lake water as well as overlapping records
from two widely separated sediment cores. Secondly, lake sediment cellulose could
be used to trace lake water history by applying a similar cellulose-water fractionation
factor as had been shown to exist between terrestrial cellulose and leaf water (DeNiro &
Epstein, 1981; Sternberg et al., 1984; Edwards et al., 1985). This study, combined with
prior isotopic investigations in southern Ontario (Edwards et al., 1985; Edwards & Fritz,
1986, 1988), led to the conceptual development of analogous oxygen isotope relations be-
tween terrestrial cellulose, lacustrine inorganic authigenic carbonate and lacustrine aquatic
cellulose, and the oxygen isotope composition of the respective source waters (Fig. 2).

For terrestrial cellulose:

where is the isotopic composition of terrestrial cellulose, is the isotopic
composition of local meteoric water, is the isotopic enrichment due to combined kinetic
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and equilibrium effects during evapotranspiration, and is the net biochemical
enrichment between cellulose and leaf water.

For lacustrine inorganic authigenic carbonate:

where is the isotopic composition of lacustrine inorganic authigenic carbonate,
as in (1), is the isotopic enrichment between lake water and meteoric water

due to hydrologic factors which are commonly dominated by evaporative enrichment
effects, and is the temperature-dependent enrichment that occurs between
carbonate and lake water.

For lacustrine aquatic cellulose:

where is the isotopic composition of aquatic cellulose, as in (1),
as in (2), and is the isotopic enrichment that occurs during cellulose synthesis
and is identical to

Thus it was proposed that, with stratigraphic analysis of lacustrine aquatic cellulose,
reconstruction  of  lake  water   could be used to document shifts along a LEL and/or
MWL from which paleohydrologic and paleoclimatic information may be derived.

Methods

Sample preparation

Methods for lake sediment sample preparation for cellulose carbon and oxygen isotope
analyses have been developed at the University of Waterloo - Environmental Isotope Labo-
ratory (UW-EIL), (Heemskerk & Diebolt, 1994; Edwards et al., 1997; Elgood et al., 1997).
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These techniques closely follow those of Green (1963) and Sternberg (1989a) for extracting
cellulose from wood powder, as indicated in the inaugural study of Edwards & McAndrews
(1989). Modifications have been introduced to accommodate the much finer grain size
typical of sediments and for removal of other potentially interfering geochemical fractions
(Fig. 3). Preliminary sample treatment involves acid-washing to dissolve carbonate material
and dry sediment sieving to remove macrofossil debris after which analysis of bulk carbon
and nitrogen elemental and isotope composition may be conducted. Sediment cellulose
preparation on the acid-washed residue is generally a three-part process involving sequen-
tial extraction of non-cellulose organic components. An additional leaching step removes
oxyhydroxides. All extractions are performed in a fume hood and normal laboratory safety
precautions should be adhered to (e.g. lab coat, gloves, dust mask and safety glasses should
be worn). Batches of 10 or more may be processed simultaneously, depending on the size of
the bottles used and space restrictions in the fume hood and water bath. Details of methods
used at the EIL are provided below.

A) Acid-washing (removal of carbonate)

1. Place sample in a labeled 75 ml test tube and add 1 M (approximately 8% by
volume) HC1. Stir and cover with watch glass. Place in water bath for a minimum
of two hours at 60 °C.
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2.

3.

4.

5.

Check the pH to ensure samples are acidic. If not acidic or visible reaction occurs
upon agitation, pour/aspirate supernatant and add fresh HC1 and repeat step # 1. If
acidic, pour/aspirate supernatant, fill with deionized water and stir.

Leave standing until sediment settles or centrifuge and pour/aspirate supernatant.
Rinse repeatedly with deionized water until neutral.

Pour/aspirate supernatant, freeze, freeze-dry, and store in labeled, clean, dry vial.

Following removal of carbonate and freeze-drying, lake sediment samples are
sieved to to eliminate macrofossil plant debris (which may be of terres-
trial origin). Scattered fragments may be removed with tweezers.

B) Solvent extraction (removal of lipids, resins, tannin)

1.

2.

Extract 2–5 g of freeze-dried sediment (depending on organic content of the
sediment) in a covered 125 ml glass (or Teflon) wide-mouth, screw-top bottle
with about 100ml of 2:1 benzene:ethanol, swirling the solution occasionally.
Decant/aspirate the solution after 48 hours. If the liquid is deeply coloured (i.e.
darker than weak tea), repeat the extraction with fresh solvent for an additional
24 to 48 hours.

Add about 100ml of acetone and replace cover. After 24 hours, decant/aspirate
and allow samples to air-dry in the fumehood.

C) Bleaching (removal of lignin)

1.

2.

3.

4.

Add about 100 ml of deionized water to the air-dried sample and place in a water
bath at 70 °C. Add 0.5 ml of glacial acetic acid, followed by 0.5 g of sodium
chlorite, stir, and cover.

After one hour, add fresh aliquots of acetic acid and sodium chlorite (always
adding the acetic acid first), and stir. Repeat 5 times or until sediment residue is a
pale grey to yellowish-grey colour.

Allow sediment residue to settle, decant/aspirate supernatant liquid, and re-fill with
deionized water. Repeat 5–10 times, or unt i l odour of the bleach solution fades,
to completely displace bleach solution. Do not test the odour unt i l the solution is
thoroughly diluted.

After the final dilution, decant/aspirate to within 1 cm of the residue.

D) Alkaline hydrolysis (removes xylan, mannan, other polysaccharides)

1.

2.

Add about 100 ml of 17% sodium hydroxide solution to the wet sample. Let stand
for 45 minutes, decant/aspirate, and fill with deionized water. Rinse with deionized
water 3–4 times or unt i l solution is neutral.

After the final dilution, decant the water to within 1 cm of the grey cellulose residue.
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E) Oxyhydroxide leaching (removes oxyhydroxides)

1.

2.

3.

4.

5.

6.

Oxygen isotope results may be affected (and the nickel pyrolysis tube contami-
nated) if iron or manganese oxyhydroxides are present (often indicated by distinc-
tive reddish or orange-brown colour of the final cellulose concentrate) and should
be removed using the following leach solution:

Dissolve in 1 L of deionized water:
35 g sodium dithionite (also called sodium hydrosulfite)

52 g ammonium citrate

14 g hydroxylamine hydrochloride

Extract oxyhydroxide-contaminated cellulose concentrate with about 75 ml of
leach solution in water bath at 60 °C for 2 hours. Remove and let stand at room
temperature for 24 hours.

For samples with solution that is visibly discoloured, decant/aspirate and replace
with fresh dose of leach solution and let stand at room temperature for 24 hours.
If no discolouration is visible, decant/aspirate and replace with deionized water.
Let stand for 24 hours.

If colour remains (or returns to those samples which have been rinsed with deion-
ized water), repeat with fresh dose of leach solution and let stand for 24 hours.
For samples in deionized water that continue to show no colour, wash by repeated
dilution and decanting/aspirating with deionized water (approximately 5–7 times).

After the final dilution, decant the water to within about 1 cm of the grey cellulose
residue, freeze, and freeze-dry.

After the sample is thoroughly dry, transfer to a clean, dry, labeled vial for
subsequent carbon and oxygen isotope analysis.

Analysis

Carbon isotope analysis on lake sediment cellulose may be performed by routine breakseal
combustion (Boutton et al., 1983; Boutton, 1991a) or by continuous flow — isotope ratio
mass spectrometry (CF-IRMS). Comparison of lake sediment samples analyzed by both
methods at the UW-EIL show excellent agreement.

Oxygen isotope analysis of lake sediment cellulose has been performed mainly by
Ni-tube pyrolysis in re-sealable nickel vessels, as first described in Edwards et al. (1994),
although a technique has also been used (Sternberg, 1989b; Sauer & Sternberg, 1994;
Sauer et al., 2001b). Vessels currently in use at the UW-EIL have undergone minor design
modifications since those described by Edwards et al., including the use of stainless-steel
rather than nickel Cajon VCR® metal gasket face seal fittings (Fig. 4). With the original
vessel design, which included a tapered nickel plug fitted to a beveled nickel seat (see
Fig. 1 in Edwards et al., 1994), cleaning of the interior of the vessels rapidly wore down
the sealing surface, eventually resulting in gas leakage. More recently, changes in vessel
design has enabled better sealing and significantly improved the durability of the vessels.
While this new design does result in exposure of a small amount of stainless steel to the
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interior of the vessels, there is no evidence to suggest that this has any apparent effect on
results.

Vessels are loaded with terrestrial cellulose, lake sediment cellulose, or water and
graphite (as a carbon source) and sealed in an argon atmosphere, followed by heating
(pyrolysis) at 1050 °C in an evacuated quartz tube. The addition of an encapsulating quartz
tube has been incorporated to prevent repeated oxidation of the outer nickel surface and
to simplify the cleaning procedure. Heating has been increased from 950 °C used in the
original experiments to 1050 °C to account for the insulation of the quartz tube (see Motz
et al., 1997).

The pyrolysis reactions can be described by the general (unbalanced) equations:

Hydrogen in the samples forms gas that diffuses out through the nickel vessel walls
and which may be collected and used to determine (Motz et al., 1997). Oxygen is
incorporated into CO and and contained within the vessels. Oxygen isotope analysis is
performed on the after cryogenic purification on a vacuum extraction line. Quantitative
recovery of oxygen from CO is considered unnecessary as the oxygen isotope composition
in CO and appears to equilibrate at high temperatures with negligible fractionation,
which is then retained during cooling to room temperature (Edwards et al., 1994).

The technical procedure for Ni-tube pyrolysis described below is based on equipment
designed at the UW-EIL. Modifications may be introduced to adapt to existing laboratory
equipment, vacuum extraction lines, etc.
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A) Vessel cleaning

Prior to use, pyrolysis vessels must be carefully cleaned to remove all debris remaining
from the previous sample.

1.

2.

3.

Clean the interior of vessel using a stainless steel brush (1/4" diameter). Gently tap
out debris. Care must be taken not to score the raised circular seats at the opening
of the vessel as this will result in a poor seal and loss of gas during pyrolysis.

Flush interior of vessel with acetone and allow to air-dry.

Place clean vessels in oven at 60 °C or keep in a desiccator under vacuum. During
periods of prolonged non-use, the pyrolysis vessels should be kept in a desiccator
to minimize oxidation of nickel surfaces.

B) Loading vessels (with water or cellulose samples) and pyrolysis

Although samples are vacuum-dried during the process of cellulose extraction (see
above), it has been demonstrated that moisture is readily absorbed from the air (Ed-
wards et al., 1994). Furthermore, due to the small sample size, any moisture can have
a significant effect on the final analysis. It is therefore important to adhere to the
following procedure designed to remove all traces of atmospheric moisture that may
cause sample contamination.

1.

2.

3.

4.

5.

6.

7.

8.

Place samples in desiccator, attach to freeze dryer or extraction line and evacuate.
Leave samples under vacuum for a period of at least 12 hours.

Clean and dry vessels as described above.

For water samples, load pre-baked, dry carbon into vessels, cover
with tinfoil and place in desiccator. Five ml of typically produces 1.5 to 2 cc
of For cellulose samples, load into vessels, place in desiccator chamber and
cover with tinfoil. Gloves should be worn to prevent contamination of sealing sur-
faces. For lake sediment samples with very low organic content, it is important not
to overload vessels as the pyrolysis reaction will not go to completion. Typically, 3–
5 mg are used for pure terrestrial cellulose samples (producing 1.5 to 2 cc of )
and roughly 20 mg are used for lake sediment cellulose (producing roughly 0.5 cc
of ). The amount of lake sediment cellulose concentrate required to produce
sufficient  will vary according to the amount of refractory mineral matter.

Place vessels in desiccator and attach to freeze dryer or extraction line and evac-
uate. Leave vessels under vacuum for a period of at least 12 hours.

Close desiccator and remove from freeze dryer or extraction line. Place desiccator
in glovebox.

Flood glovebox with argon. Allow sufficient time for glovebox to be totally flushed
with argon.

Open desiccator to argon atmosphere.

Place nut in holder and transfer vessel from desiccator to holding rack in glovebox.
Gloves should be worn to prevent contamination of sealing surfaces.
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9.

10.

11.

12.

13.

14.

Flush vessel with thin stream of argon to further ensure that all atmosphere is
displaced. Note that pure cellulose is easily blown out of vessel! (For cellulose
samples, go to step 1 1 ) .

Lower syringe as far as possible into the vessel and inject water sample.

Quickly place nickel disk and setscrew on vessel and tighten.

Rinse outside of sealed vessel in acetone and allow to air-dry.

Insert sealed vessel into quartz envelope and evacuate on vacuum extraction line.

Bake sealed vessel in evacuated quartz envelope at 1050 °C for 50 minutes. After
baking, allow quartz envelope and vessel to cool to room temperature (30 minutes).

C) Collection of (see Fig. 5)

1.

2.

3.

Preheat tube oven to 350 °C (to decompose traces of produced in the
vessels; Brenninkmeijer & Mook, 1981) at least one hour in advance to permit
thermal stabilization. Note that the Ni-trap should be cleaned in 10% nitr ic acid
routinely to prevent excess build-up of Ni and carbon.

Establish a vacuum downstream of valve #1 (i.e. open valves #2, #3, and #4).

Place a cooled pyrolysis vessel inside the sample shaft of the puncturing device.
Check that the puncturing needle is withdrawn to the correct height and that
o-rings are clean. Replace securing head and puncturing hilt and screw t ightly to
the sample shaft.
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4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

Attach the puncturing device to the vacuum line; open valve #1 to evacuate the
puncturing device. Pump on the entire line for several minutes until vacuum
is obtained.

Place liquid nitrogen dewar on bottom of u-trap. Close valve #1. Carefully screw
down the puncturing hilt (resistance will indicate that the pyrolysis vessel has
been pierced). Slowly raise the hilt to remove the needle from the pyrolysis vessel
and allow the gases to escape onto the heated portion of the line.

Allow the gases to remain in the heated portion of the line for 2 minutes. Close
valve #2. Slowly open valve #1 and allow the gas to condense in u-trap.

Record change in pressure from the presence of non-condensable gases (mainly
argon and CO).

Raise liquid nitrogen dewar halfway up u-trap; wait several minutes and then raise
to about 3 cm from top of u-trap.

Bleed off non-condensable gas by opening valve #2 slowly. Pump on the trapped
to remove non-condensable gases and to ensure complete transfer from

punctured sample vessel. When the initial (full vacuum) reading on the pressure
gauge is restored, close valves #1 and #2.

Replace liquid nitrogen dewar with ethanol/dry ice dewar on u-trap to vaporize
the Record the new reading on the pressure gauge.

Place a liquid nitrogen dewar on the bottom of sample breakseal and close valve
#3 to isolate the line from the vacuum pump. Slowly open valve #2 and allow
the to condense in the sample breakseal. Raise liquid nitrogen dewar over
condensed

After a few minutes, during which the pressure gauge should have returned to near
its full-vacuum reading, raise liquid nitrogen dewar. Open valve #3 to pump off
any residual non-condensable gases that may have remained in the solid

Flame off sample breakseal. Ensure that the sample vessel is correctly labeled and
remove it for analysis by mass spectrometry.

Close valves #1 and #2. Heat for 2–3 minutes and check for an increase in pressure.
A change may indicate the presence of water vapour suggesting that the pyrolysis
reaction was incomplete. Open valve #2 to check vacuum recovery. A substantial
fall in the vacuum also suggests residual water. Replace sample breakseal, change
pyrolysis vessel in puncturing device, and re-evacuate line.

New pyrolysis vessels require conditioning before analysis. Standards should be loaded,
pyrolysed and the resulting gas released for at least two runs before is collected for
analysis. Repeated runs with water and cellulose standards should then be undertaken
until consistent reproducibility is obtained and until accurate calibration of results can be
developed. After extended periods of non-use, standards should be run in each vessel to
re-establish the catalytic activity of the nickel. A water or cellulose standard should be
routinely run with each sample batch, rotating the vessel in which the standard is loaded to
monitor vessel performance. Analytical uncertainties of water, lake sediment and terrestrial
cellulose are generally ±0.5 to 1 . 0 ‰ .
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Key criteria for paleohydrologic reconstruction

Two fundamental assumptions in the interpretation of carbon and oxygen isotope data from
lake sediment cellulose are 1) the fine-grained cellulose fraction in offshore lake sediments
is derived from aquatic plants/algae and 2) the oxygen isotope fractionation between
ambient water and aquatic cellulose is known (or constant), allowing for reconstruction
of lake water history from the sediment record. The validity of these assumptions is
briefly discussed below.

Origin of lake sediment cellulose

Incorporation of terrestrial cellulose in fine-grained offshore lake sediment would appear
to be a primary complicating factor, yet records obtained from lakes in many
hydrological and ecological settings seem to support a dominantly aquatic origin (Edwards
& McAndrews, 1989; Duthie et al., 1996; Edwards et al., 1996; Padden, 1996; Beuning et
al., 1997; Buhay & Betcher, 1998; Abbott et al., 2000; Wolfe et al., 2000b). Less favourable
sites include lakes characterized by low aquatic productivity relative to allochthonous
organic matter input and sediment that undergoes substantial post-depositional loss of
organic matter (e.g., Sauer et al., 2001b). Physical removal of coarse organic debris by
sieving is evidently a key step in sample preparation, as this fraction may be derived in
part from terrestrial sources (e.g., Meyers, 1997). Source interpretation of cellulose may
be additionally constrained by supplementary isotopic and elemental data. For instance,
low C/N ratios (<10) commonly indicate aquatic-derived organic matter reflective of the
higher mean protein content of microplankton (mean ~35%) as compared to terrestrial
plants (only 1–8%) (Tyson, 1995; Meyers & Lallier-Vergès, 1999). However, this aquatic-
origin “boundary” of C/N <10 is not exclusive (see Tyson, 1995). Even in sediments with
C/N ratios ranging from 10 to >15, oxygen isotope analyses of the cellulose fraction appear
to predominantly reflect lake water based on close correspondence between inferred
lake water oxygen isotope composition from surface sediment cellulose and the isotopic
composition of the overlying lake water (Duthie et al., 1996; Beuning et al., 1997; Abbott et
al., 2000) and other supporting evidence (Wolfe et al., 1999, 2000b). This consistency may
perhaps be due to preferential preservation of aquatic cellulose as compared to other organic
compounds due to rapid sedimentation and burial (Edwards, 1993). Alternatively, high C/N
ratios in aquatic organic matter have been documented for cellulose-producing green algae
such as  Botryococcus (Street-Perron et al., 1997). In other cases, high C/N
ratios may result from lake waters that are nitrogen deficient (Talbot & Lærdal, 2000) or may
be due to diagenetic effects on organic matter that originally derived from aquatic sources
(Meyers & Ishiwatari, 1993; Tyson, 1995). Hydrogen indices can serve as an additional test
of an aquatic source for sedimentary organic matter (Talbot & Livingstone, 1989; Talbot
& Lærdal, 2000).

Parallel time-series trends between bulk organic carbon isotope and cellulose
carbon isotope profiles may indicate carbon uptake from the same source (i.e.
DIC) and can provide further indirect support for an aquatic origin of cellulose. Conversely,
stratigraphic variation in the isotopic difference between and may be due
to variable terrestrial contribution (Wolfe et al., 1996). However, these empirical relation-
ships can be complicated by the lower sensitivity of bulk organic matter to fluctuations in
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DIC as well as temporal changes in bulk organic matter preservation (Edwards &
McAndrews, 1989).

Cellulose-water oxygen isotope fractionation

Both laboratory and field studies have been conducted to investigate the relationship
between the oxygen isotope composition of aquatic cellulose and the oxygen isotope
composition of the water in which the plants or algae grew (Epstein et al., 1977; DeNiro
& Epstein, 1981; Sternberg et al., 1984, 1986; Edwards et al., 1985; Yakir & DeNiro,
1990; Sauer et al., 2001b; Abbott et al., 2000). Many of these data indicate that the
oxygen isotope fractionation between cellulose and water is nearly constant, being in-
dependent of the oxygen isotope composition of the plant species, the water tem-
perature, and the photosynthetic mode of the organism. Reported cellulose-water oxygen
isotope fractionation factors are mostly within the range of 1.025 to 1.029 for most aquatic
plant/algae species in which both the water and cellulose have been measured directly
(Table I).

Two primary models have been proposed to account for the constant cellulose-water
oxygen isotope enrichment factor (see reviews by Sternberg, 1989b and Yakir, 1992).
Epstein et al. (1977) suggested that during cellulose synthesis, oxygen is incorporated
from dissolved and (which are in isotopic equilibrium) in a 1:1 ratio. As a result,
2/3 of the oxygen in cellulose is derived directly from dissolved enriched in
relative to the plant water by about 41‰, according to an oxygen isotope fractionation
factor of 1.0412 between and at 25 °C (thus As discussed by
Yakir (1992), however, there are several difficulties with this theory including: 1) oxygen
incorporated from water is lost during subsequent metabolic reactions, 2) the isotopic
relationship is consistent in plants that do not consume (heterotrophic metabolism),
and 3) the isotopic effect associated with equilibration with water is highly sensitive
to temperature, yet no clear temperature-dependent isotope effect has been demonstrated
between water and cellulose.

The second alternative model favoured by most workers suggests that the oxygen isotope
composition of plant cellulose is determined by the carbonyl hydration reaction which
occurs during cellulose synthesis (DeNiro & Epstein, 1981). According to this theory,
carbonyl oxygen atoms exchange with water in an equilibrium reaction that is apparently
insensitive to temperature. Experiments analyzing oxygen isotope exchange between the
carbonyl oxygen of acetone and water across a temperature range of 15 to 35 °C resulted
in fractionation factors ranging from 1.025 to 1.030, similar to those observed between
cellulose and water (Sternberg & DeNiro, 1983).

Prior to 1998, the majority of field studies examining cellulose-water oxygen isotope
fractionation were conducted in temperate aquatic environments (Table I). Recent cal-
ibration work by Beuning & Anderson (in review) from samples collected in tropical
East African lakes (also shown in Table I) suggests a lower mean fractionation factor
(1.025 ± 0.003) than samples from temperate freshwater environments (1.027 ± 0.003).
This difference could result from sampling of water at the end of the dry
season, but only newly emerged leaves were used in the analyses. In addition, samples
from large lake systems with minimal seasonal fluctuations in lake water also showed
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reduced cellulose-water isotopic fractionation. While these results suggest a possible small
temperature-dependent effect on the fractionation factor between cellulose and water,
clearly, additional field studies, particularly in tropical environments, are required to clarify
this discrepancy (Beuning & Anderson, in review).

Assuming a constant oxygen isotope fractionation between cellulose and water,
analysis of the cellulose component of surface sediment samples may be consistent with
contemporary water and plant samples, as has been shown for Lago Taypi Chaka Kkota,
Bolivia (e.g. Abbott et al, 2000). This lake is characterized by suppressed seasonal isotopic
variability due to perennial through-flowing conditions and thus single-episode sampling
of sediments, plants and lake water, which frequently forms the basis for “calibration”, pro-
duced coherent results. Indeed, caution must be exercised in evaluating water and sediment
data of strongly differing temporal representation. For example, lakes near boreal treeline
in central Siberia are susceptible to strong seasonal isotopic variation. As a result, single-
episode water and surface sediment sampling demonstrated that the hydrologic conditions



390 WOLFE, EDWARDS, ELGOOD & BEUNING

inferred from the surface sediments at most sites were systematically offset from those
prevailing at the time of sampling due to the influence of snowmelt on lake water isotopic
composition (see Wolfe & Edwards, 1997).

Applications

Holocene water and carbon balance record of treeline lakes, central Canada

Reconstruction of lake water histories from analysis of fine grained cellulose
at small treeline lakes in central Canada has provided key insight into shift ing water balance
and its influence on watershed carbon cycling during the Holocene (MacDonald et al., 1993;
Wolfe et al., 1996). In this region, terrestrial vegetation change following local deglaciation
around 9000 B.P. was characterized by the advance and retreat of boreal treeline,
in response to shifts in the mean summer position of the Arctic frontal zone (Dyke &
Prest, 1987; MacDonald et al., 1993). Abrupt changes from dwarf shrub tundra to Picea

mariana forest-tundra occurred at about 5000 B.P. (Fig. 6), as the frontal zone moved
northward. Minor local fluctuations in treeline position or forest density occurred during
the subsequent 2000 years, followed by return to the modern dwarf shrub tundra vegetation
after 3000 B.P.

Cellulose isotope records from Queen’s Lake (MacDonald et al., 1993), located 25 km
north of the forest-tundra zone, and Toronto Lake (Wolfe et al., 1996), situated at the
transition between forest-tundra and tundra, show shifts to lower values during the
mid-Holocene (Fig. 6), reflecting decreased evaporative with a northward
shift in the Arctic front. An isotope mass-balance model, based primarily on the Queen’s
Lake record, suggests relative humidity may have increased by 10-15% overall
during this interval (Edwards et al., 1996). High-resolution analysis of the Toronto Lake
sediments indicates century-scale correspondence between increasingly moist conditions
and forest expansion (Fig. 6; Wolfe et al., 1996). The hydrologic sensitivity of Toronto
Lake may be largely a function of the lake’s complex drainage basin. Under present cli-
matic conditions, the two subcatchments providing inflow to Toronto Lake have markedly
different hydrological budgets. The larger of the two subcatchments (ca. 2100 ha) yields
continuous outflow during the thaw season, whereas the smaller subcatchment (ca. 650 ha)
apparently discharges only intermittently following spring melt. Abrupt changes in the
size of the contributing drainage basin area, in response to changes in moisture conditions
in the past, appear to have strongly influenced lake water residence time and degree of
evaporative enrichment at Toronto Lake. In contrast, Queen’s Lake drains a considerably
smaller catchment than Toronto Lake and thus contains a record that is largely
dependent on the hydrologic sensitivity of this single lake, which has apparently remained
closed for most of the Holocene.

The forest-tundra interval at Queen’s Lake and Toronto Lake was also marked by
changes in carbon balance. Increased organic content (i.e., high loss-on-ignition) and diatom
valve concentration clearly indicate that lake productivity increased during this interval
(MacDonald et al., 1993; Pienitz et al., 1999). Increasing values during the mid-
Holocene are likely caused by this elevated lake productivity, through photosynthetically-
driven 13C-enrichment of dissolved inorganic carbon (DIC) and decreased cellulose-DIC
isotope fractionation. However, at various times during the Holocene, contemporaneous
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rapid lake water through-flow and supply of soil-derived have prob-
ably played an important role in offsetting and, in some cases, completely masking these
isotopic enrichment signatures (i.e., compare LOI with at 3500 B.P. at
Queen’s Lake; at 5100, 4500, 4000, 2700 B.P. at Toronto Lake; Fig. 6). Increasingly
moist conditions combined with developing soils and forest-tundra vegetation during the
mid-Holocene are also reflected by the high diatom-inferred dissolved organic carbon
(DOC) concentrations indicating increased humus input (Fig. 6; Pienitz et al., 1999). At
Toronto Lake, the “noisier” DOC record is likely related to the hydrologic variabilty at this
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site, whereas the apparent high values during the early Holocene are considered unreliable
due to a “no-analog” application of the diatom-based transfer function (see Pienitz et
al., 1999).

Postglacial record of the isotopic composition of precipitation in the Great Lakes region

In lake basins for which evaporation is a small component of the water balance (and
where the primary inputs of water derive from precipitation or inflow that has experi-
enced little evaporative evolution), sediment-inferred lake water and histories
may reflect the mean annual isotope composition of precipitation This
parameter is frequently used as a tracer of past temperature change as well as evidence for
changes in moisture sources, seasonal distribution of precipitation, and other aspects of air
mass circulation.

In the Great Lakes region of North America, recent oxygen and hydrogen isotope studies
of lake sediment cellulose and lake sediment kerogen, respectively, in addition to
and analysis of fossil wood cellulose, have resulted in a largely consistent pattern of
shifting isotopic composition of post-glacial precipitation. The initial reconstruction was
based on isotopic evaluation of fossil wood cellulose preserved in a kettle-fill sequence near
Brampton, Ontario (Edwards & Fritz, 1986). A semi-empirical model was used to separate
humidity-dependent isotopic enrichment of leaf water during evapotranspiration from the
primary isotopic signature of water taken up by the trees, presumably reflecting the local
mean annual isotopic composition of precipitation. Calibration of the model using modern
trees permitted quantitative reconstruction of both as well as relative humidity during
the growth season for the past 11,500 years (Fig. 7a).

Oxygen isotope analysis of fine-grained cellulose in sediments underlying Hamilton
Harbour, a bay at the western end of Lake Ontario, has verified and further supplemented
the later pan of the regional record from about 8000 B.P. to present (Duthie
et al., 1996). Comparison of the Hamilton Harbour cellulose-inferred lake water

record with the reconstructed precipitation history from the Brampton site
shows that lake water was primarily controlled by the changing isotopic composition
of precipitation falling in the region (Fig. 7b). The only strong evidence of local hydrologic
overprinting is the marked positive offset of at the base of the profile, likely due
to evaporative enrichment when the harbour was isolated from Lake Ontario. Rising water
level in Lake Ontario and confluence of harbour and lake water is reflected by reduced
evaporative enrichment and subsequent decrease in Hamilton Harbour at about
7000 B.P. This major hydrologic event is also clearly demarcated in the diatom and
cellulose carbon isotope records (Duthie et al., 1996; Wolfe et al., 2000c).

At Austin Lake, southwestern Michigan, analysis of sediment kerogen has been
used to reconstruct late Glacial and Holocene lake water history (Fig. 7c;
Krishnamurthy et al., 1995). The kerogen-inferred record was derived from extend-
ing the empirical relationship between surface-sediment kerogen and lake-recharged
groundwater down-core. The relationship closely resembles the hydrogen isotope
fractionation between non-exchangeable hydrogen in cellulose and ambient water reported
by Yapp & Epstein (1982). Notably, groundwater in this region is similar to local

so as a first-order approximation, Krishnamurthy et al. (1995) assumed the kerogen-
inferred record was primarily a reflection of the history. This interpretation
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is strongly supported by correlative trends in the records from Brampton and Hamilton
Harbour (Fig. 7a, b).The lower parts of these profiles, in particular, show striking agreement
and are characterized by low values during the late-Glacial and early Holocene rising to
maximum values in the mid-Holocene.

The record of post-glacial isotopic composition of precipitation in the Great Lakes region
is likely a reflection of both changes in temperature and air mass circulation (Edwards &
Fritz, 1986; Krishnamurthy et al., 1995; Edwards et al., 1996). Increasing and
values from the post-Glacial to the mid-Holocene appear to result from progressive post-
glacial warming as influence of Arctic air diminished and warm, moist, air
masses from the Gulf of Mexico became increasingly prevalent. Superimposed on this
meridional fluctuation in atmospheric circulation is a shorter-term episode of enhanced
zonal circulation between 7500 and 6000 B.P. that accounts for a lag between rising
temperature and humidity (Bryson & Wendland, 1967; Edwards & Fritz, 1986; Dean et
al., 1996; Edwards et al., 1996). Increased penetration of warm, dry Pacific air into the
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continental interior during the summer months likely resulted in increased lake water evap-
oration which may partly account for the abrupt at about 7000 B.P. in
the Austin Lake record. The end of the warm mid-Holocene is clearly shown by the shift to
lower Austin Lake and Hamilton Harbour values at about 2000 B.P.,
reflecting decreased influence of air masses from the Gulf of Mexico, and is consistent with
other paleoclimatic records from southern Ontario (see Edwards et al., 1996). A subsequent
return to warmer conditions is suggested by increasing Austin Lake and Hamilton
Harbour values after 1000 B.P.

Future research directions

Isotope analysis of lake sediment cellulose has undergone rapid growth over the last
decade as a useful approach for paleohydrologic and paleoclimatic reconstruction. The
need remains, however, for further research into key areas of analysis and application to
refine this technique and to improve upon its contribution to paleolimnology. Specific areas
to be addressed are outlined below.

Sample preparation and analytical techniques

Oxygen isotope analysis of lake sediment cellulose is currently a labour-intensive process,
requiring off-line gas purification prior to mass spectrometric analysis. However,
recent development of successful on-line techniques (i.e., CF-IRMS) for analysis of
organic compounds (e.g., Farquhar et al., 1997; Saurer et al., 1998) suggests that similar
methods may be utilized to expedite lake sediment cellulose analysis. Preliminary
analyses using CF-IRMS at the UW-EIL suggest that development of a viable technique
requires the removal of refractory material from the cellulose residue. Modifications to
the sample preparation technique are currently in development including flotation with
sodium polytungstate to separate cellulose from mineral detritus. Improvements in ana-
lytical capabilities will increase the cost-effectiveness of studies and may allow for very
small samples to be analyzed including cellulose derived from identifiable aquatic remains
in sediment cores. In addition, multiple analysis of several individual samples will warrant
more comprehensive evaluation of differences in sample reproducibility (from site to site
and also stratigraphically), which may also potentially reveal information characteristic of
a lake’s hydrologic setting and variability (see Wolfe et al., 2000b).

Investigation of cellulose-water fractionation

Recent work by Beuning & Anderson (in review) clearly points to the need for more
studies examining the oxygen isotope relationship between aquatic cellulose and ambient
water under varied conditions. While applications of a constant fractionation factor in
the past have proven to be a useful first-order approximation, this critical assumption
requires further testing. Additional laboratory-based studies are in progress, where the
effects of key parameters (e.g. temperature, species) on the oxygen isotope composition of
important cellulose-producing aquatic plants may be re-evaluated (Beuning, unpublished
data). Greater understanding of the cellulose-water relationship in natural settings
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would also benefit from comprehensive field surveys involving multiple lake water samples
to characterize intra-annual lake water isotopic composition and variability, sediment trap
collections to measure aquatic cellulose in situ, and corresponding surface-sediment
samples for lake sediment cellulose determination.

Characterization of sediment  cellulose origins

Organic petrography needs to be explored as a potentially useful complementary tool for
evaluating the significance of terrestrial cellulose contributions to the fine-grained sediment
component of lake sediments. This and other sediment identification techniques (e.g.,
scanning electron microscopy) may also prove useful for determining whether the lake
sediment cellulose is derived from varied aquatic sources, with species-specific oxygen
isotope fractionation factors.

Quantitative applications using multiple isotopic archives

Interpretation of cellulose-interred lake water records would benefit from coupled
estimation of lake water in order to clearly decipher shifting isotopic composition of
precipitation from changes in water balance (see Fig. 1). Exploratory paleolimnological
reconstructions at Austin Lake demonstrate that further studies on the hydrogen isotope
composition of kerogen and its isotopic relationship with ambient water is an especially
promising new research direction (Krishnamurthy et al., 1995; also see Fig. 7). “Mapping”
temporal shifts in lake water isotopic composition in two-dimensional space
would also provide a more solid foundation for quantitative reconstructions. For exam-
ple, stratigraphic changes that occur along a well-defined local evaporation line may be
used to determine shifting percentages of lake water evaporative loss, as in contemporary
hydrologic investigations (e.g., Gibson et al., 1993).

Coupled carbon and oxygen isotope analyses of carbonate and organic fractions should
also be further exploited as a paleolimnological approach as these studies provide strong
potential for quantitative reconstruction of past lake water temperature (Padden, 1996;
Padden et al., 1996; Wolfe et al., 2000a).

Summary

Systematic variations occur in the isotopic composition of water as it passes through
the hydrologic cycle due to fractionation effects that separate the common, light stable
isotopomers from the rare, heavy isotopomers. The isotopic composition of lake water
captures a time-integrated reflection of these processes, which are strongly influenced by
climatic and hydrologic factors. Aquatic cellulose readily incorporates the oxygen isotope
composition of lake water and this signature is preserved in lake sediment stratigraphic
records. Hydrologic as well as lake nutrient balance information may additionally be
contained in profiles of lake sediment cellulose carbon isotope composition. Although case
studies presented here focus on qualitative interpretation of the isotope profiles, results
from both cellulose carbon and oxygen isotope analyses also offer the potential for quanti-
tative recovery of paleohydrologic and paleoclimatic information that may not necessarily
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be readily attainable from other conventional sources of proxy data (e.g., Edwards &
McAndrews, 1989; Edwards et al., 1996; Wolfe et al., 2000a, c). We emphasize, however,
that interpretation is most effectively constrained within the context of a multidisciplinary
approach (e.g., Abbott et al., 2000). High priority is currently focused on simplification of
the analytical procedure in order to foster more routine incorporation of cellulose-isotope
analyses in paleolimnological investigations.
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Introduction

Nitrogen is a small but essential constituent of all organisms and as such can be regarded
as a key nutrient. Together with phosphorous and silicon, it is commonly viewed as one
of the nutrients that ultimately limit organic productivity. Indeed, in many lakes, N is
probably the limiting nutrient. The fundamental role of nitrogen in organic production
means that changes in N sources or cycling commonly have far-reaching consequences
for the production, composition and accumulation of sedimentary organic matter (OM) in
lakes. Knowledge of past variations in these and other aspects of the N cycle may thus
provide unique palaeolimnological information that can be related to regional or global
environmental change. A comprehensive overview of the central importance of N to all
organic life, and of the N biogeochemical cycle, is given in Schlesinger (1997).

Nitrogen in lacustrine sediments has traditionally been characterised either as weight
percent total nitrogen (TN) or by the carbon:nitrogen ratio (C/N). The latter is also com-
monly regarded as a means of identifying the source of the OM (e.g., Meyers & Ishiwatari,
1993; Tyson, 1995; Meyers & Lallier-Vergès, 1999). In palaeolimnology considerably
less use has been made of N-isotope analysis as a method of characterising sedimentary
nitrogen, even though the necessary analytical techniques and isotope fractionation effects
have been known for over 40 years (Hoering, 1955; Létolle, 1980; Owens, 1987). There are
two principal reasons for this, one practical, the other interpretational. Until comparatively
recently, very few laboratories were equipped to carry out nitrogen isotope analyses and in
those that were, the number of analyses that could be performed was commonly limited,
because of the laborious, offline sample preparation. Interpretational problems were related
to the fact that measured isotopic values may not necessarily have an unambiguous solution,
due to the variety of biogeochemical processes and N sources that can contribute to the
production of sedimentary OM. The situation has changed radically over the last decade,
thanks to faster and improved analytical techniques and the growing realisation that even
apparently ambiguous N-isotopic values may be interpretable when combined with other
sorts of geochemical data.
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A basic understanding of the nitrogen biogeochemical cycle and its impact upon N-
isotope distribution in nature is essential for the succesful execution of any N-isotope
study. The main goals of this chapter are: (1) to review the nitrogen cycle with particular
emphasis on lacustrine and associated environments; (2) give an introduction to nitrogen
isotope geochemistry as applied to palaeolimnological problems, (3) to examine briefly
some of the practical aspects of N-isotope analysis; and (4) by means of examples show how
N-isotope studies can provide unique palaeolimnological information on such fundamental
features as OM and nutrient sources, nutrient cycling, mixing regime, water column stability
and sediment provenance.

Nitrogen in lakes: forms and distribution

Inorganic nitrogen occurs in a variety of chemical forms and in several oxidation states, a
fact which leads to complex cycling of nitrogen through the various inorganic and organic
reservoirs. Inventories of the commonest forms of inorganic nitrogen and their principal
reservoirs are summarised in Létolle (1980), Kaplan (1983), Blackburn (1983), Jaffe (1992)
and Schlesinger (1997). Some of the reservoirs are relatively poorly constrained, estimates
of their absolute size varying considerably, but atmospheric nitrogen ( dinitrogen) is
generally considered to be by far the largest reservoir of relevance to surface processes,
although it has recently been suggested that the importance of N released by rock weathering
may have been significantly underestimated (Holloway & Dahlgren, 1999). In aquatic
environments, ammonium nitrate and nitrite are important com-
ponents of the dissolved inorganic nitrogen (DIN) reservoir, as they represent the principle
sources of N available for primary production (see below).

One important aspect of today’s nitrogen cycle that needs to be borne in mind, es-
pecially when using modern lakes as analogues for ancient lacustrine systems, is that
it has been profoundly influenced by anthropogenic effects. Fossil fuel combustion and
many industrial processes discharge gaseous and particulate nitrogen compounds into the
atmosphere; agriculture and urban developments have added copious amounts of dissolved
and solid nitrogen to many surface and groundwater drainage networks (Vitousek et al.,
1997; Schlesinger, 1997). It might be expected that the impact of these nitrogen sources
would be vanishingly small in comparison with the huge reservoir of atmospheric but in
reality many of the anthropogenic products are highly mobile N compounds which readily
enter the food chain. Their effects on primary production, and the N-isotopic composition
of the OM, may far outweigh their absolute volume. Neither are these influences confined
to industrialized regions; few, if any, modern lakes may be entirely free of the effects of
atmospheric N fallout. In tropical Africa, for example, it has been shown that one of the
last remaining pristine great lakes, Lake Malawi, receives ca. 72% of its annual N input
from the atmosphere, mainly via slash-and-burn agriculture (Bootsma, et al., 1996).

Nitrogen cycling in lakes

As indicated above, nitrogen occurs in nature in a variety of forms. Figure 1 summarises
those of significance to the assimilation and recycling of N in the aquatic environment. The
following aspects are of particular importance:
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Biological processes

Ammonia and nitrate assimilation are the two principle processes by which nitrogen
is obtained during primary production. In highly productive lakes exploitation of
these reservoirs may be so intense that dissolved and concentrations are
below detection level. Nitrite provides an additional, but subsidiary, dissolved
N source.

Nitrogen fixation is the process by which is assimilated and is the principal route for
atmospheric nitrogen’s entry into the biological cycle. It is, however, a metabolically
expensive process due to the large amount of energy required to break the triple bond
between the two nitrogen atoms, and is confined to a number of specialised bacteria and
algae (diazotrophes), of which the blue-green algae (cyanobacteria) are particularly
important in lakes.

Ammonification results from the bacterial reduction of organically bound N to
or and is a process that requires anoxic conditions. It plays a major role in
the mineralisation of suspended or sedimentary OM; ammonium is the dominant
N-bearing product of bacterial OM decomposition in anoxic sediments.

Nitrification is the oxidation of to nitrate or nitrite by aerobic bacteria.
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Denitrification occurs when bacteria reduce to gaseous Denitrifying or-
ganisms require anoxic or dysoxic conditions, so the process commonly takes place
within the sediment where its impact is limited by the diffusive supply of the reactants.
Supply rates are significantly higher if the oxycline lies within the water column,
as is the case in lakes with an anoxic hypolimnion (Hecky et al., 1996). In such
circumstances, denitrification can be of major importance to a lake’s nitrogen cycle,
leading to significant loss of N. Globally, denitrification, and the return of molecular
N to the atmosphere, must be the main process responsible for maintaining a balanced
N cycle.

Inorganic processes

dissolution and ammonia volatilisation are the only inorganic processes of im-
portance to the lacustrine N cycle. The former makes atmospheric available for
fixation by aquatic diazotrophes. Regrettably, the (dissolved molecular ni-
trogen) concentration in lakes is rarely measured, but if the oceans are any guide
it may well represent by far the largest aquatic N reservoir (Tyrrell, 1999); the few
available data tend to support this view (e.g., Hollander, 1989). Ammonia volatilisation
is pH dependent, the proportion of total ammonium present as ammonia rising sharply
where the pH exceeds 8.5. In alkaline lakes, significant N loss may occur via ammonia
degassing (Collister & Hayes, 1991).

In terms of N utilisation, we can distinguish between two major groups of primary
producers, those which exploit the easily assimilated forms and
(combined nitrogen), and “nitrogen fixers”, dominated by the cyanobacteria, which utilise

Because N-fixation is energetically expensive, the latter are normally outcompeted
by phytoplankton such as diatoms and green algae when supplies of the other dissolved
nitrogen species are adequate. However, if sources of nitrate and ammonium are exhausted,
and other key nutrients, notably phosphorus and iron, are not limiting, the N-fixers can
flourish. The distinction between these two forms of N utilisation is important because
of frequent isotopic differences between cell material produced by the two phytoplankton
groups. As variations in the availability of the different N sources are often environmentally
related, identifying the products of one or the other metabolic pathway may have important
palaeolimnological implications. Nitrogen isotopes provide a powerful means of potentially
distinguishing between these two sorts of OM.

Nitrogen in lacustrine organic matter

Lake sediments may contain organic matter from several sources, but the dominant are
aquatic plants and algae (phytoplankton and macrophyte), terrestrial plants and soil hu-
mus. These contain varying amounts of nitrogen. In phytoplankton the mean N content
is conventionally given by the Redfield ratio with a C/N of 6–7. Many lake sediments,
even those dominated by phytoplankton remains, have C/N values that are higher than
this. The cause may in part be due to preferential early diagenetic loss of N (see below),
but it is also clear that algal growth under N-limited conditions can result in cell material
with a C/N as high as 20 (Healey & Hendzel, 1980; Hecky et al., 1993; Talbot & Lærdal,
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2000). Phytoplankton OM is relatively N-rich, due to their high protein (which accounts
for much of the N) and lipid content; terrestrial plants, on the other hand, are dominated by
cellulose and lignin, both of which are N-poor. Although leaf cuticle is relatively N-rich,
C/N values in excess of 200 are common in grasses and woody plants, and the mean C/N
for the terrestrial biomass has been estimated at about 160 (Schlesinger, 1997). In soils, the
activities of nitrogen-fixing microrganisms can lead to N enrichment, particularly around
plant roots. Soil OM may thus have rather high N contents, with C/N values that are similar
to or even lower than those in planktonic OM (Tyson, 1995), although the mean for all soils
is probably around 15 (Schlesinger, 1997).

These large differences in N content emphasize just one of the several contrasts between
carbon and nitrogen isotopic studies of sedimentary OM. While in the former, it can
normally be assumed that each component makes a proportional contribution to the bulk
C-isotopic composition, this may not be the case with N isotopes. The N-rich fraction can
determine the isotopic character of the sediment, even if it does not volumetrically dominate
the OM assemblage. Conversely, the degraded, N-poor woody and grass cuticle fragments
that occur in many lake sediments will not seriously distort the N-isotopic signature of the
waterbody preserved in the autochthonous om (see, for example, Yoshioka, et al., 1989;
Talbot & Johannessen, 1992).

Nitrogen isotopes

In the natural environment nitrogen exists as a mixture of two stable isotopes, and
The former is by far the more abundant of the two (ca. 99.634% by atoms), but

measurable differences in the relative proportion of the two isotopes in various naturally
occuring inorganic and organic substances forms the basis of nitrogen isotope geochemistry.
Comprehensive reviews of isotope systematics in general, and the history of N isotope study
and measurement, are given in Kaplan (1983), Owens (1987) and Hoefs (1997); Kendall
(1998) provides a useful summary of N-isotope theory and applications in catchment and
groundwater studies. Only a brief overview of the most essential aspects of N-isotope
geochemistry will be given here. Although stable isotope geochemistry has the reputation of
being difficult, and can seem daunting to the beginner, many of the perceived complications
are in reality easily surmounted.

Isotope systematics, notation and conventions

Isotope effects and isotope fractionation

Various isotope effects are the ultimate cause of natural variations in the distribution of
the stable isotopes of nitrogen. There are two types of isotope effect: (i) physical, and
(ii) chemical. Physical effects are associated with processes such as freezing/melting, evap-
oration/condensation, adsorbtion, diffusion, etc; chemical effects occur in both inorganic
and biochemical reactions and are the dominant reason for observed N-isotopic variations
in living and sedimentary OM. Isotope effects are manifest as differences in the relative
distribution of and between reactants and products, the result of such changes is
commonly referred to as isotope fractionation. Processes like those outlined above typically
have a characteristic fractionation associated with the reaction. The fundamental cause of the
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isotope effect, and thus fractionation, is the lower bond strength of relative to the
former thus react more rapidly than the latter, and compounds diffuse more rapidly or
evaporate at a lower temperature than their colleagues. Fractionation is conventionally
expressed as the fractionation factor, In a reaction between two substances, A and B, or
any other process which involves isotopic fractionation, is defined as the ratio between
the relative abundance of two isotopes in A versus those in B. For example, the fractionation
factor for the dissolution of gas in water is given by:

Chemical isotope effects are divided into two types: equilibrium and kinetic. The latter
are of particular importance in palaeolimnology (and other branches of the sedimentary
N cycle) and are typically associated with complex, irreversible, biologically mediated
reactions. A characteristic, but not invariable aspect of kinetic isotope fractionation is a
marked discrimination against the heavier isotope, such that the product of the reaction
is enriched in relative to the substrate.

Notation and conventions

Because absolute amounts of and atoms are difficult to measure, natural isotope
abundances are conventionally given as values, where:

values are expressed as permille (‰) with respect to the standard, which in the case of
is atmospheric nitrogen, commonly shortened to AIR. By convention this has a value

of 0‰. Note that the correct symbol is (Greek delta) not (del). The latter is assumed by
many to be interchangeable with but in fact denotes partial derivative.

Nitrogen isotope fractionation

The isotope fractionation factors associated with reactions of significance to the lacus-
trine nitrogen cycle are summarised in Table I. Detailed reviews of the physiology of
N assimilation, mechanisms of fractionation, their measurement and the range of known
fractionations are given in Owens (1987), Handley & Raven (1992), Fogel & Cifuentes
(1993) and Goericke et al. (1994).

It will be apparent from Table I that many of the important N assimilation reactions
discriminate strongly against the heavier isotope. This is in keeping with other bio-
chemical reactions such as carbon assimilation during photosynthesis and bacterial methane
genesis, both of which also involve a marked kinetic fractionation effect. The one notable
exception, a fact of major significance in the interpretation of N-isotope data, is fixation
by cyanobacteria, a process which involves little discrimination (Table I). As minimal
fractionation also occurs during the dissolution of gaseous (Table I), cell material
produced by diazotrophes has a value that typically lies around 0 ± 2‰.

An important consequence of the fractionation associated with DIN assimilation is
that as organic production proceeds, preferential incorporation of into phytoplankton
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cell material inevitably leads to a corresponding enrichment in the remaining DIN
reservoir. This effect, called Rayleigh distillation or fractionation, also occurs in inorganic-
reactions, and is summarised diagrammatically in Figure 2. Despite the instantaneous

kinetic fractionation (the difference between the isotopic composition of the substrate and
product at any given stage during the reaction), in closed systems, where all the substrate
is consumed, the isotopic composition of the bulk product must equal that of the initial
substrate (Fig. 2). There is thus no apparent isotopic discrimination, although the isotopic
effect in fact occurred throughout the reaction. In such circumstances the composition of
the OM should record that of the DIN pool from which it was produced. In reality the
situation is rarely as simple as this. For example, the magnitude of the fractionation tends
to decrease as the DIN concentration falls (Wada & Hattori, 1991; Fogel & Cifuentes,
1993; François et al., 1996; Pennock et al., 1996; Waser et al., 1998). Fractionation may
also be affected by growth rate or other environmentally determined factors (Wada &
Hattori, 1978). As a general rule in N-limited systems, however, it can be assumed that
where all available DIN is consumed, the fractionation will be small and the composition
of the product very close to that of the substrate from which it formed. Very low DIN
concentrations or other environmentally related factors may favour a switch from nitrate-,
nitrite- and ammonium-assimilating algae to those capable of atmospheric fixation (Gu
et al., 1996; Schlesinger, 1997). As this change can be seasonal (e.g., Hecky & Kling, 1987;
Gu et al., 1996). sedimentary OM in some lakes may contain N derived from more than
one reservoir with very different isotopic compositions.

Where ammonium is the principal product only limited fractionation effects accom-
pany the microbial reworking (mineralisation, decomposition) of bulk organic matter.
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Subsequent nitrification of this ammonium, and denitrification of the resulting nitrate, both
discriminate strongly against (Table I). In the last case, selective loss of the resulting

may leave an isotopically enriched residual DIN pool, particularly when denitrification
occurs within the water column. An example is provided by Lake Kizaki, Japan, where
during the summer stratification period the of the residual deepwater was
found to be +15.1‰, whereas shallow-water had a of –2.2 (Yoshioka et
al., 1988).

The only purely inorganic process with a potentially major impact on a lake’s N cycle
is ammonia volatilisation which imparts the strongest fractionation (ca. 34‰) of all the
isotope effects reviewed here (Table I). In alkaline lakes, loss of isotopically light ammonia
by degassing may lead to strong isotopic enrichment of the remaining DIN (Collister
& Hayes, 1991; Talbot & Johannessen, 1992).

variations in lakes and related environments

Comprehensive compilations of variations in nature can be found in Kaplan, (1983),
Owens (1987) and Hoefs (1997); Meyers & Lallier-Vergès, (1999) provide a brief review
of variations in lakes. Figure 1 shows typical (but not unique) values for the major
N pools that may influence an idealised lake. The range of known values is very large,
in excess of 100‰ (Owens, 1987; Wada & Hattori, 1991; Kendall, 1998), but generally
lies between –5 and +20‰ (Owens, 1987). Values outside these limits tend to occur in
unusual circumstances or rather extreme environments such as Antarctic or alkaline lakes
(e.g., Wada et al., 1991). One reason for the relatively limited range of common values
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is, of course, the buffering effect of the atmospheric reservoir. In addition, there are no
major near-surface reservoirs of highly enriched or depleted N, equivalent for example to
those provided by biogenic methane or microbially produced sulphide for respectively the
sedimentary carbon and sulphur cycles.

As with most other branches of palaeolimnology, we might hope that studies of modern
environments and organisms would provide a firm foundation upon which to build our
interpretations of ancient N-bearing materials. While this is to some extent also the case
for N-isotope studies, current knowledge is very far from complete, and it is universally
agreed that we still lack important insights into many aspects of the surface N cycle and
its associated isotopic characteristics. This is true at all scales, from N assimilation at the
algal cell wall (e.g., Handley & Raven, 1992; Fogel & Cifuentes, 1993) to lake-atmosphere
interactions (e.g., Hecky et al., 1996). Some gaps exist simply because the necessary studies
have yet to be carried out, but others are inherent to lacustrine systems. Investigating the
factors that control phytoplankton composition is bound to be difficult when reliable data
on the isotopic composition of the nutrients (i.e., DIN) are hard to obtain. This is largely a
result of practical difficulties which will not easily be overcome, in particular because DIN
is often present at such low concentrations that isotopic analysis is impossible, or the little
that remains has been so altered by the Rayleigh distillation effect outlined above that its
composition bears little resemblance to that of the original substrate. Culture studies can go
some way towards redressing our current ignorance, but these must be used with caution
as the conditions under which cultures are raised and sampled rarely match those found in
nature (Fogel & Cifuentes, 1993; Waser et al., 1998).

Studies in modern lakes

Nitrogen isotopic studies of organic matter production and sedimentation in modern lakes
are few in number, but those that exist do provide us with some insights into the range
of composition among modern phytoplankton assemblages, and in some cases they also
allow us to compare the OM composition with that of ambient DIN and some of the major
DIN sources.

Sediment trap studies

Monitoring of OM production by means of sediment traps immediately below the epil-
imnion, and at greater depths, provides information on the N-isotopic composition of the
primary photosynthate, and of possible changes that occur because of biological reworking
during the OM’s passage through the water column. It must be admitted that these stud-
ies also demonstrate some of the complications that might confuse our interpretation of
ancient deposits!

Trap studies of algal om from arctic to tropical lakes indicate seasonal differences in
of up to several permille (Fig. 3). In most cases these changes have been explained in

terms of DIN composition and concentration variations, particularly in association with the
seasonal cycle of production and stratification, but other factors that affect algal growth,
notably temperature and light availability, are also thought to play a pan (e.g., Estep &
Vigg, 1985; Yoshioka, et al., 1989; Hollander, 1989; Gu & Alexander, 1993; Gu et al.,
1996; François et al., 1996; Bernasconi et al., 1997; Hodell & Schelske, 1998). There has
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been a lesser tendency to explain seasonal variations in terms of changes in the dominant
algal group even though these are widely documented, most notably the tendency for
N-fixing blue-green algae to predominate during the period of maximum water column
stability (e.g., Hecky & Kling, 1981, 1987; Gu et al., 1996). Estep & Vigg (1985) and Gu &
Alexander (1993), for example, equate periods of low values with the presence
of abundant blue-green algae; nevertheless, in a comparative study of Florida lakes, Gu et
al. (1996, p. 882) conclude that “… primary productivity is a stronger determinant of
than changes in species composition …” Measured modern values mainly lie
in the range of +2 to +14‰ (Fig. 3), but in a study of particulate organic nitrogen (PON)
taken from a trap in northern Lake Malawi, François et al. (1996) record periods when
the composition was – 0.2 to – 2.4‰. They explain such low values in terms of abundant
DIN supply during upwelling periods, but are also typical of blue-green
algae. In the absence of DIN concentration data, and given that DIN is probably a limiting
nutrient in the lake (Hecky et al., 1996; Bootsma et al., 1999), a seasonally important role
for N-fixing algae at the sample site must be considered a distinct possibility.

vs. or

Studies in some modern lakes allow us to compare the isotopic composition of bulk phy-
toplankton with that of ambient DIN. The few data that are available provide us with
something of a surprise. Whereas theory and culture experiments lead us to expect that
the kinetic isotope and Rayleigh distillation effects associated with and

assimilation should produce OM with a value that is lower than or equal to
that of the DIN substrate, observations in North American (Pang & Nriagu, 1977; Estep
& Vigg, 1985; Ostrom et al, 1998) and Japanese lakes (Yoshioka et al., 1989) reveal the
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opposite relationship, is in each case higher by up to several permille than
Theory also predicts fractionation increases with DIN availability. However, Bernasconi
et al. (1997) show that although the relationship is not linear, there is a clear tendency in
Lake Lugano, Switzerland, for to increase with nitrate concentration (Fig. 4). In
Lake Hoare, Antarctic, on the other hand, where OM is generally isotopically light (
typically –5 to 0‰), there is circumstantial evidence that the low values are related to
high DIN concentrations (Wharton et al., 1993).

The reasons for these discrepancies are not known. Various explanations have been
offered, including fractionation during partial mineralization of the dead OM (Bernasconi
et al., 1997; Ostrom et al., 1998), alternative sources of isotopically heavy N, including
recycling of excretory products, and lateral advection of water masses (Estep & Vigg, 1985;
François et al., 1996), but it is clear we still have much to learn about N-isotope cycling in

modern lakes.

in atmospheric precipitation

Rain contains significant amounts of dissolved N, principally as and
Organic N (notably in urea and amino acids; Paerl & Fogel, 1994) may also be present.
Precipitation may thus be an important supplier of N to some lakes, particularly large
waterbodies where rain falling on the lake surface can be the dominant source of inflow.
Data on the isotopic composition of rain N are sparse, but those that exist indicate that both
dissolved nitrate and ammonium commonly have relatively low values, in the range
of –18 to +4‰, with local average values typically <0‰ (Owens, 1987; Heaton, 1987;
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Paerl & Fogel, 1994). Precipitation may thus represent a major source of
dissolved N, and is the probable explanation for the low values reported for dissolved
nitrate in Lake Superior (Ostrom et al., 1998; see above). Once again, a degree of caution
must be exercised in applying modern data to ancient lacustrine systems, as both the
concentration and compostion of today’s atmospheric N gases have undoubtedly been
influenced by anthropogenic emissions. Nevertheless, consideration of the fractionation
effects (see above) taking place in the dominant natural sources of nitrogen oxide gases
(soils - Jaffe, 1992; Schlesinger, 1997) and ammonium (animal excretory products - Jaffe,
1992, with a minor contribution from lakes and swamps) suggests that atmospheric DIN is
always likely to have been isotopically depleted.

Historical changes in sedimentary

Dated, high-resolution cores of recent sediment accumulation in modern lakes allow the
record to be compared with historical records of the waterbody’s limnological

and catchment evolution. This may allow us to identify some of the factors responsi-
ble for observed variations in the isotopic records. Four such records, spanning the last
100–200 years, are shown in Figures 5, 6, 7 and 8. Three, Greifensee (Switzerland; Fig. 5),
Lake Ontario (Canada/USA; Fig. 6) and Lake Hollingsworth (Florida; Fig. 7), are from
urbanised, industrialized regions with advanced agricultural and sewage disposal practices;
the third, Lake Victoria (Uganda, Tanzania, Kenya; Fig. 8), is from an under-developed, non-
industrial region that has undergone recent massive population growth. The L. Ontario and
Greifensee records show similar historic trends, with rising from the through
centuries. Isotopic changes are matched by rising sediment TN contents. Similar trends are
also apparent in the recent sediments of Lake Arresø, Denmark (Niles-Bo Jensen, personal
communication). The record from L. Victoria, in contrast, shows no clear trend until the
last decade when began to rise.

L. Ontario and Greifensee have both experienced eutrophication, following recent
changes in nutrient loading due to urbanisation and modern land-use practices (Hollander
et al., 1992; Hodell & Schelske, 1998). The parallel variations in and N content are
probably primarily the result of intensified utilisation of the DIN reservoir with transfer of
organic N to the sediments as productivity rose due to anthropogenic fertilisation. Selective
assimilation of low DIN concentrations, and increased production and burial of phyto-
plankton OM would all tend to cause values to rise (see above). Other factors may have
contributed to this trend. Sewage N is relatively enriched in   5–20‰ — Sweeney
& Kaplan, 1980; Heaton, 1986; Owens, 1987), so increased effluent discharge, plus release
of soil N due to deforestation and agriculture, may have caused some of the observed
rise in The study by Hodell & Schelske (1998) also demonstrates how additional
complications to the interpretation of N-isotopic records may arise when changes in an
upstream lake (in this case L. Erie) are passed on to the next waterbody.

In a study of four Floridan lakes, Brenner et al. (1999) detected a rather different
trend with increasing eutrophication. Cores from these waterbodies record a change to lower

during the century, while  rose markedly and C/N fell over the same pe-
riod (Fig. 7). The carbon isotopic change again reflects increased primary productivity with
selective removal of from the DIC reservoir, but a similar effect clearly cannot explain
the N-isotope change. Brenner et al. (1999) suggest that as productivity rose, drawdown
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in the DIN reservoir became sufficiently extreme to favour N-fixing cyanobacteria which
have contributed increasing amounts of isotopically light OM to the sediment. However,
they also note that while there is a general correlation between N-isotopic composition
and other indicators of trophic state, not all fluctuations in are matched by changes
in these tracers and conclude (Brenner et al., 1999, p. 219) that “… multiple factors may
ultimately control the of sedimented organic matter.”

Major ecological changes have occurred in Lake Victoria over the past 2–3 decades,
with dramatic reorganisation of the fish fauna (including mass extinction of many endemic
species), primary production and bottom-water oxygenation (Kaufman, 1992; Hecky, 1993;
Bootsma & Hecky, 1993). Here, too, there seems to be an important anthropogenic element
involved in the changes, but not because of industrialization or waste discharge. The region
has experienced dramatic population growth, and increased nutrient loading due to accel-
erated soil erosion and slash-and-burn agriculture may well have been the principal causes
of the limnological changes (Verschuren et al., submitted). The rising trend in (Fig. 8)
probably reflects the impact that denitrification is having on the lake’s isotopic budget,
a consequence of a larger and more persistent anoxic hypolimnion (Hecky et al., 1996).
Increased supply of isotopically heavy soil N may also have contributed to the change. In
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the case of Lake Victoria, it is also interesting to note that a natural event, the series of
very wet years in the early 1960’s with ensuing rise of lake level, has also left its mark
on the N record (Fig. 8), and may have played a part in triggering the full impact of the
anthropogenic effects.

Nitrogen isotope studies in palaeolimnology: sampling and measurement

Modern gas-source mass spectrometers are high precision instruments capable of consis-
tently producing high-quality analytical data. The value of these measurements is neverthe-
less limited if the samples used have not been chosen and prepared with care. Ideally, sample
selection should begin with the choice of sampling location. If nitrogen isotopic analyses
are to form a central part of a palaeolimnological study, the sample site should be chosen
such that it optimises the chances of obtaining abundant, well-preserved organic matter.
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Sample selection

The success of any stable isotopic study is, to a large degree, dependent upon the choice
of suitable sample material. Sample selection will obviously depend upon the goals of
the study, but assuming that these are palaeolimnological, the aim will be to obtain proxy
information on the waterbody by measuring the isotopic composition of one or more types
of aquatic organic matter. Almost any type of lake or marsh sediment may be used, providing
it contains sufficient nitrogen. At the Geological Institute, University of Bergen (UB) we
routinely analyse sediment samples containing less than 0.1% (by weight) total N. In
general, the higher the OM content, the better the chances of obtaining a good set of analyses.
These requirements will clearly constrain the choice of sample site. If cores are to be used,
the best coring sites are typically found offshore, where phytoplankton dominate the OM
assemblage, and in deep water where predominantly fine-grained sediments accumulate.
Productive lakes tend to provide sediments that are more OM-rich than those in oligotrophic
waterbodies. Organic matter preservation is further enhanced by high rates of accumulation
and seasonal or permanent bottom water anoxia. Sites where accumulation rates are low and
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the bottom sediments are oxic may be prone to post-depositional alteration of the OM (see
below). Although cores from existing lakes and bogs are probably the commonest means
of obtaining samples for isotopic analysis, satisfactory results can also be obtained from
trenches and natural exposures of sediments and rocks. The primary concern is that the
original organic matter has not been invaded by roots or significantly altered by weathering
or, in the case of rocks, severly affected by thermal maturation.

Having collected the samples, it may be possible in some cases to separate or concentrate
specific fossil remains for analysis, but in many lake sediments the OM is simply too
fine-grained to allow physical separation of individual components. For deposits of this
sort a bulk sample must be analysed. Although a dominance of phytoplankton remains is
preferred, in many instances the sediments contain mixtures of OM, including terrestrial
plant fragments. This may not be a major problem, however. As indicated earlier, the low
N content of woody and degraded cuticular material means that they make a very small
contribution to the total N; the measured value of these bulk samples may thus
still represent the composition of the aquatic OM fraction. In all cases it is nevertheless
desirable to know exactly what has been analysed. Surprisingly many palaeolimnologists
and palaeoclimatologists are still happy to submit their samples to the mass spectrometer
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without having first determined what sort of OM is actually present in the sediment. This
is not recommended! Our first step, after having opened and logged a core, for example, is
to make a set of smear slides; every one of our isotopic analyses is backed up by at least
a smear-slide description of the sediment. This is a cheap, quick and extremely effective
means of gaining a semi-quantative overview of the major organic components present
in lake sediments (see Kelts, 1999, for information on slide preparation and a guide to
grain identification), especially if it includes an examination of the mount under ultraviolet
light (Talbot & Livingstone, 1989). Geochemical techniques, notably C/N determination
(see above), organic petrography (Tyson, 1995), RockEval pyrolysis (Talbot & Livingstone,
1989; Tyson, 1995)and biomarker determination (Peters & Moldowan, 1993;Tyson, 1995)
provide additional, but more time-consuming means of characterising sedimentary OM.

Although I have emphasised the need to have as exact information as possible about
what we analyse, it must also be stressed that any palaeolimnological isotopic study should
be supported by good core (or section) descriptions and sedimentological interpretations.
There are, unfortunately, still all too many cases of cores being extruded and immediately
sliced up for analysis, without so much as a simple lithological log being kept as a record
of the stratigraphy. Erosional discontinuities, paleosols, turbidites, condensed sections and
many other sedimentological features can introduce isotopic anomalies which may not
be easily understood without access to an adequate sedimentological framework for the
sequence being studied. A recommended succession of steps from core opening to organic
matter isotopic analysis is summarised in Figure 9.

Sample preparation

Figure 9 gives a brief overview of the sample preparation procedure used in our laboratory.
One point of note is that drying is carried out at 40 °C, instead of the 80–100 °C that is
normal in many laboratories. Experience from organic geochemistry indicates that the
lower temperature is preferable to ensure that no volatile components are lost before
analysis. Splits from the dry, powdered sample are also used for carbon isotopic analysis
and RockEval pyrolysis (Talbot & Livingstone, 1989; Talbot & Lærdal, 2000; Fig. 9), in
fact it is our practice to perform the analysis first, as %N data from the elemental
analyser allows us to estimate how much sample needs to be weighed for the N-isotope
determination. As little as are required for analysis.

Mass spectrometery

Determining the N-isotopic composition of sedimentary OM requires that gas be pre-
pared from the sample. The gas is then fed into a mass spectrometer for analysis. An
excellent, comprehensive review of mass spectrometry, and the various sample preparation
techniques that may be used for N-isotope analysis, is given in Owens (1987). Attention
here will be confined to some of the more pertinent practical aspects of isotopic analysis
with particular reference to the system used at UB. As indicated in the Introduction, the
adoption of nitrogen isotopes as a standard technique in the earth and biological sciences
was hindered by the time-consuming, off-line preparation techniques that most studies
required. A few labs have stuck to the original, wet-chemistry sample preparation, feeling
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that the offline method provides a more reliable means of monitoring the progress of each
sample as it passes through the various stages of preparation and analysis. Most, including
the UB lab, have chosen the newer, automated route that takes advantage of the speed
and convenience of an online elemental analyser for gas preparation (see below). In doing
so it must be stressed that we have not traded expedience for precision. A well-setup
elemental analyser-mass spectrometer line yields results that are analytically as good or
better than those obtained with offline preparation. It may also avoid some of the undesirable
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fractionation effects due to incomplete conversion to gas that can plague the latter (see
Owens, 1987, for details).

The UB system is outlined in Figure 10, and a full description is given in Johannessen
(1992). Up to 50 samples are loaded into a carousel which automatically feeds each
sample in turn into a Carlo Erba elemental analyser. Here flash combustion takes place
at 1700–1800 °C, ensuring quantitative yields of carbon and nitrogen from the OM. As
Figure 10 shows, this system is used for producing both and for isotopic analysis,
however, for convenience, and to ensure optimum analytical conditions, we have opted to
measure only one gas species at a time. Other laboratories have succesfully developed gas
separation systems which allow the reliable measurement of and from the same
sample (e.g., Fry et al., 1992). After cleaning, separation of and is performed by
an automated trapping device. A critical part of the N line is the molecular sieve, which
not only must trap the gas effectively but also release it quantitatively when the is
transferred to the mass spectrometer. If the yield is less than 100%, isotopic fractionation
will occur between the released and the retained portions of the gas. The molecular sieve
has been a source of trial and frustration for many laboratories. In our case we have settled
on a synthetic 5 Å zeolite sieve produced by Alltech Associates, Deerfield, IL, which has
proved very reliable. The other major potential source of error is contamination, as any
mass spectrometer operator will tell you, there are three problems with N-isotope analysis:
“Leaks, leaks and leaks”. The apparatus is continually bathed in a atmosphere, so
penetration of the system by air can be a major source of error and difficult to detect.

The reproducibility of measurements in our laboratory is typically 0.04–0.08‰
depending upon the material used. A variety of international standards are available for
interlaboratory comparisons (Nevins, et al., 1985; Böhlke et al., 1993).
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Some words of caution

In addition to the inherent complexities of the global nitrogen cycle, and the complica-
tions these impose on the interpretation of N-isotope data, there are three aspects of N
biogeochemistry which might, in certain circumstances, impact the isotopic record to such
a degree that the primary signature becomes distorted. These are: (i) diagenesis, (ii) the
presence of inorganic N, and (iii) N released from diatom frustules.

Diagenesis

In common with all other stable isotopic studies, the possibility that the original N-isotope
ratios have been altered by diagenetic processes should always be borne in mind. In fact,
the potential for diagenetic reworking may be particularly acute in the case of OM N
isotopes, because N-rich compounds such as proteins and lipids are among the most labile
of the major constituents of living OM and thus tend to decompose relatively rapidly after
death. Preferential loss of N is clearly shown by plots of percent nitrogen against depth,
which typically show falling N content and rising C/N through the first 5–10 cm below the
sediment-water interface (Figs. 8 & 11). It has also been suggested that some loss occurs
while OM sinks through the water column, but the interpretation of trap data in this way
is often complicated by the presence of zooplankton remains and the effects of interflows
and bottom-sediment resuspension (Bernasconi et al., 1997; Ostrom et al., 1998).

If isotope effects are associated with diagenetic N loss, kinetic fractionation consid-
erations suggest that the remaining N ought to be enriched in i.e. should
rise (Macko et al., 1993; Ostrom et al., 1998; see above). Enrichment in has been
demonstrated in decomposing marine plankton (Wada, 1980), and similar changes have
been recorded in sinking particles (particulate organic nitrogen - PON) collected below
the photic zone in the ocean, where in some areas an enrichment of up to 3–7‰ has been
measured (e.g., Altabet & François, 1994a, b). Care should be taken in applying oceanic
data to lakes, however, due to the longer residence time of marine PON in the water
column, a consequence of the more effective turbulent mixing of the surface layer and
greater depth of the oceans. The few available limnological data are inconclusive, neither
Meyers & Eadie (1993), Hodell & Schelske (1998), nor Ostrom et al. (1998) detected any
significant change in the N-isotopic composition of sinking particles from, respectively,
Lakes Michigan, Ontario and Superior, and Bernasconi et al. (1997) found a maximum
change of only ca. 1‰ over a depth of 69 m in L. Lugano. Neither is there any clear pattern
of change within the sediment. No consistent trend accompanies the decline in %N
below the sediment-water interface. In Lake Victoria (Fig. 8), high values occur in
the uppermost sediments and decline downcore, probably because of limnological changes
(see above), while in L. Superior, Ostrom et al. (1998) record a rise in of ca. 1.5‰
downward through the uppermost, oxic part of the sediment column in one core, but another
core from a similar setting shows no trend and the data as a whole are inconclusive (Fig. 11).
In L. Ontario, however, Hodell & Schelske (op. cit.) suggest that a difference in mean
of ca. 2‰ between two core sites (Fig. 6) reflects differential loss of from the area with
lower sedimentation rate where OM degradation is presumed to be more intense. Rapid
burial of sedimented OM, particularly under anoxic conditions, may thus help preserve the
composition of the original phytoplankton OM.
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Inorganic nitrogen

Positive ammonium ions are readily adsorbed onto the negatively charged surfaces and
interlayers of clay minerals, the affinity with i l l i te being particularly strong, because of
the similar cationic radii of ammonium (1 .43Å) and potassium (1.33Å) (Bremner, 1965).
Thus, ammonium released by the degradation of sediment or soil OM may be retained on
the surface of clay minerals, and, as a consequence, some OM-rich lacustrine sediments
contain relatively large amounts of inorganically bound N (e.g., Viner, 1975). In pedology
it has been normal to distinguish between exchangeable and fixed N (Bremner, 1965), but
bulk N determination by elemental analyser does not allow the separation of these two.
In marine sediments, exchangeable N typically forms only a minor proportion of the total
inorganic N (Müller, 1977; Lew, 1981). The presence of inorganic N is easily detected from
a plot of %C vs. %N. Figure 12 shows examples where the regression lines for the data
do not pass through the origin, but intercept the N axis at a positive value, indicating that
N is present in excess of that associated with carbon (i.e. in organic matter). As these C
and N analyses were carried out on an elemental analyser from which the liberated N was
passed to a mass spectrometer for isotopic analysis, the measured value must include
a component derived from this inorganically bound N.

The isotopic composition of adsorbed N, and its relationship to the composition of the
source OM, have apparently never been investigated. The kinetic fractionation associated
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with ammonium formation from decomposing OM is small (Table I); in anoxic marine
sediments the        of porewater ammonia is commonly slightly lower, but within 1-2% of

the paniculate OM (Fogel & Cifuentes, 1993). Adsorbtion is a physical fractionation effect
which discriminates slightly in favour of the heavy isotope (Delwiche & Steyn, 1970), so
there may be selective loss of        by diffusion of         out of the sediment, while the clays
retain a pool of isotopically heavier nitrogen. However, given the modest fractionations
involved, the net effect of inorganic N on measured values may be relatively small.
Despite these words of cautious optimism, the test for inorganically bound N should be a
routine part of any N-isotope study. The mean value of % inorganic N, obtained as shown
in Figure 12, can also be used to correct measured C/N values such that they represent only
the organic fraction of the sediment. The correction can have significant consequences for
our interpretation of the geochemical data (see below).

Diatom nitrogen

Altabet & François (1994a) found that concentrates of cleaned marine diatoms contained
sufficient N for isotopic analysis and suggested that this was present as part of the organic
template upon which the opaline frustules were constructed. Frustule dissolution during
diagenesis could release N into the sediment that differed in composition from cell N. The
possible impact of diatom-bound N on the isotopic composition of lacustrine sediments has
not been investigated, but as many of these are rich in diatoms, it is an aspect of lacustrine
N biogeochemistry that is in urgent need of study.
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Some examples

The complexity of the nitrogen biogeochemical cycle, the range of isotope effects and frac-
tionations, and the apparent lack of correlation between theory or culture experiments and
the real world, might suggest that N-isotope studies are at best likely to provide ambiguous
or even uninterpretable information. While the last-named are certainly possibilities, it also
clear that N isotopes may provide unique and important palaeoenvironmental information
that could not have been obtained from any other known proxy. There is no doubt in my
mind, at least, that N-isotope analyses should be an integral part of any major palaeolimno-
logical study, especially one that involves the analysis of OM-rich sediment. The following
section provides some examples of studies of this sort, demonstrating how the isotopic data
themselves, or in combination with other sorts of information, can be interpreted.

Lake Bosumtwi, Ghana: the N-isotopic record of a closed, tropical lake

Lake Bosumtwi occupies a ca. 1 m.y. meteorite impact crater in the forest zone of Ghana,
West Africa. At present it is a hydrologically closed, moderately alkaline waterbody, but
there is evidence of it having been at times both deeper and fresher, and shallower and more
saline than it is today (Talbot et al., 1984; Talbot & Johannessen, 1992). The sediments
of Lake Bosumtwi are thought to contain one of the best high-resolution archives of the
last one million years of tropical environmental change, one reason for this belief being
its outstanding OM isotopic record. Figure 13 shows the C- and N-isotopic stratigraphy
of a deep and intermediate depth core. The range in values is very large — almost 17‰c

in the case of Some of the variation is due to different mixtures of macrophyte and
phytoplanktonic OM, the densely vegetated, steep inner wall of the crater favouring rapid
transport of terrestrial plant OM to the lake. The presence of abundant woody and cuticular
OM is confirmed by smear-slide and C/N data. However, the high C/N values of modern
terrestrial plants and surface sediment particulate OM (26–156, Talbot & Johannessen,
1992) indicates that their contribution to the TON must be modest in comparison to the
phytoplankton fraction. Furthermore, as Talbot & Johannessen (1992) emphasise, many of

values lie outside the range of what can reasonably be expected from land plants, so
the observed variations must largely reflect changes in Lake Bosumtwi’s N cycle. (The C
isotopic record, on the other hand, for the reasons given above, will be more influenced
by the terrestrial OM component. Nevertheless, the very high values — > –10‰
— must reflect processes within the lake — see Talbot and Johannessen, 1992, for a
detailed discussion.)

High values (>+ 10‰) characterise much of the late Pleistocene record from 25
to ka BP (Fig. 13). Sedimentological and mineralogical evidence indicate that the
lake was shallow and alkaline for much of this period, especially from 18 to ka BP.
The combination of sediments rich in OM and high pH waters (almost certainly in excess
of today’s maximum pH of 9.6) would have favoured the production of abundant ammonia
and its subsequent loss through volatilisation. The latter involves a strong fractionation
effect of ca. 34‰ (Table I) and would lead to the development of lake waters with a very
high Assimilation of this strongly enriched DIN pool is the likely explanation for
the correspondingly high values. An alternative explanation is offered by Meyers
& Lallier-Vergès (1999), who suggest that the very high values reflect biological
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drawdown of a limited DIN pool, a consequence of reduced flushing of soil N during
this period of aridity. However, if soil productivity were of critical importance, it might be
expected that a change to lower would have accompanied the onset of forest expansion
at ca. ka BP (Talbot & Johannessen, 1992).

At around 10 ka, declined abruptly to values of +1 to +3‰ and remained low
until ca. 3.3 ka, when there was an almost equally abrupt rise (Fig. 13). The interval of low

coincides with a unit of dark blue-black, very homogeneous mud. On their own,
values like these do not have a unique explanation; they might be due to increased N-fixing
cyanobacterial remains in the sediment, but they could also be due to phytoplankton that
grew in a lake with an abundant supply of DIN. Neither are the carbon isotopic data of much
assistance, values of –30 to –25‰, being typical of many aquatic and terrestrial
plants. It is here that the smear slides show their worth, for throughout this interval the
sedimentary OM fraction is characterised by abundant well-preserved filaments of the
cyanobacteria Anabaena, a well-known N-fixing member of the phytoplankton flora in
many African lakes. It can thus be confidently concluded that the low values must
be due to a dominance of cyanobacteria in the early to mid-Holocene phytoplankton of
Lake Bosumtwi. This, in turn, has important palaeoenvironmental implications. As these



NITROGEN ISOTOPES IN PALAEOLIMNOLOGY                                 425

cyanobacteria tend to flourish when water column stability is at a maximum, their domi-
nance at this time must reflect minimal vertical mixing, probably because of a very uniform
climate, with little seasonal contrast and low wind stress.

It is also important to note that, while the record followed that of the N isotopes at
10 ka, it did not register a corresponding rise at 3.3ka. A return to deeper, probably seasonal
mixing at this time had dramatic consequences for the phytoplankton flora, allowing the
N-fixers to be replaced by forms adapted to assimilating dissolved nitrate and ammonium,
but carbon assimilation by the two groups is similar, hence the lack of change in

Middendorf Lake: nitrogen cycling during the mid-Holocene forest-tundra

transition in arctic Russia

Middendorf Lake is a very small (ca. 100 x 90m) waterbody in the tundra of northern
Russia, ca. 70km northwest of the modern tree-line. Wolfe et al. (1999) have described
elemental and carbon and nitrogen isotopic variations in a 2.2 m-long core which spans
approximately the last 4.4 ka of the lake’s history. Palynological evidence from the same
core indicates that a rapid but major vegetation change occurred in the region around
ca. ka BP. At this time the forest which had covered the area during the mid-
Holocene was replaced by treeless tundra similar to that bordering the lake today. The
change was primarily a response to climatic cooling and can be expected to have had a
significant impact upon the Middendorf Lake’s nitrogen cycle, due to its impact upon the
rate of N mineralisation in catchment soils, reduced productivity and seasonal fluctuations
in N availability (Wolfe et al., 1999). Organic production in the present arctic climate
is probably restricted to brief phytoplankton blooms, the lake supporting no macrophyte
growth.

Figure 14 shows the core’s geochemical stratigraphy. The N-isotopic composition
changes only gradually, but is characterised by higher in the lower part of the section.
The other parameters show more rapid changes at the forest-tundra transition with TOC,
TN and C/N values significantly higher and values significantly lower in the forest
interval. Wolfe et al. provide no scatter plots of their data (cf., for example, Tyson, 1995;
Talbot & Lærdal, 2000), but the utility of the latter in the identification of compositional
groupings is well illustrated by Figures 15A-D which indicate that their are two distinct
OM populations, one characterising the forest interval, the other the tundra. Figure 15A
also suggests that sediments deposited during the forest period contain some inorganically
bound nitrogen, presumably because of the presence of clays formed under the relatively
mild, humid climatic conditions at that time, and abundant ammonia production in the
highly OM-rich sediments. The importance of correcting for the presence of bound N
is well-illustrated in Figures 15C & D, where both the uncorrected and corrected C/N
values are shown. When the latter are used, much of the apparent scatter in the C/N
versus plot disappears and a regular trend become apparent. The corrected data
also bring out even more clearly the separation between the forest- and tundra-period
sediments.

Wolfe et al. (1999) consider a number of alternative scenarios to explain the dif-
ferences in between the forest and tundra intervals, including: (1) varying supply
of allochthonous OM, (2) changes in trophic status, (3) changes in DIN cycling within
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the lake, and (4) varying rates of soil N production. Terrestrial plant macrofossils are
relatively abundant, and the corrected C/N values for sediments deposited during the
forest interval (Fig. 15) are certainly consistent with the presence of some higher plant
remains, predominantly of cuticular origin. The inverse relationship between and
C/N (Fig. 15) suggests that the autochthonous OM is the more of the two
components. As an explanation for these relatively high values, Wolfe et al. suggest
that, when the catchment was forest covered, deeper and more OM-rich soils with rela-
tively higher rates of biogeochemical reworking (due to the moist, mild climate) led to
isotopic enrichment of the soil N, a relationship that is also observed in modern forest
soils (Nadelhoffer & Fry, 1988). Nitrate leached from these soils and assimilated by lake
phytoplankton would lead to elevated values. An abundance of isotopically light,
soil-derived DIC may in part explain the very low values of this OM (Figs. 14
& 15B). The gradual decline in through the tundra period probably reflects a de-
creasing rate of soil OM decomposition, reduced flux of soil nitrate from the catchment,
and an increase in the relative importance of atmospheric as a source of nitrogen in
the lake.
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Lake Victoria: the filling of a giant lake

Lake Victoria is the largest in area of all the African lakes, but despite its great size has
a maximum depth of only 69 m. Around 80% of the total inflow to the lake is by direct
precipitation onto the lake surface (Crul, 1995), a hydrology that makes it particularly sen-
sitive to variations in precipitation/evaporation (P/E) balance. Although the lake is known
to have responded rapidly to historic changes in rainfall, it nevertheless came as a surprise
when sediment cores in combination with the first high-resolution seismic profiles revealed
the presence of a basin-wide discontinuity (paleosol) formed when the lake was completely
desiccated in the Late Pleistocene (Johnson et al., 1996). Deposits above the paleosol thus
record the refilling of the basin and the establishment of the present lake. Sediments from the
deepest part of the basin are highly organic-rich and dominated by phytoplankton remains,
providing ideal material for a N-isotope study (Talbot & Lærdal, 2000).

Figure 16 shows the TOC, TN, and profiles for sediments above the paleosol
in core V95-2P, from a depth of 68 m in the east-central basin of Lake Victoria. The
N-isotopic record can be subdivided into three sections: (i) relatively low values just above
the palaeosol surface, followed by a period of rising from 15.2-14 cal. ka BP, (ii) an
abrupt decline in values from 14-13.6ka, and (iii), from 13.6ka to the present, a gradual
decline in
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Sediments just above the exposure surface are relatively rich in macrophyte remains
and the low values are thought to reflect the presence of OM from marginal swamp

by the macrophytes. Rising during the subsequent phase of (i) is thought to be a
response to the initial flooding and filling of the Lake Victoria basin (Talbot & Lædal, 2000).
As the lake transgressed marginal swamps and a vegetated landscape, both would have
released large amounts of nutrients to the waterbody, stimulating very high rates of primary
productivity. Assimilation and burial of        by the flourishing phytoplankton are probably
one reason for the rising trend. In addition, the large amounts of OM released to the
lake from the flooded landscape probably led to seasonal or more prolonged periods of

vegetation drowned by the rising lake. Talbot & Lærdal (2000) measured down to
–1.07‰ in the macrophyte sludge from a modern Lake Victoria swamp, and Kendall
(personal communication, 1999) has found    values as low as – 10‰ in modern Everglades
(Florida, USA) macrophytes. Swamps are typically N-rich environments and those around
Lake Victoria may be the sites of active N fixation (Gaudet, 1976). Thus the low isotopic
values may in part reflect fixation of atmospheric N, but the general abundance of DIN may
also allow kinetic isotopic effects to operate close to their maximum during N assimilation
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bottom-water anoxia; similar effects are commonly observed during the early life of many
human-made lakes. Under these conditions, denitrification probably had a major impact
on the lake’s N-isotope budget, selective loss of to the atmosphere reinforcing the
tendency for the DIN to become isotopically enriched. The falling trend in supports the
inference that the lake at this time was strongly influenced by the land it was transgressing.
Flooded soils, and rotting swamp and terrestrial plants, would have provided an abundant
supply of to the water column, favouring the production of isotopically
light phytoplankton OM.

The abrupt reversal in and equally sharp fall in values, during period (ii)
indicates a dramatic change in N- and C-cycling within the lake. Together they suggest
increased availability of DIN and DIC in surface waters, most probably due to a period of
deep mixing (Talbot & Lærdal, 2000). More effective recycling of N and C released by om
mineralisation would have raised and and returned the lighter isotopes
preferentially assimilated during primary production to the surface. Both features would
favour the production of new OM with low and values. Deep-mixing was related
to a regional climatic event, most probably an intensification in surface wind stress (Talbot
& Lærdal, 2000).

Relatively low and gradually declining values for the period from 11.6 ka to the
present suggest yet another change in the lake’s N cycle. The trend is independent of that
shown by the record (Fig. 16), and is negatively correlated with sediment TN (Talbot
& Lærdal, 2000). Furthermore, both the biogenic silica and diatom assemblage profiles
show large variations (Stager & Johnson, 2000), none of which are reflected in the
record. The uniformity of the profile, and its lack of correlation with any feature that
might be related to N cycling within Lake Victoria, led Talbot & Lærdal (2000) to conclude
that the nitrogen reservoir must be infinitely large in comparison to the lake’s internal N
pools. The only reservoir of this size is the atmosphere, so Talbot & Lærdal (2000) suggest
that Lake Victoria’s N cycle since the late Pleistocene has been dominated by N-fixation.
The reason for this switch was probably also related to basin flooding. Once the main
period of transgression was over, the supply of N from drowned soils and vegetation must
have declined and eventually become insignificant. With limited recycling of N from OM
mineralisation (the very high TOC values indicate effective OM burial and preservation),
high rates of primary productivity could only have been maintained by utilisation of the
atmospheric nitrogen pool.

Lake Tanganyika: lake level changes and mixing regimes

in a tropical rift lake

Lake Tanganyika is the largest and deepest of the East African rift valley lakes. It is meromic-
tic, with a large, anoxic hypolimnion (Coulter, 1991). Unlike Lake Victoria, Tanganyika did
not dry out during the Late Pleistocene, but did undergo major changes in water level, the sur-
face being as much as 250 m below present overflow level around the time of the Last Glacial
Maximum (Cohen et al., 1997). Although meromictic, some vertical mixing occurs today,
mainly driven by wind-induced surface currents, enhanced by evaporative cooling (Coulter
& Spigel, 1991). Seasonal upwelling is particularly marked in the southern basin, where
the southerly trade winds push surface waters northward during the northern hemisphere
summer (Coulter & Spigel, 1991). Upwelling returns nutrients, including DIN, to surface
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waters, stimulating high levels of productivity (Hecky et al., 1991). When the southerly
trades slacken, the stratification stabilises and is particularly marked during December-
May. At this time DIN concentrations become extremely low and the flora is dominated
by N-fixing cyanobacteria, instead of the diatoms and chrysophytes which characterise
the mixing period (Hecky & Kling, 1981, 1987). It can thus be anticipated that long-term
changes in mixing regime in the southern basin, particularly the occurrence of periods
of persistent stratification, might be recorded by variations in the N-isotopic composition
of the sedimentary OM due to different phytoplankton flora. Such changes would in turn
reflect variations in regional climate.

Figure 17 shows the isotopic record from a core taken at a depth of 140 m on the western
flank of the southern basin (Tiercelin & Mondeguer, 1991). The Late Pleistocene section is
marked by an erosional disconformity, formed when the lake fell below the level of the core
site. It was reflooded during the subsequent transgression at ca. ka BP. The top of
the core was unfortunately lost during recovery, the section terminating at ca. 3.4 ka, but
it nevertheless preserves an excellent record of the terminal Pleistocene to mid-Holocene
history of the southern basin.

The section above the disconformity shows a gradual rise in which culminates
in a marked peak at ca. 11.3 ka. Its coincidence with a C/N minimum (Fig. 17) and high
Hydrogen Index values (Niels-Bo Jensen, personal communication) suggests that the
peak may, like the maximum in Lake Victoria (Fig. 16), be due to high phytoplankton
productivity. Above here the values remain relatively constant until ca. 7.0 ka, when
they begin to decline. The mid-Holocene section also stands out as different from the
underlying deposits in a plot of TOC versus C/N (Fig. 17B). values of less than
0‰ have two possible explanations, either there was an abundance of DIN, allowing the
kinetic fractionation involved with nitrate and ammonium assimilation to operate to its full
effect, or DIN concentrations were consistently low, favouring a dominance of N-fixing
cyanobacteria with low These two alternatives have very different implications for
the state of the southern end of Lake Tanganyika during the mid-Holocene. Conditions
favouring the former would depend upon vertical mixing maintaining a continuous supply
of nutrients to the epilimnion, as François et al. (1996) have suggested as an explanation for
seasonally low values in Lake Malawi. Low DIN concentrations, on the other hand,
would imply prolonged stable stratification with very limited vertical mixing, as happens
seasonally in modern Lake Tanganyika. In common with Lake Bosumtwi (see above), the
corresponding data are not definitive, and the smear slides reveal only rare traces of
possible filamentous blue-green algae. Decisive supporting evidence is here provided by the
elemental data. Figures 17B and C show that samples with a of >0.5‰ have a positive
correlation with C/N, and negative correlation between C/N and TOC, in contrast to the rest
of the post-discontinuity samples, and phytoplankton-dominated OM in general (Talbot &
Lærdal, 2000; Talbot, unpublished data). Cyanobacteria have a higher N content than other
phytoplankton (Gu & Alexander, 1993), the greater the proportion of cyanobacterial remains
present, the lower the C/N and of the bulk sediment. The Tanganyika samples must
therefore contain a significant OM fraction derived from these organisms, a conclusion that
is also supported by biomarker evidence (Niels-Bo Jensen, pers. comm.). Note that the latter
merely demonstrates the presence of compounds characteristic of cyanobacteria, it is the
isotopic evidence that confirms these were the dominant component of the phytoplankton.
The mid-Holocene in the south basin of Lake Tanganyika thus seems to have been a period of
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prolonged water column stability, implying greatly reduced southerly trade wind intensities
at that time, a finding that is in keeping with other proxy evidence for changes in the regional
monsoonal wind systems (Sirocko, 1997; Schulz et al., 1998).

Lake Baikal: differentiating turbidites from other deposits

in a mid-latitude rift lake

Lake Baikal is the oldest and deepest lake in the world, with a maximum depth of 1637 m.
It is situated in southern Siberia and subject to a mid-latitude continental climate with



432 MICHAEL R. TALBOT

strongly contrasting seasons ranging from frigid winters to hot summers. Winter cooling
leads to annual overturn of the water column, thus, in contrast to the deep East African
rift lakes, Baikal has oxygenated bottom waters even in the deepest basin. Geochemical
logs (Fig. 18) of a core taken at a depth of 992m in the central part of the Northern
Basin (Yoshii et al., 1997) show that periods with relatively low and invariant (+3 to
3.5‰) alternated with intervals when  vaied significantly and was generally >+3.5‰.
Crossplots of some of the geochemical parameters, notably versus (Fig. 19B),
reveal that the data form two separate populations, one having values that are mainly
less than –27‰   the other with                                                                 The
distribution of the latter group coincides with turbidite units (Fig. 18), so their distinctive
composition is presumed to reflect a dominance of allochthonous OM. This may in part
be of terrestrial origin (Yoshii et al., 1997), but only the compositional outliers have C/N
values which suggest the presence of abundant woody material (confirmed visually in the
case of the sample with the highest C/N — Yoshii et al., 1997, p. 280; Fig. 19A & C).
The relatively low C/N of the rest of the turbidites (mean 13.4) indicates a dominance of
phytoplankton or phytoplankton plus cuticular remains. This, together with their relatively
homogeneous isotopic composition, suggests that the turbidites may be derived from the
slumping of shallower water lacustrine deposits, rather than deltaic sediments where woody
and degraded plant material should be abundant. Smear slides might have provided decisive
information on the source of the OM.
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The non-turbidite intervals have lower C/N (mean 12) and a larger spread of and
values. However, these fall within the compositional range of modern phytoplankton

from the lake (Yoshii et al., 1997, 1999; Fig. 19B), suggesting that the OM is largely of
autochthonous origin. Yoshii et al (1997) note that there is an inverse correlation between

and C/N (Fig. 19D), indicating that the phytoplankton fraction is probably isotopically
heavier than the average allochthonous OM. The reason for this may be the impact of
denitrification on the N-isotope budget (Yoshii et al., 1997), or other aspects of the lake’s
N cycle.

Closing remarks

This chapter has hopefully given the reader a summary of what nitrogen isotopic studies
have to offer palaeolimnology. It should also have become apparent that, while N-isotope
data can provide decisive information on past limnological conditions, their interpretation
is in many instances dependent upon supporting evidence provided by carbon isotopes,
elemental analyses, petrographic observations or other types of information. Integrated
studies of this sort lie at the heart of modern palaeolimnology. Looking to the future, the
most exciting developments will probably occur in the growing field of compound-specific
isotope studies (Hayes et al., 1990; Macko et al., 1993), where individual organic molecules



434 MICHAEL R. TALBOT

are extracted from the sediment for isotopic analysis. As some molecules can be related
to specific groups of organisms, for example diatoms or green algae, their analysis can
potentially provide very precise information on one part of the water column, eliminating the
problems inherent in the interpretation of analyses based on bulk samples of mixed origin.
Carbon-isotope molecular-scale studies are already having an impact on palaeolimnology
(e.g., Huang et al., 1995, 1999); the writer knows of no corresponding studies based on
N isotopes, probably because of the technical difficulties presented by the much lower
concentration of N in most sediments, but it is almost certainly only a matter of time before
these are overcome.

Summary

Nitrogen is a key nutrient, of fundamental importance to all primary producers. In lacus-
trine ecosystems its availability is intimately related to limnological, sedimentological and
climatic conditions in the lake and its catchment; knowledge of N-cycling in ancient lakes
can thus provide unique palaeolimnological information. Studies of the stable N-isotopic
composition of sedimentary organic matter provide one of the principal means of gaining
insight into past N cycles. In lakes, such cycles are complex, with several potential sources
and sinks. Nitrogen is present in a number of forms and in several oxidation states. Isotopic
fractionation occurs between the various N compounds, and in the biochemical processes
involved in N assimilation by primary producers and other organisms. These isotopic
differences are preserved with little or no change in sedimentary OM and are the basis
of N-isotope biogeochemistry. Modern mass spectrometers, particularly if on-line to an
element analyser, provide a rapid and precise means of determining the isotopic composi-
tion of organically bound N and should eventually lead to routine use of the technique in
palaeolimnology.

Nitrogen-isotope analysis has a wide range of applications in the study of lacustrine
sediments. In particular, it can provide information on N and OM sources, on past mix-
ing regimes, the history of nutrient loading (eutrophication) and other changes in water
chemistry. It may also yield insight into catchment changes which impact a lakes N cy-
cle. However, although N-isotope investigations are a powerful tool in their own right,
it is also clear that in many instances they are even more effective when carried out as
part of a multiproxy study. Other sorts of data may be of critical importance when the
isotopic results are ambiguous. Future technical advances should allow the analysis of
significantly smaller samples and eventually open the way for the widespread application of
compound-specific N-isotope analysis, a field of study with tremendous palaeolimnological
potential.
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Glossary, acronyms and abbreviations

See fractionation factor.

Mass specific magnetic susceptibility.

High-field magnetic susceptibility.

Delta notation of stable carbon isotopes, which is used for stable isotopic data, and
is equal to where R is the ratio of to

Carbon isotope composition of cellulose.

Carbon isotope composition of bulk organic matter.

Delta notation of stable hydrogen isotopes, which is used for stable isotopic data,
and is equal to where R is the ratio of D (for
deuterium, the name given to to

Delta notation of stable oxygen isotopes, which is used for stable isotopic data, and
is equal to where R is the ratio of to

Oxygen isotope composition of carbonate.

Oxygen isotope composition of cellulose.

Oxygen isotope composition of lake water.

Oxygen isotope composition of meteoric water.

Oxygen isotope composition of precipitation.

Delta notation of stable sulfur isotopes, which is used for stable isotopic data, and is
equal to where R is the ratio of to

Molar absorptivity.

Isotopic enrichment due to temperature-dependent equilibrium fractiona-
tion between carbonate and lake water.

Isotopic enrichment due to biochemical fractionation between cellulose and
lake water.

Isotopic enrichment due to biochemical fractionation between cellulose and
leaf water.

Isotopic enrichment due to combined kinetic and equilibrium effects during evapo-
transpiration.

Isotopic enrichment due to combined kinetic and equilibrium effects during evap-
oration.
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See lindane.

1) Loss factor. 2) Volume specific magnetic susceptibility.

1) Radioactive decay constant. 2) Geographic latitude of a sampling site on the Earth’s
surface. 3) Wavelength.

1) Mass attenuation coefficient. 2) X-ray absorption coefficient.

Magnetic permeability of free space.

Fluid viscosity.

1) Angular velocity. 2) Frequency in radians.

Fractional porosity or liquid content in completely saturated samples; sediment porosity.

A measure of sediment tortuosity (dimensionless).

The fraction of the total solute concentration on the particle phase (dimensionless).

See phi grade scale.

Density.

Bulk density.

Density of the liquid through which a particle is settling.

Density of the solid particle material in a sample.

Sediment bulk density.

1) Standard error or standard deviation. 2) Mineral density.

1) Intrinsic resolution. 2) ESR or luminescent signal lifetime. 3) Residence time.

The angle between the crystal plane and the diffracted X-ray beam.

Thermodynamic activity of water.

Å: The Ångstrøm, a unit of length principally used to express the wavelength of electro-
magnetic radiation. 1 Ångstrøm is equal to 0.1 nanometre

Areas of a lake and its catchment.

AAS: Atomic absorption spectrometry.

Ad/Al ratio: The ratio of concentrations of the total phenolic acids relative to the to-
tal phenolic aldehydes derived from depolymerization of lignin. Larger Ad/Al ra-
tios are indicative of greater oxidation of the lignin fraction of organic matter in a
sediment sample.
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Absorbance: Absorption of radiation (light) by molecular vibrations.

Accumulation rate: The rate of accumulation of particles or elements on the lake bed.
Normally expressed as mass per unit area per unit time (e.g.,

Accuracy: 1) The degree of agreement between an analysis and a standard analysis (also
known as quality assurance). 2) The degree of agreement between an analysis and the
true value (see also precision).

Acicular: 1) Needle-like in form. 2) A sedimentary particle whose length is more than
three times its width.

Acid extractable: That part of the total element concentration that can be extracted using
a specified acidic extractant.

Activity: The effective concentration of a component in a fluid, which is determined by
adjusting the actual concentration of the component for any affects of nonideality.

AD: 1) Anno Domino. 2) The accumulated dose (used in ESR and luminescent dating
methods).

Adsorbtion: The process of accumulation of a material, usually a gas or liquid, on the
surface of a solid.

Aeolian: Refers to an allogenic particle transported by wind or deposits associated with
wind transport.

AES: Atomic emission spectroscopy.

AF: Alternating field.

Air diffusivity: Variable that equates diffusive flux to a concentration gradient in air.

Air side resistance: The partial air side resistance defined as the air side diffusivity divided
by the depth of the stagnant air boundary over water

Aliquot: A geochemically identical subsample from a larger solution or other sample (see
also subsample).

Allochthonous: 1) Minerogenic and/or organic material transported from its place of origin
to form a sediment (or part of a sediment) at another locality. 2) A material (e.g., rock,
mineral, fossil) formed elsewhere than its present resting place (cf. autochthonous).

Allogenic: Sediment component(s) formed outside the lake; specifically refers to rock,
mineral, and organic particles that were derived form pre-existing materials, eroded
and transported to the depositional site.

Alpha particle: A particle emitted during the decay of some nuclei; it consists of
2 protons and 2 neutrons, and thus is the same as the nucleus of a atom.

Alpha spectrometry: Measurement of alpha particles emitted by radioactive substances.
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Aluminosilicates: Rock-forming minerals composed mainly of alumina and silica, includ-
ing clay minerals and feldspars.

Ambient temperatures: Current average temperatures.

Ammonia assimilation: The metabolic uptake of dissolved ammonia by primary
producers.

Ammonia volatilisation: The loss of dissolved ammonia from an aqueous solution
by outgassing of gaseous

Ammonification: The bacterial reduction of organically bound N to or It is a
process that requires anoxic conditions.

Amorphous: Pertaining to a material that lacks crystal structure or whose internal atomic
arrangement is so irregular that there is no characteristic external form.

Amphibole: Ferromagnesian silicate mineral.

AMS: 1) Accelerator mass spectrometry. 2) Anisotropy of magnetic susceptibility.

Andesite: A volcanic rock with 52 to 63%

Angiosperms: Advanced plants that produce their seeds within the ovaries of their flowers.
Angiosperms are the dominant land flora of today. They consist of woody plants that
produce a perennial trunk or stem (trees and shrubs) and herbaceous plants whose
stems are annual (grasses and herbs).

Anharmonic oscillator: A simple model used to explain molecular absorption caused by
bond vibration. An anharmonic oscillator accounts for overtone transitions.

Anhydrite: An orthorhombic mineral with the formula also called cube spar.

Anhysteretic: Free of hysteresis, does not display hysteresis properties.

Anhysteretic remanent magnetization (ARM): The magnetization that remains in a
sample after exposure to a smooth decaying strong alternating field in the presence of
a weak direct field.

Anisotropic: 1) Giving incomplete extinction when rotated under cross-polarised light.
2) Opposite of isotropic. That is, a medium in which certain physical properties are
different in different directions. Such properties may relate to physical strength, light
transmission electrical resistivity, etc.

Anisotropy of magnetic susceptibility (AMS): Measurements of magnetic susceptibil-
ity measured along different planes of a sample; a measure of preferred magnetic
orientation.
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Annually laminated sediments: Sediments with annual layers (usually couplets, i. e.,
varves) produced by the seasonal delivery of minerogenic material, by seasonal precip-
itation and/or biological activity. Formed in deep lakes with oxygen-deficient bottom
waters and li t t le or no bioturbation; one yearly package is often called a varve.

Anoxic: Strictly speaking, the absence of oxygen. As dissolved oxygen concentrations can-
not be measured in ancient sediments, an absence of all evidence for higher life forms
(metazoans) has commonly been taken as a strong indication of anoxic conditions.
Today such organisms are typically excluded when dissolved oxygen levels fall below
ca. although some specialized organisms are capable of making “visits”
to environments with lower concentrations.

Anoxia: The complete lack of molecular oxygen. Anoxic waters contain no dissolved
oxygen.

Anti-ferromagnetism: Magnetic behavior of substances with equal numbers of unpaired
electron sites having perfectly anti parallel sub-lattices resulting in nonferromagnetic
behavior.

Anthropogenic: Sediment component(s) derived from human sources.

AOTF: Acousto-Optical Tuneable Filter

AP: Apatite phosphorus.

Apatite phosphorus: That fraction of the total phosphorus concentration that is in the form
of apatite.

Aqua regia: A mixture of concentrated nitric and hydrochloric acids (ratio 1:4). This is
the most aggressive of the partial extraction procedures.

Aquifer: A saturated permeable layer of rock, gravel, sand, etc., that can transmit appre-
ciable quantities of water.

Aragonite: 1) Sensu stricto: An orthorhombic carbonate with the formula which
is trimorphous with calcite and vaterite. Also known as Aragon spar; it is a common
matrix mineral in invertebrate shells. 2) Sensu lato: A group of orthorhombic carbonate
minerals, including aragonite, strontianite, cerussite, alstonite, and witherite.

ARM: Anhysteretic remanent magnetization; an artificial magnetization acquired in a
strong decaying alternating magnetic field superimposed on a weak static field.

Atomic absorption spectrometry: A method for elemental analysis of solutions based on
the photoelectric absorption of characteristic light (produced by a special lamp) by
thermally excited of atoms.

Attenuation: 1) Radiation: A reduction in incident radiation energy. Water can significantly
attenuate most terrestrially produced radiation. 2) General: A reduction in a signal’s
amplitude or energy.
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Attenuation coefficient: The proportion of the energy in a pulse that is converted into
other types of energy (e.g., heat) thus reducing the strength of the signal.

Authigenic: 1) Sediment component(s) formed within the sediment after deposition of the
original material. 2) Sometimes used synonymously with endogenic.

Authigenic mineral: Any mineral precipitated within the sediment or rock from geochem-
ical compounds found locally in the rock or sediment.

Autochthonous: 1) Rocks, sediments or deposits formed and deposited at the same place
as where they are found today; fossils deposited at the place where the animal lived or
the plant grew. 2) A material (e.g., rock, mineral, fossil) formed in the basin or water
body where it is found (cf. allochthonous).

Autotrophy: An organism that produces organic matter from mineral nutrients by photo-
synthesis or chemosynthesis. Plants and many microbes are autotrophs.

Coercivity of remanence, coercivity of remanent magnetization.

Coercivity of magnetization.

Backscattering: The reflection and dispersion of ionizing radiation off a mineralogical
boundary or surface that reduces the effective radiation transmission into the surface.

Backscatter coefficient: The number of backscattered electrons emitted from a specimen
for each incident electron.

Backscattered electron imagery: Incident electrons reflected (elastically) off a material
are termed backscattered electrons. The number of backscattered electrons from any
given point is related directly to the atomic number of a material. Relatively heavy
materials produce a greater number of backscattered electrons (and so produce a
brighter image) than relatively light materials. Backscattered electron imaging BSEI)
is normally used to examine flat, well-polished surface with contrasting compositional
(atomic mass) information. Backscattered imaging of topographic samples may be
used to avoid the effects of charging.

Barite: A sulfate mineral with the formula also known as barytes, heavy spar.

Basalt: A volcanic rock with 44 to 52%

Bathymetric map: Map indicating water depth.

BC: Before Christ.

Beer-Lambert equation: A quantitative explanation of how much light is absorbed by a
chemical system.

Benthic: Bottom-living.

Bertrand lens: a removable lens in the tube of a petrographic microscope that is used to
examine interference figures.
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Bloedite: A white or colorless evaporite mineral:

Boulder: The term applied to sediment particles coarser than cobble; particles having a
diameter of greater than 256 mm.

BP: Literally, before present, but actually before 1950. Defined to be 1950 when dates
first began to be published, “present” is used as a calibration point only for dates
or ages (see also ky BP).

Bq: SI unit of radioactivity, measured as 1 disintegration per second.

Bragg angle: See Bragg’s Law.

Bragg’s equation: Bragg’s Law

Bragg’s Law: A statement that in crystallography, the X-ray diffractions from a crystal
lattice may be thought of as reflecting from the lattice planes: in which
n is any integer, is the wavelength of the X-ray, d is the crystal plane separation and

is the angle between the crystal plane and the diffracted beam (e.g., Bragg angle).

Beta particle A particle emitted during the decay of some nuclei; it is a high-energy
electron.

Binary image: A binary image has been transformed by thresholding and is usually dis-
played in black and white. Numerically, the pixel values are often 0 for black, and
either 1 or 255 for white.

Bioconcentration: Chemical uptake and concentration by organisms.

Biogenic: Sediment component(s) formed within the lake, of biological origin.

Biogenic carbonate: Carbonate minerals that are formed by organisms to be an integral
part of their body and/or exoskeleton.

Biomagnification: Increased chemical concentrations in tissues of organisms at higher
trophic levels. Occurs when rate of assimilation of a chemical is greater than the
combined rate of elimination and transformation by the body.

Biophile: Used of elements tending to occur in biogenic particles. Often used synony-
mously with biogenic.

Bioturbation: 1) Mixing of sediment by biological activity (e.g., burrowing). Occurs in
some oxygenated bottom waters, but is typically absent from anoxic bottom waters.
Original sedimentary structures are usually destroyed and the stratigraphy is altered
in bioturbated sediments. 2) Disturbance of sediment structures, layers or horizons by
the activity of borrowing and/or grazing benthic organisms.

Birefringence (birefringent): The ability of a mineral to split a beam of ordinary light
into two beams of unequal velocities.
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Breakseal combustion: Procedure where organic compounds are converted to gas by
combustion in sealed, evacuated quartz or Pyrex tubes.

Breccia: 1) Geology: A coarsely grained clastic sediment or rock containing angular, and
often broken, rock fragments lithified by mineral cements or supported in a more
finely grained matrix. 2) Archaeology sensu stricto: A well-cemented coarsely grained
sedimentary unit, often found in a cave. 3) Archaeology sensu lato: Any well-cemented
sedimentary unit.

BSE: Backscattered scanning electron microscopy. Backscattered electrons are the result
of elastic collisions between energetic beam electrons and atoms within the target, for
example a thin-section.

BSEI: Backscattered electron imagery.

BSE-image: Backscattered electron images can be used for porosity and fabric analy-
sis of sediment samples and identification of e.g., microfossils. The production of
backscattered electrons varies according to the specimen’s atomic number. Objects
with a higher atomic number (e.g., mineral grains of quartz) produce more backscatter
electrons and are therefore recorded as brighter values within the image.

Buffer: 1) Any pair of solutes that can maintain a solution’s pH at an almost constant level
despite the addition of moderate quantities of acids or bases. 2) A solution containing
such solute pairs.

Buffered solutions: See buffer (2).

Bulk density: Specific weight or density of sediments including their water content; weight
per unit volume of a sediment.

Bulk geochemical analysis: Any analytical protocol used for ESR or luminescent dating
that involves determining the concentrations for the important radioactive elements
using geochemical techniques, such as NAA, XRF, etc.

Bulk sediment: Sediment sample that has not been sub-divided into different fractions.

C: Particle mass concentration.

C1-C5: Operationally defined, sequentially extracted components.

plants: Plants that employ the Calvin pathway during photosynthesis. plants are
so named because they employ an intermediate compound, phosphoglyceric acid that
contains three carbon atoms. Most higher plants and algae use the pathway. These
plants strongly discriminate (20‰) against during carbon incorporation.

plants: Plants that employ the Hatch-Slack pathway during photosynthesis. plants
are named such because they employ an intermediate compound, oxaloacetic acid
that contains four carbon atoms. These plants moderately discriminate (8 to 14‰)
against during carbon incorporation. plants are usually higher land plants that
are specially adapted to dry and conditions.
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Atmospheric chemical concentration in the particle phase

Total atmospheric solute concentration

Concentration of a chemical that is dissolved in water.

Cainozoic: see Cenozoic.

Calibration model: A mathematical function developed between one or several indepen-
dent variables (X-variables; e.g., NIR absorbance values) and a dependent variable
(Y-variable; e.g., lake-water pH). This function may later be used to predict values for
the Y-variable using X-variables collected on unknown samples.

Caliche: 1) Sensu lato: A secondary sedimentary accumulation cemented predominantly
by secondary calcitic cements that can include dolomite, aragonite, gypsum, and silica.
Formed by groundwater capillary action in regions with high evaporation rates, it is
also called hardpan, duricrust, calcrete, kankar, calcareous crust, nari, sabach, and
tepetate. 2) Sensu stricto: Discrete calcrete nodules that do not form a continuous
crust (see also calcrete, silcrete, gypcrete).

CAM plants: Plants that employ crassulacean acid metabolism during photosynthesis.
Such plants are able to use either the or pathway to survive in harsh environ-
ments. Most CAM plants grow in deserts; they rarely contribute organic matter to
lake sediments.

Cambrian: The oldest geologic period between 570–510 million years ago with abundant
animal fossils and the first period of the Paleozoic Era (570–245 million years ago);
also denotes the system of strata deposited during this period.

Carbon/nitrogen ratio (C/N): The ratio between carbon and nitrogen in l iving or fossil
organic matter. It is normally calculated from the concentrations of the two elements
measured as weight % of the bulk sample, but may also be expressed as an atomic ratio.

Carbonate carbon: The carbon in sediment that is contributed by carbonate minerals such
as calcite, aragonite, dolomite, and siderite.

Catchment: Used synonymously with watershed.

Cathodoluminescence (CL): Luminescence produced by excitation by an incident beam
of electrons.

Cation exchange column: A glass column packed with a compound able to adsorb cations
to and then desorb cations from its surface. These are often used to desalt solutions
before geochemical analysis.

CD ROM: Compact disc read only memory.

Cellulose: 1) A group of polymeric carbohydrates with the empirical formula
that are major components of the tissue of terrestrial macrophytes. It is the most
abundant natural organic compound. 2) A polysaccharide of linked glucose
units and is the principal component of cell walls of higher and lower plants.
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Cementation: The diagenetic process whereby clastic sedimentary grains are lithified or
consolidated into sedimentary rocks, often by mineral deposition or precipitation on
the grain surfaces or in the interstitial spaces.

Cenospheres: Hollow inorganic ash spheres.

Cenozoic (in American English), Cainozoic (in British English): The most recent geo-
logical era that began approximately 66.5 Ma (also known as Cainozoic, Kainozoic,
the Mammal Age).

CF-IRMS: Continuous flow-isotope ratio mass spectrometry. A procedure that uses an
instrument that is capable of repeatedly and rapidly measuring the masses of selected
gases (e.g., carbon dioxide, hydrogen, nitrogen) delivered in a continuous gas stream
from another instrument, such as an elemental analyzer or a gas chromatograph, to
determine their isotopic compositions.

Chemocline: The boundary between the well-mixed upper water mass and the noncircu-
lating lower water mass of a chemically stratified lake.

Chert: A hard dense micro- or cryptocrystalline sedimentary rock with interlocking quartz
crystals that displays concoidal fracture, prized by hominids as a material for mak-
ing tools. Occurring as nodules in limestones or dolomites, it is often considered
synonymous with flint. Chert is sometimes considered only to be the varieties with
visible colors, the cryptocrystalline types, or varieties lacking visible fossil inclusions
(see flint).

Chevrons: (Chevron halite) Halite crystal, which is grown on a basin floor from evaporat-
ing brine. It is characterized by enclosed solid, liquid, or vapor inclusions arranged in
a chevron pattern.

Chitin: A resistant organic compound similar in structure to cellulose containing repeating
N-acetylglucosamine units, which forms the hard skeleton in many invertebrate and
foraminiferal inner tests.

Chromatography: A procedure that separates the components of a mixture by partitioning
them between two phases. Types of chromatography include gas-solid chromatogra-
phy, gas-liquid chromatography, column (solvent-solid) chromatography, low- and
high-pressure (solvent-solid) chromatography, and thin-layer (solvent-solid) chro-
matography.

Chronology: 1) A data series or framework referenced with respect to time (i.e., a time
series). For lake sediment records, often the chronology describes the sediment depth-
age relationship. 2) Time scale, which may be obtained through radiometric dating
(e.g., U/Th) or counting of annual layers.

Chronostratigraphy: 1) Definition and subdivision of the stratigraphic record in terms of
time. 2) Nordic: The Nordic chronostratigraphy-chronostratigraphic scheme is based
on dated Late Weichselian and Holocene pollen zone boundaries in Scandinavia.
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Cinnamyl/vanillyl ratio (C/V): The C/V ratio is calculated as the sum of p-coumaric acid
plus ferulic acid concentrations divided by the sum of the three vanillyl phenols. It is
a measure of the relative contributions of woody and non-woody land-plant tissues to
the organic matter in a sediment sample

Clay: 1) Textural: The term applied to sediment particles finer than silt; particles having a
diameter of smaller than 3.91 microns or sometimes 1.95 microns. 2) Mineralogical:
A poorly defined group of aluminum silicate minerals.

C/N (ratio): See carbon/nitrogen ratio.

C/V ratio: See Cinnamyl/vanillyl ratio.

Cobble: The term applied to sediment particles finer than boulder and coarser than pebble;
particles having a diameter of 64–256 mm.

Coercive force (coercivity) The reverse in-field required to reduce the magnetiza-
tion from saturation to zero.

Coercivity of remanence The reverse out-of-field required to reduce the magne-
tization from saturation to zero.

Coincidence: The phenomenon affecting electrical resistance type of particle sizing equip-
ment caused by more than one particle passing though the sensing zone at once.

Cold-condensation effect: See Grasshopper effect.

Colloid-water partition coefficient: The distribution ratio for chemical substances be-
tween colloids and water.

Color reflectance spectroscopy: The measurement of the reflectance of light in separate
channels (wavelengths) usually within the visible and near-infrared bands.

Colorimetric methods: Colorimetry, or spectrophotometry, is a chemical analytical
method that exploits the link between chemical composition and color intensity for a
range of dyes.

Combination band: Arise from combinations of fundamental C-H, N-H and O-H vibra-
tions.

Component: A general term used to denote the separate materials which, when mixed
together, make up soils and sediments.

Compton scattering: Scattering of incident photons by electrons resulting in an energy
loss of gamma rays passing through sediments. This is the dominant factor controlling
gamma ray attenuation.

Compound-specific isotope analysis: Determination of the isotopic ratio of the carbon,
nitrogen, hydrogen, sulfur, or oxygen contents of a single compound. The isolation
of the single compound is usually achieved by some form of either off-line or on-line
preparation in which gas chromatography is an important step.
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Computerized tomography: A method of determining X-ray absorption in a series of
scanned slides by the use of a narrow X-ray beam. Different sections of a sample
are scanned by a rotating X-ray beam allowing complete characterization of X-ray
absorption and, by calibration, density.

Congener: A form or a variety of a chemical substance. PCBs have 209 possible forms or
congeners due to the different possible positions of chlorine atoms on the biphenyl.

Continuous flow-isotope ratio mass spectrometry: Gas source mass spectrometry where
sample and standard gases are transported using helium as a carrier gas into the mass
spectrometer for measurement of isotopic ratios.

Cosmogenic: Sediment component(s) derived from outside the Earth system.

Cosmogenic isotope dating: A method using the amount of a cosmogenic isotope ac-
cumulated in a rock to determine the length of time the rock has been exposed to
the atmosphere.

Coulter Counter: A commonly used particle-sizing instrument employing the principle
of electrical resistance.

CPL: Cross-polarized light.

cps: counts per second.

Critical point drying: A method of drying delicate samples for electron microscopy by
freeze-drying at the critical point of water. At the critical point of a given substance, the
densities and other physical properties of the liquid and gaseous states are identical.

Cryogenic purification: The separation of gases on the basis of their different freezing
points using a vacuum-extraction line.

Cryostage: Sample holder that is able to maintain very cold (–160 to –185 °C) tempera-
tures.

Crystal: A homogenous, solid chemical element, compound or isomorphous mixture hav-
ing a regularly repeating arrangement of atoms; often this atomic arrangement is
manifest by a series of plane faces.

Crystalline: Having the nature of a crystal; specifically, having a crystal structure or regular
arrangement of atoms in a lattice.

Radioactive isotope of cesium with a 30.2 year half-life produced as a fission product
of nuclear weapons explosions or in nuclear reactors.

CT (also CT scanning): Computerized tomography.

Cumulates (Cumulate crystals): Saline mineral crystals formed by precipitation at the
air-water interface that accumulate when they sink to the bottom of a saline body
of water.
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Curie temperature or Curie point The temperature above which a ferromagnetic
or ferromagnetic substance becomes paramagnetic.

D: Distance or depth.

d: Particle or grain diameter.

See Air diffusivity.

Effective porous media diffusivity

Aqueous solution molecular diffusivity

DA: Diode Array.

DC: Direct current.

DCM: See Dichloromethane.

DDD: Dichlorodiphenyldichloroethane; a metabolite of DDT.

DDE: Dichlorodiphenyldichloroethene; a metabolite of DDT.

DDT: Dichlorodiphenyltrichloroethane; a powerful insecticide.

D/H: Deuterium/hydrogen isotope ratio, or ratio of  in a substance.

Debye-Sherrer method: A method of recording X-ray diffraction patterns on film (i.e.,
Debye-Sherrer photographs).

Declination: 1) The deviation in degrees of a compass needle or the Earth’s magnetic field
from geographical or true north in the horizontal plane. 2) A protocol for measur-
ing spectral peak heights or areas in complex peaks. A complex peak is separated
mathematically into several theoretical peaks whose peaks are then measured.

Deflation: A form of wind erosion that removes dry finely grained clays and silts from
surficial sediment.

Delta notation: A relative measure of the difference, typically in the ratios of molar con-
centrations of stable isotope of hydrogen, carbon, nitrogen, oxygen, or sulfur, between
a substance and an agreed-upon standard material.

Denitrification: The bacterial reduction of dissolved to gaseous Denitrifying
organisms require anoxic or dysoxic conditions. This process typically occurs under
the anoxic conditions present in subsurface lake sediments and in the hypolimnions
of strongly stratified lakes.

Density slicing: Technique for selecting objects of interest, see thresholding. With density
slicing objects within a specific grey-scale range can be identified and selected.
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Destructive techniques: A method in which a sample is destroyed in order to obtain
an analysis.

Detrital: Pertaining to material derived from detritus (i.e., loose rock, sediment, or other
materials that are removed by mechanical means and transported to the depositional
site).

Deuterated: A compound that is labelled with deuterium.

Dewar flask: A container designed to prevent heat transfer and used to hold liquified gases,
such as liquid nitrogen (–196 °C).

DGT: Diffusive gradient in thin films.

Diagenesis: 1) Sedimentary: All the geochemical, physical, and biological processes that
affect sediment after their initial deposition in the sediment, and during and after
lithification, except surficial alteration (weathering) and metamorphosis. It can include
compaction, cementation, leaching, reworking, authigenesis, replacement, crystalliza-
tion, recrystallization, biological alteration, concretion formation, and any process at
temperatures <100–300°C and pressures <1 kb. Some restrict the term to the period
before lithification. 2) Fossil: All the geochemical, physical, and biological processes
that affect fossils, during weathering, after their initial deposition in the sediment, and
during and after lithification, except metamorphosis.

Diagenetic: Sediment component(s) derived through modification of material after burial
of the sediment.

Diagenetic alteration: Any geochemical changes arising from diagenesis.

Diamagnetism: Type of magnetic behaviour exhibited by substances with no unpaired
electrons when exposed to a magnetic field. This results in a change in the orbital
motion of electrons about the nucleus in the applied field resulting in a very weak
negative magnetic susceptibility. Exhibited by e.g., quartz, feldspars, calcite.

Diamict: Term used to denote non-sorted sediments and rocks containing a wide range of
particle sizes, regardless of genesis.

Diamicton: Poorly sorted unconsolidated sediment (e.g., t i l l) .

Diatom: A microscopic single-celled plant from the class Bacillariophyceae that lives in
fresh and marine water and precipitate siliceous tests (frustules).

Diazotrophe: Specialised organisms, notably the cyanobacteria, capable of assimilating
(“fixing”) molecular nitrogen

DIC: See dissolved inorganic carbon.

Dichloromethane: Colorless, volatile liquid. Used as a solvent for extracting POPs from
environmental media.
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Diffusion: Non-advective flux of material in water.

Differential thermal analysis: A type of incremental thermal analysis in which the dif-
ference in temperature between an unknown sample and an inert material is used to
identify the mineralogical composition.

Diffraction: 1) The process by which the direction of a wave motion in any medium is
modified by bending. 2) The bending of waves in a body of water around an obstacle.

Diffraction spacing: The interplanar spacings in a crystal lattice.

Diffractogram: A record of X-ray diffraction.

Diffractometer: An instrument that records X-ray diffraction patterns.

Diffractometer trace: Diffractogram.

Diffusive gradient in thin films: A technique for measuring trace element availability (a
combination of dissolved concentration and diffusive mobility) in sediment using
sheets coated with exchange resin.

Digital camera: A camera that directly captures a digital image without the use of a film.

Digital imaging: Acquisition of an image in digital format, usually using a digital camera
system.

Digital X-ray imaging system: An X-ray source coupled to a brightness amplifier and
digital camera. This allows contrast improvement for fine detail and image enhance-
ment.

DIN: See dissolved inorganic nitrogen.

Diode array detector spectrophotometer: A spectrophotometer that uses a detector sys-
tem consisting of an array of diodes, where each diode corresponds to a certain
wavelength.

Dipole: A magnet that has a concentration of positive charge at one end and negative charge
at the other end. A bar magnet is a good example of a dipole.

Dissolved inorganic carbon (DIC): 1) Carbon contained in carbon dioxide, and bicar-
bonate and carbonate ions dissolved in water. 2) The sum of all dissolved inorganic
carbon species in an aqueous solution.

Dissolved inorganic nitrogen (DIN): The sum of all dissolved inorganic nitrogen species
in an aqueous solution. DIN normally excludes

dissolved

Dissolved organic carbon (DOC): 1) Carbon contained in colloidal organic
particles and in soluble organic compounds in water. 2) Organic molecules represent-
ing decay products of vegetation that pass through a filter.
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Distribution coefficient: This is a coefficient quantifying the link between the concen-
tration of a trace substance in solution, and that sorbed to suspended particles. It is
typically expressed in the units litres/kilogram. The ratio of an element between two
coexisting phases.

DOC: See dissolved organic carbon.

Dolomite: 1) Mineralogy: A common, well-ordered, carbonate mineral with the formula
also called magnesian spar. 2) Sedimentology sensu stricto: A carbonate

rock with more than 90% dolomite mineral, also known as dolostone. 3) Sedimentol-
ogy sensu lato: A carbonate rock with more than 50% dolomite mineral, also known
as magnesian limestone.

D-optimal design: Given a limited number of experiments, or samples to collect, the
algorithm for D-optimal experimental design are used to select a subset of exper-
iments/samples representing the overall variability of the candidate samples/experi-
ments as accurately as possible. Usually the algorithms used are based on maximisation
of the determinant of the variance-covariance matrix of the subset, hence the term
D-optimal.

DPI: Dots per inch.

Drag diameter: Diameter of a sphere having the same resistance to motion as the particle
in a fluid of the same viscosity and at the same velocity.

Dry bulk density: Dry mass of sediment per unit in situ volume.

Dry density: Specific weight or density of all solid sediment components excluding water.

d-spacing: In diffraction of X-rays by a crystal, the distance between successive and
identical parallel planes in a crystal lattice.

DTA: Differential thermal analysis.

DVD ROM: Digital versatile disc read only memory.

Dysoxic: The transitional zone between oxic and anoxic environments, where dissolved
oxygen concentrations are in the range of May also be called the
dysaerobic zone.

E: Probable error in thin section point counting.

EAAS: Electrothermal atomic absorption.

ECD: See Electron capture detector.

EDS: Energy dispersive spectroscopy or spectrometer.

EDXS: Energy dispersive X-ray spectroscopy or spectrometer.

EIL: Environmental Isotope Laboratory.
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Eigen analyis: A mathematical procedure for identifying the principal axes of a multivari-
ate data set.

Electro-osmotic knife: A method of cutting wet sediment that relies on the principal of
electro-osmosis. Essentially, a knife is wired as a negative electrode so that it is
continuously lubricated by the interstitial water migrating towards it.

Electromagnetic energy (EMR or EM): A form of energy, propagated through space or
through a media in the form of an advancing disturbance in electric and magnetic
fields. Examples of electromagnetic energy are light and radio signals.

Electron capture detector: A sensitive detector for halogenated compounds when com-
bined with gas chromatography. A steady stream of electrons produced by or
causes a signal resulting from the capture of electrons by halogen atoms. The result
is a detectable change in the electrical current.

Electron microprobe analysis: Analytical technique where samples are exposed to elec-
tron beam. Characteristic secondary X-rays are generated and can be converted to
concentration.

Electrothermal atomic absorption spectrometry: A form of atomic absorption spec-
trometry in which an electrically heated graphite tube is used to excite the atoms
in a sample.

Elemental analyzer: An instrument that uses high-temperature combustion, typically
800–1000 °C, to convert the carbon, hydrogen, nitrogen, and sulfur constituents of
a substance into gases that can be separated and measured. Some instruments can also
measure oxygen contents of samples.

Ellipsoidal: Shaped like an ellipsoid (i.e., a geometric form in which all plane sections are
either ellipses or circles).

EM: Electromagnetic energy.

EMR: Electromagnetic radiation; see electromagnetic energy.

Emission spectrometry: A method for elemental analysis of solutions based on thermal
emission of characteristic photons (mostly within the visible spectrum).

Enantiomers: Stereoisomers whose molecule structures mirror each other at one or more
asymmetrical carbon atoms (also called isomers, stereoisomers; see also racimers,
epimers).

Endogenic: 1) Sediment component(s) formed within the basin, specifically from within
the water column. 2) Sometimes used synonymously with authigenic.

Endogenic carbonate: Carbonate minerals formed in the water column. Typically refers
to those formed inorganically.
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Endogenic geomorphic processes: Processes originating within the Earth that create re-
lief on the Earth’s surface. Tectonism and volcanism are the principal endogenic
processes.

Energy dispersive x-ray spectroscopy (EDXS or EDS): A method for elemental analy-
sis based on using a focussed electron beam (in an electron microscope) to cause the
fluorescence of secondary x-rays from atoms in a specimen.

Environmental scanning electron microscope (ESEM): A scanning electron micro-
scope in which the sample chamber has a low-pressure gaseous environment, e.g.,
nitrogen gas, which absorbs excess charge. Coating the sample with a conductive
medium is therefore unnecessary.

Eolian transport: Delivery of fine particles (pollen, soot, dust) by winds, often from
distant locations.

Epsomite: An evaporitic colorless mineral:

Equilibrium isotope effects: The distribution of pairs of stable isotopes between reacting
substances in accordance with the principles of chemical equilibria.

Erosion: The general process by which Earth materials are loosened and moved from on
place to another.

ESEM-EDS: Environmental scanning electron microscope-energy dispersive spectrome-
ter.

Eucidean distances: Root mean square distances between objects in a numerical matrix.

Euhedral: A mineral grain with edges defined by perfect crystal faces.

Eutectic: A system consisting of two or more solid phases and a liquid that coexist at an
invariant point (constant temperature in an isobaric system). This temperature is the
minimum melting temperature for the assemblage of solids. Any flux of heat into or
out of the system will not affect the temperature until one of the phases is exhausted.

Extractable: That part of the total element concentration that can be extracted using
a specified extractant.

Extrusion: Removal of sediment from core barrel by pressure. A technique used when
there is no liner.

F: Flux.

FAAS: Flame atomic absorption.

Fabric: The spatial and geometric orientation of elements of a sediment or rock.

Factor analysis: An extension of principal components analysis, in which a small number
of axes are considered to represent underlying factors within the data set.
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Feldspar: A mineral group comprising silicates of the general formula: where X
= Ba, Ca, K, Na, Sr; Z = Al, B, Si.

Felsic: Light-colored rocks, rich in feldspar and quartz.

Feret’s Diameter: The distance between a pair of parallel lines which are oriented in a
given direction (normally parallel to the vertical cross-hair in a microscope field of
view) and which touch the extreme points on the perimeter of the projected outline of
the particle.

Ferrimagnetism: A type of ferromagnetic behavior with alternating sub-lattices of unequal
parallel and anti-parallel alignment giving rise to a net spontaneous magnetization.

Ferromagnetism: Collective term of magnetic behavior in some crystalline substances
with unpaired electrons in atoms that are closely and regularly spaced. This results
in a strong interaction (coupling) between all unpaired electron spins giving rise to
positive and large susceptibilities (ferromagnetism, senso stricto). Exhibited by e.g.,
iron, nickel, cobalt.

Ferulic acid: One of the cinnamyl degradation products released from the alkaline oxida-
tion of lignin.

Gravitational force.

Filter instrument: Instruments where filters are used for wavelength selection.

Flame atomic absorption spectrometry: A form of atomic absorption spectrometry in
which a flame is used to excite the atoms.

Florisil column: A glass column with an adsorbent that is used for sample cleanup of
chlorinated pesticides and PCBs.

Fluid displacive embedding: Displacing one fluid by another, usually water by acetone,
and then adding low viscosity epoxy resin, which is then cured to produce a solid
resin-embedded sample.

Fluid inclusion: Fluid-filled vacuoles trapped within minerals.

Fluvial: Pertaining to streams.

Flux: The rate of transfer of a substance across a given surface area.

Fly-ash: Particulate matter emitted to the atmosphere with flue gases.

Fossil: 1) Sensu stricto: Any evidence for past lifeforms in which the original minerals
or tissues have been completely replaced new minerals. 2) Sensu lato: Any evidence
for past lifeforms in which the original minerals or tissues have experienced some
secondary cementation or have suffered some diagenetic alteration. 3) Sensu lato

extremis: Any dead organism or other evidence for past life.
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Fourier analysis: 1) Mathematical operation for calculating the frequency content (i.e.,
spectrum) of a data set that is a function of time or space. 2) A system in which
the frequency spectrum contained within a signal is determined and altered such that
certain noise in the data can be filtered out.

Fourier transform instrument: Instruments based on interferometers for wavelength
separation. Near infrared light passes through a scanning interferometer and Fourier
transformation gives intensity as a function of frequency. When samples are placed in
the beam (before or after the interferometer), the sample absorbs at some frequencies,
and the intensities are reduced into an interferogram. The mathematical FT function
is then used to convert the interferogram to an absorption spectrum of the sample.

Fourier transformation: Mathematical transformation of time domain functions into fre-
quency domain.

Fractal: A geometric pattern that is repeated at ever-smaller scales to produce irregular
shapes and surfaces that cannot be represented by classical geometry. Fractals are used
especially in computer modeling of irregular patterns and structures in nature.

Fractionation: 1) Selective separation of chemical elements or isotopes through physical,
chemical or biochemical processes. For example, the fractionation of carbon isotopes:
of the naturally occurring carbon isotopes ~98.9% is 1.1% is and only
1 part in is In nature, however, a fractionation of this ratio occurs (e.g.,
photosynthesis results in an enrichment of relative to the other isotopes in most
plant tissues). Based on thermodynamical laws, which show that the heavier isotope

is twice as enriched as radiocarbon laboratories correct for the probable
effects of fractionation. can be measured in a sub-sample of the material to be
dated and the ratio is then compared with a standard (PDB) and published
as deviation from this standard. See also normalization. 2) In physical and chemical
processes involving the isotopes of a particular element, the relative abundance of the
isotopes may change between the initial substance (the “substrate”) and its product.
In isotope geochemistry, this change is commonly referred to as fractionation. (see
also: fractionation factor; isotope effects).

Fractionation factor In any process involving the fractionation of stable isotopes x

and y (where y is the heavier isotope), such as the transformation of substance A to
substance B, defines the relative abundance of the isotopes in A and B:

Free-falling diameter: Diameter of a sphere having the same density and the same free-
falling speed as the particle in a fluid of the same density and viscosity.

Freeze drying: A technique for drying biological or sediment samples that relies on freez-
ing sufficiently fast to inhibit the formation of ice crystals. This is then followed by
vacuum dehydration.
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Frequency dependent magnetic susceptibility Calculated from the measurements
of initial magnetic susceptibility at two or more AF frequencies.

Friable lithology: A sediment or rock type that crumbles easily.

FT: Fourier transform

Fume: Sub-micron particles produced from the condensation of volatilized non-combusti-
ble material.

Fundamental absorption: Molecular vibrational absorption from ground level to level
one.

Fusion methods: As an alternative to total digestion using acids, a sample may be brought
completely into solution by first fusing it with an alkaline carbonate or borate, and
dissolving the alkaline residue.

Loss rate of chemicals by sedimentation

Viscous drag force.

Galai CIS Particle Size Analyzer: A sizing instrument based on the amount of time a
finely focused rotating laser beam is intersected by a particle in suspension.

Gamma rays A high-energy photon. Photons emitted during nuclear decay are re-
ferred to as gamma rays.

Gamma rays (natural): Energy emitted by natural radioactive substances corresponding
to X-rays and visible light but with much shorter wavelengths.

Gamma ray attenuation: Absorption of gamma rays passing through the sediment is
caused by Compton attenuation (scattering), pair production, and by photoelectric
absorption. The amount of gamma ray attenuation is a measure of bulk density, from
which water content and porosity can be calculated.

Gamma ray attenuation porosity evaluator (GRAPE): Instrument that measures gam-
ma ray attenuation through unsplit cores and provides an estimate for bulk density,
water content, and porosity.

Gamma spectrometry: Measurement of gamma particles emitted by radioactive sub-
stances.

Gar (fish, pike): Any ganoid fish of the genus Lepisosteus or several closely related extinct
genera, with elongated bodies, long snouts, and enameloid scales, found in fresh and
brackish waters in North America.

Gas chromatography (GC): A process for separating and analyzing mixed gases or va-
pors in which a carrier gas (e.g., helium, argon, nitrogen, hydrogen) carrying the
dissolved gaseous or vaporous mixture is passed over a nonvolatile liquid (gas-liquid
chromatography) or solid (gas-solid chromatography) coating an inert porous solid.
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The analytes are resolved by the differential mobility rates of the constituents as they
repeatedly adsorb to, and then desorb from, the inert solid surfaces.

GC: Gas chromatograph or gas chromatography.

GC-MS: Gas chromatography-mass spectrometry. An analytical procedure that combines
a gas chromatograph, which separates mixtures of compounds into individual com-
ponents, with a mass spectrometer, which breaks the compounds into fragments that
indicate the molecular weight and structure of each component. This procedure is one
of few that can provide reliable identifications of organic compounds.

Genetic classification: A scheme for classifying sediments, or sedimentary components,
based on their origins.

Geochemical fossil: A distinctive organic compound that can be isolated from a sedimen-
tary deposit and that can provide evidence of a specific organism or group of organisms
that lived in the past.

Geochemical palaeolimnology: The study of past environments using the geochemical
properties of lake sediments.

Geochemistry: A broad research field aiming both to understand the chemistry of the nat-
ural environment, and to use chemistry as a tool in describing the natural environment.

Geomagnetic field: The magnetic field produced by the motion of the inner and outer
cores of Earth.

GFF: Glass fiber filter.

GFZ: GeoForschungsZentrum, Potsdam in Germany.

Glagolev-Chayes Method: A method of point counting thin sections using a superposed
grid.

Global Meteoric Water Line: A “line” on the plane formed when the and
the values of meteoric precipitation from all parts of the globe are plotted together.
For precipitation collected at any one locality, the slope or the intercept may deviate
from this line.

Glycolation: In clay mineralogy, the process of saturating the prepared specimen with
ethylene glycol in order to expand the smectite and other expandable lattice clay
minerals.

Glycolator: Any sealed container into which a prepared clay mineral slide can be placed
in order to achieve glycolation.

Goniometer: 1) An instrument that measures X-ray diffractions. 2) An instrument used in
optical crystallography for measuring the angles between crystal faces.
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Grade scale: A systematic, arbitrary division of the essentially continuous range of par-
ticle sizes of a sediment or rock into a series of classes (grades) for the purpose of
terminology and statistical analysis.

Grain size: Size of particles that make up a rock or sediment.

GRAPE: Gamma ray attenuation porosity evaluator.

Graphite: An opaque, lustrous black to steel gray hexagonal mineral composed of C.

Grasshopper effect: Progressive evaporation of chemicals from warmer environments
toward colder environments in high latitudes and high altitudes.

Grating instrument: Instruments based on gratings for wavelength separation.

Gray (Gy): 1) The S.I. unit of radiation dose. 1 Gy = 1 J of radiation energy absorbed per
kg of matter. 2) A unit of ionizing radiation or absorbed dose, equivalent to 0.1 rads:

Greigite: An iron sulfide that forms under anoxic conditions. It is ferrimagnetic
and can form a stable magnetic signal in sediments.

Grey-scale: The different shades of grey present in a black and white image, e.g., 256 tones
where 0 is black and 255 is white.

Gymnosperms: Primitive plants that produce their seeds in cones or cone-like bodies.
Most modern gymnosperms are trees that are adapted to dry climates, although ferns
are also gymnosperms.

Gypcrete: A conglomeratic surficial sedimentary crust cemented by secondary gypsum or
anhydrite. Often formed under strongly evaporative conditions, it is common in playa
lake beachrock (see also caliche, calcrete, silcrete, ferricrete).

Gypsum: A common hydrated mineral with the formula frequently asso-
ciated with anhydrite and halite. Also called gypsite, plaster of Paris, gyp.

Gyro remanent magnetization (GRM): The magnetization acquired by an anisotropic
sample during AF demagnetization in a plane perpendicular to the applied AF (see
also rotational remanent magnetization, RRM).

Gyttja: 1) Low density organic mud found at the bottom of lakes. 2) A Swedish term,
introduced by H. von Post, denoting organic lake sediments, which are formed mainly
under anaerobic conditions and have an organic content of >30%. It consists of a
mixture of allochthonous and autochthonous material. Coarse detritus gyttja is rich in
macro- and microfossils and occurs in shallow water, while homogenous fine detritus
gyttja is deposited in deeper water. Drift gyttja with larger, rounded plant fragments and
sand is found in the littoral zone. Algae gyttja is mainly composed of autochthonous
algae detritus and to a minor extent of minerogenic particles and often forms in shallow,
high-productive lakes. Calcareous gyttja, which is usually rich in fragments from
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carbonate algae and shells, has a content of 20–80% and forms in shallow
water. Shell-gyttja is mainly composed of shell fragments, but may have a matrix of
algae or fine detritus. Gyttja clay has an organic carbon content of 3–6% and clay
gyttja of 6–30%. 3) A dark anaerobic mud, rich in organic matter, formed primarily
in well-oxygenated lakes and marshes rich in nutrients.

H: 1) Magnetic field, measured in 2) Henry; SI unit of magnetic inductance.

Halite: A common evaporitic mineral having the chemical formula NaCl; also known as
rock salt.

Harmonic oscillator: A simple model used to explain molecular absorption caused by
bond vibration. A harmonic oscillator does not account for overtone transitions.

HCB: Acronym for hexachlorobenzene.

Heavy metal: This term is applied in a number of different ways. Usually, it refers to
metallic elements with an atomic number greater than 20. Frequently, it is used to
imply toxicity, and sometimes erroneously is used to include non-metallic elements
such as As and Se.

Henry’s Law constant: The air-water distribution ratio for chemical substances.

Heterotroph: An organism that metabolizes organic matter. Animals and many microbes
are heterotrophs.

HI: Hydrogen index.

High-field magnetic susceptibility Magnetic susceptibility measured at a higher
frequency.

High performance liquid chromatography: Technique for separating chemicals in solu-
tion by passing an inert solvent over a sorbent.

High-resolution sampling: Contiguous or close-interval sub-samples with decadal or fin-
er resolution.

Holocene (Recent): 1) Time: The last epoch within the Quaternary Period and the Ceno-
zoic Era, equivalent to Oxygen Isotope Stage 2. Traditionally defined to have begun
at 10 ka, some now place the boundary at approximately 10.8 ka, at the end of the
Younger Dryas event. 2) Rocks: The rocks or sediment formed during the Holocene
Epoch, also known as the Flandrian in Britain.

Homogenization temperature: The temperature at which a multi-phase fluid inclusion
becomes a single, homogenous phase.

HPLC: High performance (or precision) liquid chromatography.

HRMS: High resolution mass spectrometer.
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Humus: Mixtures of complex, high-molecular weight organic compounds produced in
soils from the remains of microbially reworked primary soil organic matter.

Hydrogenic: Sediment component(s) of inorganic origin formed within the lake.

Hydrogen index (HI): An expression of the relative abundance of hydrogen with respect
to carbon derived from RockEval pyrolysis of sedimentary organic matter. The hydro-
gen index is derived from measurement of the amount of hydrocarbon-rich material
released by Rock-Eval pyrolysis of organic matter, divided by the TOC concentration
of the sediment sample. It is a proxy for the atomic H/C ratio of organic matter.

Hydrolysis: The process whereby peptide or other organic bonds are broken by adding
and from a water molecule to complete the charge differentials on the two

cleaved bond ends.

Hydrophobicity: The tendency for nonpolar substances to avoid water.

Hypersaline: 1) Sensu lato: Having a total dissolved solid content of great than about
40 ppt. 2) Sensu stricto: Having salinity above the lowest salinity needed to precipitate
halite.

Hz: Hertz, a unit for frequency,

Gamma ray beam intensity at its origin.

IA: Image analysis.

IAS: 1) Inorganic ash spheres. 2) Image analysis system.

IC: Ion chromatograph.

ICP-AES: Inductively coupled plasma atomic emission spectrometry.

ICP-MS: Inductively coupled plasma-mass spectrometer.

Illite: A group of mica-like clay minerals having the general formula:

Image analysis: The methodology of extracting data from images instead of counting or
measuring directly on the samples.

INAA: Instrumental neutron activation analysis.

Inductively coupled plasma (ICP): An emission spectrometric method where excitation
is achieved using a plasma. Detection can be photometric or mass spectrophotometric.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS): Analytical technique
where samples are injected into a plasma as solution. Ion are generated and focused
into a mass spectrometer for detection.

Indurated sediment: Sediment that has become hardened.
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Infaunal: An adjective meaning “living in the soft sediment near the sediment-water
interface”. Can refer to any substrate; not necessarily restricted to sediment.

In-field magnetization: Refers to the magnetization of a sample placed within a magnetic
field.

Initial (low field) magnetic susceptibility A measure of how easily a material can
be magnetized, i.e., reflecting how much iron-bearing minerals there is in a sample.

Inorganic ash spheres (IAS): Microscopic spheres of inorganic material formed by the
fusing of mineral components during fossil-fuel combustion. A component of fly-ash.

Inorganic geochemistry: Geochemistry of inorganic elements, or geochemical analysis
based on inorganic chemical species.

Instantaneous isotope fractionation: The difference between the isotopic composition of
substrate and product at any given stage during a reaction involving isotopic exchange.

Instar: A stage of arthropod between moults.

Instrumental Neutron Activation Analysis (INAA): Analytical  technique where sam-
ples are irradiated, generating new, short-lived radioactive isotopes, which emit char-
acteristic gamma radiations.

Intensity of magnetization (M): The magnitude of magnetic remanence.

Interferometer: A device used to make precise measurements of wavelengths of light by
utilising the phenomenon of interference of light waves, i.e., the effect that occurs
when two or more light waves overlap or intersect.

Interflow: A continuous or discontinuous current of water or water/sediment mix that flows
at an intermediate depth in a lake, typically along a density interface (cf. underflow).

Interlaboratory calibration (tests): Any series of standardized analyses using a single
or a series of unknown samples used to determine the collective reliability for an
analytical method used by many laboratories.

Intrinsic resolution: Temporal resolution within a stratigraphy, i.e., the amount of time
represented in a stratigraphy that is obscured by mixing processes.

Inventory of total suspended sediment in the water column on an areal basis

Ion chromatograph: Analytical device that determines the concentration of both cations
and anions in solution.

Ionizing radiation: Any electromagnetic or particulate radiation that displaces electrons
from atoms. It includes and cosmic radiation.

IR: Infrared or InfraRed.
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IRM: Isothermal remanent magnetization.

IRMS: See Isotope ratio mass spectrometry.

Isomers: Chemical compounds having the same formula, but different three-dimensional
structures.

Isopleth: 1) Geochemistry sensu stricto: A line or surface on a map or chart representing
a constant physical or geochemical quantity, such as concentration, temperature, etc.
2) Geochemistry sensu lato: An “isocompositional” line or surface, i.e., a line depicting
a constant concentration, or concentration ratio. 3) General sensu lato: Any line or
surface representing a constant physical or geochemical quantity, including isograds,
isolats, isohyets, isopachs, and isorithms.

Isostatic rebound: 1) The unloading effect of melting and retreating ice sheets on the
Earth’s mantle and crust, resulting in local/regional land uplift. 2) A regional increase
in Earth surface elevation due to removal of a large load of ice, rock, sediments, or
ocean or lake water.

Isothermal remanent magnetization (IRM): The magnetization that remains in a sample
after the sample has been removed from an applied magnetic field.

Isotope effects: These arise from differences in the atomic mass of the isotopes of an ele-
ment and their compounds, causing each isotope to have differing physical, chemical
or biochemical properties.

Isotopic fractionation: Processes that result in a change in the isotopic ratio of a com-
pound.

Isotope fractionation factor: The ratio of the ratios of isotopes of a given element in
two phases.

Isotope ratio mass spectrometry (IRMS): An analytical procedure that measures the iso-
topic ratios of elements in a substance.

Isotopic rain-out: Continued preferential removal of water containing the heavy isotopes,
and from a moist air mass.

Isotropic: 1) Giving complete extinction when rotated under cross-polarised light.
2) Denoting a medium in which a particular physical property is independent of
direction.

J: Joule, the S.I. unit of energy.

JCPDS: Joint Committee on Powder Diffraction.

JPEG: Joint photographic expert group.

K: Absolute temperature in degrees Kelvin.
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Colloid-water partition coefficient.

Distribution coefficient.

Organic carbon-water partition coefficient.

Overall mass transfer coefficient

Octanol-water partition coefficient.

Particle adsorption coefficient

ka: Literally, thousand years ago. This time unit is used to delineate dates or ages, and is
calibrated (or linked) to the present (i.e., “10 ka” implies “10 thousand years ago”; see
also ky, ky BP). It is used for dates for most radiometric and many chemical methods,
except for ages.

Kaolinite: 1) A non-expandable clay mineral in the kaolin group with the formula
which does not exchange iron or magnesium. 2) Any kaolin clay mineral.

Kinetic isotope effects: These are typically associated with complex, irreversible, and, in
many cases, biologically mediated reactions. A characteristic, but not invariable aspect
of kinetic isotope fractionation is a marked discrimination against the heavier isotope,
such that the product of the reaction is significantly enriched in the lighter isotope
relative to the substrate.

Kerogen: The least reactive form of organic matter. In the context of studies, this is
the organic matter residue following hydrofluoric and hydrochloric digestions.

KeV: Kilo electron volts.

kHz: Kilo Hertz.

Krumbein’s diameter: The length of the longest line in a given direction (normally par-
allel to the horizontal cross-hair in a microscope field of view) that is bounded by the
projected outline of the particle.

Kurtosis: The state or condition of peakedness or flatness of a graphic representation of a
statistical distribution.

kW: Kilowatt, a unit of power.

ky: Literally, thousand years. This time unit is used to delineate time spans, and is not
calibrated to any particular time (i.e.,“10 ky” implies “10 thousand years”; see also
ka, ky BP).

ky BP: Literally, thousand years before present. This time unit is used to  delineate dates
or ages, and is calibrated (or linked) to 1950 (i.e., “10 ky BP” implies “10 thousand
years before 1950”; see also ka, ky).
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L* a* b* color space: A method of depicting color that is uniform and recommended by
the Comission Internationale d’Eclairage for standard color description. L* - psycho-
metric lightness (0 = black; 100 = white); a* psychometric red ( +ve values), green
( – v e values); b* psychometric yellow (+ve values), blue ( – ve values).

Labile: Used synonymously with extractable.

Laminae: Sedimentary beds or layers that are less than 10 mm in thickness.

Lapilli: Pyroclastic material 2–64 mm.

Laser ablation: Involves the use of a laser to cut a tunnel into a host mineral in order
to breach an inclusion wall, and expel the inclusion fluids into an analytical device
(typically an ICP-MS).

Laser diffraction technique: The technique of evaluating the size of grains in a sediment
mixture by evaluating the amount of diffraction of light by the particles.

Laser raman microspectroscopy: Involves the use of a laser, which excites the cova-
lent bonds of complexes. Can be used to identify various covalently bonded ionic
complexes in fluid inclusions.

Latitude effect: With increasing latitude, the isotopic composition of precipitation gen-
erally becomes more depleted in heavy isotopes because of the rain-out process and
reduction in temperature.

Lattice: Crystal lattice.

Lattice spacing: d-spacing.

LCD: Liquid crystal display.

Least-squares determination: Any statistical method for fitting lines, curves, or surfaces
to a data set that minimizes the sum of the squared distances between each data point
and the line, curve, or surface.

LEL: Local evaporation line.

Leptokurtic: Refers to a particle size distribution that is excessively peaked (cf. Platykur-
tic).

Lignin: The substance that binds together cellulose fibers in higher plants to stiffen their
structures. Wood may contain as much as 50% lignin. It is a high-molecular-weight
polyphenolic compound that varies in composition with different plant types.

Lindane:     isomer of hexachlorocyclohexane  Used as an insecticide.

Liquefaction: The temporary transformation of a stable granular material into a fluid by
application of shock forces or vibration in association with a liquid.

Lithology: Composition of rock or sediment.
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Lithogenic: Used synonymously with minerogenic.

Lithostratigraphy: The description and subdivision of stratified rock and sediment units
based on a unit’s lithologic characteristics, such as mineralogical composition, grain
size, sorting, fossil content, and sedimentary structures.

Lithostatic pressure: The pressure imposed by the weight of lithologic material deposited
on top of the sample, sometimes referred to as overburden pressure.

Local evaporation line: The isotopic composition of surface waters within catchments or
within the same climatic region commonly plot on lines with slopes ranging from
about 4 to 7 in space, due to equilibrium and kinetic fractionation effects
associated with evaporation.

Loess: Aeolian sediment, usually predominantly silt-sized grains, but possibly including
clays and fine sands, produced by glacial activity, deposited up to thousands of kilo-
metres away from the glacier. A common sediment in Quaternary and late Pliocene
stratigraphic sequences in China, Eastern Europe, and the US, it may be interstratified
with paleosols, tufa travertines, glacial and periglacial sediment packages.

Logging: 1) Systematic (generally equidistant) measurement of a physical property along
the axis of a core or a borehole. 2) Non-destructive measurements of physical sediment
properties down a borehole or along a sediment core at frequent intervals or on a
continuous basis.

LOI: Loss-on-ignition.

Long diameter: The distance between the two most distant points on the particle.

Loss-on-ignition (LOI): Procedure in which the organic matter content of a sample is
estimated by the percent weight difference between the dry sample and the sample
after combustion at usually 550 °– 600 °C.

Low vacuum scanning electron microscope (LVSEM): Low vacuum, or variable pres-
sure, scanning electron microscopes are used to examine samples at air pressures
considerably greater than those utilized by a standard SEM (> 122 Pa as opposed
to The presence of a partial atmosphere in the SEM specimen precludes
secondary electron imaging so that backscatter electron imaging (BSEI) is employed.
This facilitates examination of material susceptible to charging effects, and wet and/or
uncoated specimens. Sediments examined in this manner may also be resampled
for analysis using other techniques, such as micropaleontological slide counts and
geochemistry.

Luminescence: The light emitted by something in response to a stimulus. Specific names
are used for different stimuli, e.g., thermoluminescence, optically-stimulated lumi-
nescence, photoluminescence, triboluminescence etc.

Luminescence petrographic techniques (also luminescence microscopy): Thin sec-
tion petrographic techniques utilizing luminescence or the light emitted from a solid
that is excited by an incident beam of some form of energy.
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LVSEM: Low vacuum scanning electron microscope.

Moles of magnesium per kilogram of water.

M: Depth in sediment core measured as cumulative dry mass.

M: Magnetization, either induced and/or permanent, measured in

Ma: One million years ago.

Macromolecules: High-molecular-weight organic molecules. Cellulose, lignin, and pro-
teins are biological macromolecules. Humic substances are geological macromole-
cules.

Mafic: Dark-colored, iron and magnesian-rich minerals found in basic, igneous rocks.

Magnetic hysteresis: The lagging effect of magnetization at increasing and decreasing
magnetic fields.

Magnetic resonance: The interaction between the magnetic motion, electron spin and
nuclear spin of certain atoms within an external magnetic field.

Magnetic susceptibility: 1) the proportionality factor between an induced magnetization
and the inducing magnetic field. 2) The property of a material that determines the
size of an applied magnetic field required to generate a certain level of magnetism in
the material.

Magnetite: An iron oxide that is most important magnetic mineral. It is strongly
ferrimagnetic, and fine-grained magnetite forms a very stable magnetic
signal. Can undergo diagenesis under anoxic conditions.

Magnetometer: Instrument that measures magnetic intensities.

Marker bed: A distinctive sedimentary unit that is recognizable throughout the deposi-
tional basin.

MAR: Mass accumulation rate.

Martin’s diameter: The length of a line that divides the projected outline of the particle
into two equal areas and is parallel to a given direction (normally the horizontal
cross-hair in a microscope field of view).

Mass accumulation rate (MAR): The accumulation rate of either total sediment or of
any sediment component that is calculated from the linear sedimentation rate and the
sediment dry bulk density.

Mass spectrometer: 1) An instrument for measuring the relative abundance of isotopes.
2) An apparatus used to separate a stream of ions according to their mass to charge ratio.

Mass susceptibility: magnetic susceptibility related to the mass of a test sample, measured
in
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Matrix flushing method: A method of quantitative evaluation of the mineral suite in a
sample from XRD data using the relationship:
where is the mineral concentration in the sample mixture, is the intensity
of diffracted X-rays of that mineral in the mixture, is the intensity of synthetic
corundum, is the intensity of each mineral in the mixture.

MDL: See method detection limit.

Metal enrichment: A metal concentration above that which is expected. Typically ex-
pressed as a ratio to the expected concentration.

Meteoric water: Generally refers to snow and rain.

Meteoric water line: Linear relationship between and in precipitation that oc-
curs due to equilibrium fractionation effects during the condensation of moisture.
This is generally described by the equation known as the Global
Meteoric Water Line.

Meromictic: A lake in which annual or other mixing events do not stir the entire water
column. This commonly results in the development of a deep anoxic water mass.

Method detection limit: The minimum concentration of a substance that is detectable
using a specified analytical method.

MHz: Megahertz.

Mica: A mineral group with sheet-like structure, comprising polymerized sheets of silicate
terahedra having the general formula:

Microprobe: An instrument for elemental analysis of particles using a focussed electron
beam to cause x-rays fluorescence from atoms in a specimen. It differs from EDS
(which is attached to an electron microscope) in being optimised for chemical analysis,
and therefore more accurate and precise.

Microthermometry: Fluid inclusion analysis that involves the heating and cooling of
samples to determine the temperature of phase changes.

Microwave extraction: A method for isolating hydrocarbons and hydrocarbon-like or-
ganic matter components from samples of sediment or biota by using microwave
energy to heat an organic solvent and the sample and mix them together.

Middle diameter: The smallest possible distance between two points on the particle,
between which the projection of the particle can pass.

Mie theory: The theory dealing with the quantification of light scattering caused by par-
ticulate matter.

MilliTesla (mT): See Tesla.
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Mineral: A naturally occurring inorganic element or compound having an orderly in-
ternal structure and characteristic chemical composition, crystal form, and physical
properties.

Mineral matrix: 1) A general term for the inorganic material in a sedimentary deposit. 2)
The interlinked mineral structure that forms the hard structure in complex biologically
produced hard parts, including hydroxyapatite in bones and teeth, calcite or aragonite
in shells and corals, apatite minerals in chit in, etc.

Mineralisation: As used in organic geochemistry, and studies of carbon and nutrient
cycling, the term implies breakdown of organic matter to simple dissolved carbon,
nitrogen, etc. species (e.g., etc.).

Mineralogy: The study of the formation, occurrence, properties, composition, and classi-
fication of minerals.

Minerogenic: Sediment component(s) comprising minerals.

Mirabilite: A soluble, white or yellow, hydrated sodium sulfate evaporitic mineral:

MIS: Marine oxygen isotope stage.

Mixolimnion: The upper, low-density, well-mixed layer of a meromictic lake.

Molecular sieve: A substance capable of absorbing large volumes of a certain compound
while excluding others, hence their value in the cleaning and separation of gases for
analysis in a mass spectrometer.

Moment measures: A weighted measure of central tendency of a distribution. The first
moment measure is the mean; the second is the standard deviation; the third is the
skewness; the fourth is the kurtosis.

Monimolimnion: The deep, dense, usually salty layer of a meromictic lake.

Monochromator: The part of the spectrophotometer that disperse the light into separate
wavelengths or groups of wavelengths.

Monohydrocalcite: A hydrated carbonate mineral with the formula also
known as hydrocalcite.

Montmorillonite: 1) A group of expandable clay minerals with the general formula
where R can be among others.

Also known as smectite. May also have Mg or Fe substituting for Al and Al for Si.
2) The clay mineral with the formula also
known as beidellite. 3) Any member of the montmorillonite group of expandable
clay minerals.

MS: 1) Mass spectrometer. 2) Magnetic susceptibility.
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MSC: Multiplicative Signal Correction.

mT: (MilliTesla): See Tesla.

Multiplicative signal correction (MSC): A mathematical treatment of spectra used prior
to regression to correct for baseline and offset shifts caused by e.g., a difference in
particle size or in colour between samples. Based on a standard spectrum (usually
a mean of several good spectra) every sample is corrected for a slope and an offset
calculated by least squares regression on the standard spectrum.

Munsell charts: Standard color reference charts taken from the Munsell soil color scheme
where the hue and chroma of a color are given.

MWL: Meteoric water line.

NAI-P: Non-apatite inorganic phosphorus.

n-alkane: A normal alkane, which is a straight-chain hydrocarbon in which all the carbon-
carbon bonds are saturated, i.e., they exist as single bonds.

Nannoplankton: Very small plankton.

Natural remanent magnetization (NRM): the magnetization of a sample that has not
been subject an external magnetic field.

NBS-19: Carbon and oxygen isotopic standard comprised of TS-limestone.

Near infrared: The region of the electromagnetic spectrum between 780 and 2500 nm.

Near-infrared spectrometry: The study of sample properties as a function of absorptions
by near-infrared radiation. Sometimes the term spectroscopy is used, but spectroscopy
is restricted to the study of the spectra.

Neél temperature: See Curie temperature.

Neogene: The last ~23 million years of the Geologic Time Scale.

Neotectonism: Geologically recent movement or deformation of the lithosphere caused
by processes originating within the Earth.

NIR: Near InfraRed.

NIRS: Near-Infrared spectrometry.

NIST: National Institute of Standards and Technology.

Nitrate assimilation: The utilisation by aquatic organisms of nitrate as a source
of dissolved nitrogen.

Nitrification: The oxidation of ammonium to nitrate or nitrite by aerobic bacteria.
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Nitrogen fixation: 1) the process by which molecular dinitrogen is assimilated by
primary producers. N fixation is metabolically expensive and restricted to a num-
ber of specialised bacteria and algae (diazotrophes), notably the blue-green algae
(cyanobacteria). 2) Conversion of to and incorporation into living biological
matter. This process is commonly done by prokaryotes such as cyanobacteria, pho-
totrophic bacteria, and symbiotic nitrogen-fixing bacteria. Eukaryotes do not typically
perform nitrogen-fixation.

Nodular: Having the shape of a nodule, or occurring in the form of nodules.

Nodule: A small, irregularly shaped mineral or mineral aggregate, normally having an
uneven surface and no internal structure, and is typically distinct in mineralogy and
appearance compared to the host lithology.

Non-apatite inorganic phosphorus: That fraction of the total phosphorus concentration
that is not organically bound, or in the form of apatite.

Non-combustible material: Matter that cannot be burned (e.g., mineral components with-
in fossil-fuels).

Non-vascular plant: Any simple plant that lacks the fluid-transport systems that is com-
mon to most higher plants. Algae, molds, and lichens are non-vascular plants.

Normative calculations: A procedure for determining the concentration of hypothetical
ideal (normative) minerals in a specimen, determined by calculation from the total
elemental composition.

NRM: Natural remanent magnetization.

OC: 1) Organochlorine. 2) Organic carbon.

Octanol-water partition coefficient: The distribution ratio for chemical substances be-
tween octanol and water. Generally used as a measure of a chemical’s hydrophobicity.

OI: Oxygen index. The oxygen index is derived from measurement of the amount of
released by Rock-Eval pyrolysis of organic matter, divided by the TOC concentration
of the sediment sample. It is a proxy for the atomic O/C ratio of organic matter.

Off-line preparation: A method that prepares a sample for isotopic analysis that uses
a vacuum system in which the gaseous forms of the elements of interest are pro-
duced, purified, and put into vials for subsequent analysis in an isotope ratio mass
spectrometer.

OM: Organic matter.

On-line preparation: A method that prepares a sample for isotopic analysis that uses a
high-temperature system in which the gaseous forms of the elements of interest are
produced, separated, and introduced directly into an isotope ratio mass spectrometer.

OP: Organic phosphorus.
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Optical isomers: See Enantiomer.

Optical mineralogy: The branch of geoscience dealing with the optical properties of
minerals.

Optical microscopy: The utilization of a visible light microscope to study the optical
properties of material.

Organic carbon-water partition coefficient: The distribution ratio for chemical subs-
tances between organic carbon and water.

Organic matrix: The interlinked organic molecular structure that forms the “soft” struc-
ture in complex biologically produced hard parts, including the collagenous and
non-collagenous matrices in bones and dentine.

Organic matter (OM): Complex substances consisting mainly of C, H and O, with sub-
ordinate quantities of N, S, and other elements, produced by the growth of organisms.
OM is present in trace amounts in virtually all sediments, is particularly abundant in
some muds and silts, and is the dominant component of gyttja, peat and coal.

Organic phosphorus: That fraction of the total phosphorus concentration that is bound
up in organic substances.

Organochlorine: Any organic molecule containing one or more covalently-bound chlorine
atoms.

Orthogonal signal correction: A mathematical technique used to filter unwanted infor-
mation from spectral data containing information of the sample of interest. OSC en-
sures that information relevant for the dependent variable (Y-variable) is not removed
by orthogonalisation of the filter matrix with respect to the dependent variable.

Orthogonal solutions to factor analysis: Any solution in which all axes are mutually
perpendicular, and therefore mathematically independent of each other.

OSC: Orthogonal signal correction.

Ostracode (also Ostracod): A millimetre-sized crustacean with the soft body enclosed in
a carapace comprised of a pair of kidney-shaped, spherical or lenticular shells made
of chitin and low-Mg calcite.

Out-of-field magnetisation: The magnetisation of a sample measured when the sample
has been removed from the magnetic field (i.e., having a remanent magnetisation).

Overall mass transfer coefficient Variable that relates air-water flux rate of a
chemical to the gradient between water concentration and air concentration divided
by Henry’s Law constant. Also called the transfer velocity and the ‘piston’ velocity
because in the case where air concentration is zero, the rate of outgassing would be
equal to the flux that would result if a hypothetical piston were to move vertically
through the water column at the speed of
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Overtone transition: Molecular vibrational absorption from ground level to level two or
higher.

Oxic: An environment having normal oxygen concentrations. In lakes this commonly im-
plies dissolved concentrations in the range of (cf. anoxic, dysoxic).

Oxidation: The process whereby an atom or ion loses electrons, causing its oxidation
number to increase.

Oxide: The oxide component of a sediment is usually dominated by oxides (and related
hydrated oxides) of Mn and Fe.

Oxidizable: That part of the total element concentration that can be extracted using a
specified oxidizing agent as an extractant.

Oxycline: A zone within the water column where the dissolved oxygen content declines
steeply. Waters above the oxycline are commonly oxic, those below anoxic; the lower
part of the oxycline itself may dysoxic. It is a permanent feature of meromictic lakes
and in other water bodies may appear during the period of seasonal stratification.

Oxygen index (OI): The oxygen index is derived from measurement of the amount of
released by Rock-Eval pyrolysis of organic matter, divided by the TOC concentration
of the sediment sample. It is a proxy for the atomic O/C ratio of organic matter.

Oxygen Isotope Stages: A sequence of sedimentation events recognized in deep oceanic
cores by the oxygen isotope ratios in the benthic and planktonic foraminifera
therein.

P: 1) Percentage error. 2) Mean annual flux of fallout from the atmosphere and to
the sediment record.

Partial pressure of carbon dioxide in the atmosphere, which was approximately
200 ppm during the last glacial maximum (about 18 ka), 280 ppm prior to the growth of
industry in the mid-1800’s, 365 ppm at the end of the twentieth century, and continues
to rise as coal and oil are burned.

p-coumaric acid: One of the cinnamyl degradation products released from the alkaline
oxidation of lignin.

Pa: Pascal.

PAH: See Polyaromatic hydrocarbon.

Paleomagnetic: Records that indicate past variations in the Earth’s magnetic field.

Palaeomagnetic Secular Variation (PSV): Regional, short lasting fluctuations ( to
years), of the geomagnetic field of smaller amplitude than those involved in

complete reversals of the Earth’s geomagnetic field.

Paleosol: A buried soil dating from some previous period of subaerial exposure.
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Paramagnetism: A type of magnetic behavior occurring in substances with unpaired elec-
trons when exposed to a magnetic field. This results in a small positive susceptibility
due to the alignment of the magnetic moment of individual atoms in the applied
field. Paramagnetic behavior is displayed e.g., by substances with rare earth transition
members, e.g., clays, pyroxenes, amphiboles.

Partial least squares regression: A multivariate regression method that uses an algo-
rithm that maximises the covariance between a number of independent variables
(X-variables; e.g., NIR absorbance values) and one or several dependent variables
(Y-variables; e.g., lake-water pH). This regression method summarises all X-variables
containing the same information into latent variables, partial least square components
(similar to principal components).

Particulate organic carbon (POC): Carbon contained in smaller organic particles.

Particulate organic nitrogen (PON): That portion of the total nitrogen present in the
water column as an integral part of suspended, solid organic matter.

Partition coefficient: Synonym for distribution coefficient.

Pascal: SI unit of pressure equal to

PCA: Principal components analysis.

PCB: Polychlorinated biphenyl. A toxic substance used in plastics and electrical equip-
ment.

PCDD/F: Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans.

PDB: Pee Dee Belemnite, a belemnite fossil from Pee Dee Formation, South Carolina,
USA.

PDF: JCPDS Powder Diffraction File.

P/E: See precipitation/evaporation ratio.

Peat: An unconsolidated combustible deposit of partially carbonized plant remains, com-
mon in bogs, fens, and lakes in tundra or periglacial regions.

Pebble: The term applied to sediment particles finer than cobble and coarser than sand;
particles having a diameter of 2–32 mm.

PeeDee Belemnite (PDB): Oxygen and carbon isotope ratios are measured as relative
deviations  from a laboratory standard value. The standard
normally employed for the analysis of carbonates is a PDB limestone (belemnite shell
from the Cretaceous Peedee Formation of South Carolina).

Penecontemporaneous: formed or existing at about the same time; contemporaneous.

Perimeter diameter: Diameter of a circle having the same perimeter as the projected
outline of the particle.
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Permeability: The capacity of a porous sediment or rock for transmitting a fluid.

Permille (also per mil and permil): Literally parts per thousand, the conventional unit
for expressing isotopic delta values.

Persistent organic pollutant (POP): A group of chemicals defined as being highly toxic
and persistent.

P-ET: Precipitation minus evapotranspiration.

Petrography: The branch of geoscience that deals with the description and classification
of rocks (cf. petrology).

Petrology: The branch of geoscience that deals with the origin, occurrence, structure, and
history of a sedimentary deposit or rock (cf. petrography).

PFE: Pressurized fluid extraction.

Phenol: Hydroxy benzene biopolymers built with phenol-based compounds that have
oxygen-containing groups attached to the central aromatic ring are common in higher
plants (lignins and tannins), but they are rare in algae and animals.

Phenolic aldehyde: One of the degradation products released from the alkaline oxidation
of lignin. Aldehydes represent a level of oxidation of the building blocks of the lignin
macromolecule that is intermediate to ketones and acids.

Phenolic ketone: One of the degradation products released from the alkaline oxidation
of lignin. Ketones represent a level of oxidation of the building blocks of the lignin
macromolecule that is less than that of aldehydes and acids.

Phenolic acid: One of the degradation products released from the alkaline oxidation of
lignin. Acids represent a level of oxidation of the building blocks of the lignin macro-
molecule that is greater than that of aldehydes and ketones.

Phi grade scale (also phi scale; phi unit): A logarithmic transformation of the Went-
worth grade scale in which the particle diameter becomes the negative logarithm
to the base 2 of the diameter measured in millimeters.

Photoluminescence (PL): The photons of light emitted in response to an incident beam
of photons, the emitted photons usually having lower energies (longer wavelengths)
than those of the incident photons. If the emitted photons have higher energies the
term optically-stimulated luminescence is normally used.

Photon: A quantum (particle) of electromagnetic radiation. The energy of a photon is equal
to where h is Planck’s constant, c is the speed of light, and is the wavelength
of the light. The light emitted by an ordinary light bulb, light-emitting diode, the sun
etc. can be thought of as a stream of photons. Radio waves, microwaves, X-rays, and
gamma rays can also be thought of as photons, although they are not visible to the eye.
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Photosedimentometer: Particle sizing equipment employing the technique of measuring
the attenuation and extinction of multiple beams of light as the sediment settles through
an aqueous solution.

Phthalates: Forms as colorless crystals. Used as plasticizers.

Phytodetritus: Fragments of plant tissue that typically contribute to the total organic matter
present in lake sediments.

Phytolith: 1) Paleontology: A microscopic biologically precipitated silica or calcium ox-
alate nodule found in the stems and other tissues in plants. 2) Sedimentology: A rock
or partially cemented sediment formed by plant activity.

Piece-wise MSC: Piece-wise Multiplicative Signal Correction is a mathematical treatment
of spectra used prior to regression to correct for baseline and offset shifts caused by e.g.
difference in particle size or in colour between samples. While in ordinary MSC the
varying offset and slope is assumed to be constant over the spectral range, piece-wise
MSC uses windows for different spectral regions to adjust offset and slope locally.

Pisolite: 1) A coarsely grained oolitic limestone deposit. 2) A small round or ellipsoidal
accretionary body in a sedimentary deposit. A grain in a pisolitic deposit; the term is
synonymous with pisolith.

Pixel: The picture element in an image.

Plagioclase: A variety of feldspar; a group of triclinic silicates with the general formula:

Plasticizers: Compounds used to make plastics more flexible.

Platy: Refers to a particle or shape in which the length dimension is more than three times
the thickness dimension.

Platykurtic: Refers to a particle size distribution that is deficiently peaked (cf. leptokurtic).

Playa lake: A lake, typically shallow, that exists on an intermittent basis, such as in wet
seasons or in especially wet years.

Plerospheres: Hollow inorganic ash spheres (cenospheres) containing encapsulated small-
er spheres.

Pliocene: 1) Time: The last epoch in the Tertiary Period. The Pliocene is estimated to have
begun at roughly 5.3 Ma, but its end is currently controversial, either having lasted
until the Gauss-Matuyama at approximately 2.48 Ma (assuming the long Quaternary
chronology) or until about 1.78 Ma (according to the short and traditionally defined
Quaternary chronology; see also Quaternary). 2) Rocks: The sediment and rocks
formed during the Pliocene Epoch.

PLS: Partial least squares.
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Pollen: Grains formed by seed-producing plants. They are widely spread by a variety
of means (wind, water, insects, birds, animals) and are usually well preserved in
lake sediments and peat bogs. Such deposits have extensively been investigated by
palynologists. Changing pollen assemblages in superimposed layers are analyzed to
interpret temporal changes in vegetation cover, environment and climate.

Polyaromatic hydrocarbon: Group of chemicals with two or more adjacent aromatic
rings.

POM: Particulate organic matter.

PON: See paniculate organic nitrogen.

Pond: 1) A natural or artificial standing freshwater body occupying a small surface depres-
sion, often synonymous with lake or pool. 2) A water body formed by stream ponding.

POP: See persistent organic pollutant.

Porosity: The proportion or percentage of the bulk volume of a sediment or rock that is
void space.

ppb: Part per billion, a unit of concentration.

PPL: Plane-polarized light.

ppm: Part per million, a unit of concentration.

Precipitation/Evaporation ratio (P/E): The ratio between water supplied by precipita-
tion (rainfall) and that lost by evaporation. In lakes, the P term is normally taken to be
all inputs to the waterbody (i.e., runoff, groundwater flow and direct precipitation on
the lake surface), E is water lost by evaporation from the lake surface.

Precision: 1) The degree of uniformity between repeated successive measurements for
a quantity or an operational performance (also known as quality control; see also
accuracy). 2) The deviation of several measurements about their mean.

Primary mineral: A mineral formed at the same time as the material enclosing it.

Primary fluid inclusion: Fluid inclusion trapped during the growth of a crystal. Unaltered
primary inclusions contain the fluid responsible for precipitation of the host crystal.

Principal components analysis: A numerical method (based on eigen analysis) for sim-
plifying the expression of multivariate relationships between objects.

Projected area diameter: Diameter of a circle having the same area as the projected areas
of the particle resting in a stable position or in a random position.

Provenance: The area or geological unit from which a sediment or fossil originates.
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Proxy: A measurement that provides indirect evidence of some process or of some partic-
ipant in a process. Various proxies exist for paleoenvironmental reconstructions. They
range from fossil remains to distinctive organic molecules that provide evidence of
former biota.

Proxy data: Data obtained by analytical techniques used to reconstruct past conditions
(usually environmental) that are used as surrogates (proxies) for other variables, such
as climate. The word has the same root as “approximation”.

Proxy records: Materials that accumulate and retain information about past environments
or environmental processes (e.g., water chemistry, climate).

Pyrite: An iron sulfide mineral that is formed in sediments under strongly anoxic
conditions. It is non-magnetic and cannot form a stable magnetic signal.

Pyrolysis: A procedure that uses high temperatures to break apart macromolecular organic
matter, which is difficult to analyze, to produce smaller molecules that can be analyzed.

Pyroxene: Silicate rock-forming mineral.

Pyrrhotite: An iron sulfide that may be formed in sediments as ferrimagnetic
under anoxic conditions. Not usually an important part of the magnetic signal

PSV : Palaeomagnetic secular variation.

Pyrolysis: Heating of organic compounds to very high temperatures.

Q/A: Quantity of a substance diffused per unit area.

Quaternary: 1) Time: The second and last period in the Cenozoic Era. Normally, it is
subdivided into the Holocene (Recent) and Pleistocene Epochs. The short chronology
places its beginning at the traditionally defined boundary at roughly 1.78 Ma, while the
long chronology places it at the start of the Matuyama Magnetochron at approximately
2.48 Ma. 2) Rocks: The sediment and rocks formed during the Quaternary Period.

Q-mode factor analysis: A factor analysis method based on eigen analysis of the cross-
product matrix.

R: 1) Reflection coefficient. 2) Reflectance.

Air-side resistance.

Water-side resistance.

Stable isotope ratio of substance x.

Radiography: Usually used in reference to X-ray radiography: a technique based on the
differential passage of X-rays through a sample to reveal the structure.

Radiolysis: The process in which ionizing radiation cleaves chemical bonds within organic
molecules.
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Rayleigh distillation: Fractional separation of isotopes in accordance with the Rayleigh
equation for fractional distillation or condensation. For any condensation process

where is the initial bulk isotope ratio, is the instantaneous isotope ratio
of the remaining fraction, f , of the residual vapour and a is the vapour v liquid
fractionation factor.

Recent: See Holocene.

Re-deposition: Deposition of reworked or eroded minerogenic and/or organic material.

Redfield ratio: The typical elemental ratio of marine phytoplankton: 106C : 16N : 1P.

Redox potential: The ability of the natural environment to bring about any oxidation or
reduction process. Is measured as the potential difference between a platinum electrode
and an electrode of known potential (in millivolts).

Reducible: That part of the total element concentration that can be extracted using a
specified reducing agent as an extractant.

Reductive diagenesis: The process by which magnetite, and iron oxide, is reduced to iron
sulfides under anoxic conditions.

Regression analysis: A statistical technique used to determine the degree of mutual as-
sociation between an independent variable and one or more dependent variables in a
paired data set.

Reflectance: Diffusely reflected light from a sample. (Diffuse reflectance as opposed to
specular reflectance).

Reflectance spectrometry: The use of IR reflectance spectra from a sample to predict
sample properties.

Refractive index: A number that expresses the ratio of the velocity of light in vacuo to the
velocity of light within the crystal.

Remanent magnetization or remanence: The magnetization remaining (in a sample) af-
ter exposure to an external magnetic field.

Remineralization: Recycling of biological or organic forms of elements into their mineral
forms, usually by oxidation or metabolism.

Residual fraction: That part of a sediment or soil not brought into solution by a specified
chemical extraction procedure.

RGB: Red-green-blue.

RH: Relative humidity.
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Rift lake: Lake formed in a basin produced by continental rifting. Typical modern exam-
ples are Lake Baikal and most of the large East African lakes.

RMS: Root mean square

RockEval (also Rock-Eval, RockEval analysis): A rapid analytical method that utilizes
pyrolysis to provide a semi-quantitative measure of the relative proportions of hy-
drogen, carbon and oxygen in bulk sedimentary organic matter. The instrument heats
sediment samples to measure the amounts of hydrocarbons and hydrocarbon-like
substances that escape at different temperatures from the organic matter contained
in the sediment. The unit also calculates the amount of created during thermal
decomposition of the organic matter. The results of Rock-Eval pyrolysis can help to
identify the biotic sources of sediment organic matter.

Root mean square noise: Measurement of spectrophotometric noise of NIR instruments
by measuring a reference (usually a ceramic or spectralon) repeatedly and calculate
the root mean square error.

Rotational remanent magnetization (RRM): See gyro remanent magnetization.

RR: Sediment recycling ratio (dimensionless).

RRM: Rotational remanent magnetization.

Sand: The term applied to sediment particles finer than gravel and coarser than silt; particles
having a diameter of 62.5–2000 microns.

Saturated hydrocarbon: A hydrocarbon having only carbon-carbon single bonds. Its
structure may be straight or branched.

Saturation isothermal remanent magnetization (SIRM): The maximum remanence
that can be attained in a sample after exposure to a strong magnetic field, generally 1 T.

SCP: See spheroidal carbonaceous particle.

Scanning electron microscope (SEM): An electron microscope from which an image of
a sample is produced by scanning an electron beam in a television-like raster over the
sample and displaying the resultant signal from an electron detector on a screen.

Secondary electron imagery: Secondary electrons are produced as a result of collisions
between electrons from the incident electron beam and atoms within the specimen.
Secondary electrons are captured by a phtotomultiplier and converted to a visible
image using a CRT or monitor. Imaging using secondary electrons is often used to
analyze topographic features.

Secondary fluid inclusion: Fluid inclusion trapped within a crystal after growth of the
crystal has ceased.

Secondary mineral: a mineral formed later than the material enclosing it.
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Secondary mineralization: A common form of diagenetic alteration in which original
minerals in fossils and sediment are replaced by or their interstices are infilled by a
new (suite of) mineral(s) that may be identical to the original minerals.

Sediment grade scale: See grade scale.

Sedimentation rate: The amount of sediment deposited during a certain time span.

Sedimentology: The physical and chemical study of sediments, which includes clastic
particles and chemical precipitates; particle composition, size, shape, sorting, orien-
tation, and sedimentary structures reveal details regarding the environment in which
the sediments were deposited.

Segmentation: The process of identification and selection of objects of interest within an
image on the bases of their gray-scale values.

SEI: Secondary electron imagery.

Selenite: The clear colorless variety of gypsum, which typically forms large euhedral
crystals.

Self-absorption: Absorption of gamma photons within the sample before they can interact
with the detector.

SEM: Scanning electron microscope or microscopy.

SEM-EDS: Scanning electron microscope-energy dispersive spectrometer.

Sequential extraction: A multistage chemical extraction in which the residual fraction of
early stages, becomes the extractable fraction for later stages.

SFP: Spheroidal fly-ash particles.

Sheet flood (also sheetflood): l)A broad expanse of moving, often storm-generated, water
that spreads as a shallow, continuous uniform film over a large area. 2) A flow or the
process of water movement in which the fluid is not concentrated in a discrete channel
or defined river banks.

Sieve diameter: The width of the minimum square aperture through which the particle
will pass.

Silt: The term applied to sediment particles finer than sand and coarser than clay; particles
having a diameter of 3.91–62.5 microns or sometimes 1.95–62.5 microns.

Skirt effect: Beam scattering effect often encountered when using an ESEM. As the elec-
tron beam travels through the sample chamber, the electrons interact with the gas in the
chamber. The interaction of the molecules and electrons cause some of the electrons
to stray from the beam. The straying electrons form a conical shape around the beam,
which resembles a “skirt”.
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SMOW: Standard Mean Ocean Water.

S/N: Signal-to-noise ratio.

Soot: Sub-micron carbonaceous particles formed during the process of combustion.

Soot balls; particles: Term used in early literature to describe spheroidal carbonaceous
particles (SCPs).

Soot spheres; spherules: Term used in early literature to describe spheroidal carbona-
ceous particles (SCPs).

Sorption: Term for general binding of a soluble substance to particle surfaces. No specific
binding mechanism is implied.

Soxhlet: Glass apparatus used to reflux samples repeatedly with solvent to extract analytes.

Soxhlet extraction: A method for isolating hydrocarbons and hydrocarbon-like organic
matter components from samples of sediment or biota by repeatedly cycling an organic
solvent through the sample.

SPCBK: Abbreviation of ‘spheroidal carbonaceous black’; another term for spheroidal
carbonaceous particle used in a classification of combustion particles.

Spectral filters: The mathematical treatments of NIR spectra prior to regression used to
remove variance that only adds to the error term in the calibration model, (i.e., variance
not containing systematic information on the sample). Common spectral filters are
multiplicative signal correction (MSC), derivatives and smoothing algorithms.

Spectral reflectometer: An instrument for measuring color reflectance.

Spectroscopy: The production and analysis of a spectrum.

Spheroidal carbonaceous particles: Microscopic spheroids of elemental carbon pro-
duced from the incomplete combustion of fossil fuels at industrial temperatures. A
component of fly-ash.

Spheroidal fly-ash particles (SFP): Term occasionally used to describe a combination of
spheroidal carbonaceous particles and inorganic ash spheres.

Spinning cup module: A device used to rotate the sample during recording of the NIR
spectrum. Reduces the within sample variance emanating from heterogeneity in e.g.,
particle size and chemical composition.

Stable isotope: Atoms with nuclei that contain the same number of protons but different
numbers of neutrons and are radioactively stable (i.e., do not undergo radioactive
decay) within the limits of available detection methods.

Standard error: Uncertainty in a measured quantity, usually measured by standard devi-
ation of repeated determinations.
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Stokes diameter: The free-falling diameter of a particle in a fluid with laminar flow.

Stokes Law: A formula that expresses the rate of settling of spherical particles in a fluid.

Stratigraphy: The study of stratified rocks and sediments especially for the purpose of
correlation. Important considerations include each unit’s physical, biological, and
chemical characteristics, boundary conditions, spatial distribution, relative position
with respect to other strata, and age.

Subsample: A portion of a larger solution or other sample that need not be geochemically
identical (see also aliquot).

Substrate (as used in stable isotope geochemistry): The initial starting substance for a
process involving isotope exchange (see fractionation).

Superconduction quantum interference device (SQUID): Type of magnetometer work-
ing at liquid helium temperature (–296 °C) to reduce background noise and increase
sensitivity.

Surface diameter: Diameter of a sphere having the same surface area as the particle.

Surface volume diameter: Diameter of a sphere having the same external surface area to
volume ratio as the particle.

S/V ratio: Syringyl/vanillyl ratio.

Syringyl phenols: A group of degradation products released from the alkaline oxidation
of lignin that includes syringaldehyde, acetosyringone, and syringic acid. The syringyl
components are diagnostic of organic matter from angiosperm plants.

Syringyl/vanillyl ratio (S/V ratio): The S/V ratio is calculated as the concentrations of
syringyl phenols divided by the sum of vanillyl phenols. It is a measure of the rel-
ative contributions of gymnosperm residues and angiosperm residues to sediment
organic matter.

T: 1) Temperature. 2) Tesla, a unit of magnetic flux density:
3) a ton or 1000 kilograms; 4) Transmittance; 5) Relative transmittance of X-rays.

Curie temperature.

Technogenic: Used synonymously with anthropogenic.

TEM: Transmission electron microscopy.

Temperature dependent magnetic susceptibility: The variation of magnetic susceptibil-
ity with increasing and decreasing temperatures.

Ternary plot (or diagram): A graphical data representation in which three axes are used
to show the relationships between three interdependent variables, often three compo-
sitional components or trace elements.
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Terrigenous: Used synonymously with minerogenic.

Tesla (T): Unit of magnetic induction.

Texture: 1) The general physical appearance of a rock or sediment. 2) The size, shape, and
arrangement of component particles in a sediment or rock. 3) The relative proportions
of various size groups of grains (e.g., sand, silt, clay) in a sediment or rock.

Th: Homogenization temperature.

Thermal analysis systems: A group of analytical methods that evaluate the mineralogy of
a sample by measuring the change in some physical or chemical property or reaction
product as a function of change in temperature.

Thermal maturation: The alteration of sedimentary organic matter by the effects of
heating. Maturation implies that the altered OM reaches a stage where its thermal
breakdown will produce liquid or gaseous hydrocarbons.

Thermal vacuum cell: Sample holder chamber for laser ablation ICP-MS, in which the
chamber is under a high vacuum, and the holder has the ability to heat the sample, in
order to increase the internal pressure of fluid inclusions.

Thermocline: A marked thermal gradient, which separates warm surface waters from
deeper, cooler water in lakes and in the ocean.

Thermogravimetric analytical techniques: A group of thermal analytical techniques in
which the change in mass of a sample undergoing incremental heating is used to
identify the mineralogical composition.

Thin section: Sample that is mounted on a glass slide and ground to near-transparency.
In practice, most samples will be 30 to thick. Soft materials found in recent
sediments can be hardened by embedding the samples with a hard material like epoxy
resin or wax.

Thresholding: Technique for selecting objects of interest. A threshold grey-scale value
is chosen from the histogram representing the grey-scale range of the image, e.g., a
value that separates mineral-grains from the background. The values over the threshold
becomes black (or white) and the values below the threshold becomes white (or black)
producing a binary image where the objects of interest are clearly visible.

TIFF: Tagged image file format.

Till: Term to denote poorly sorted sediment deposited by an active glacier or ice sheet or
in connection with melting of stagnant ice from a decaying glacier or ice sheet.

TN: Total nitrogen.

TOC: Total organic carbon. TOC is commonly used to represent the amount of organic
matter in sediment, inasmuch as organic matter is about 50% carbon.
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Tomographic images: Non-destructive 3-dimensional examinations of the internal struc-
tures of sediments using X-ray computed tomography.

Torr: Equal to one millibar or pascals (or 1 mm Hg).

Tortuosity: The extent of irregularity in a path through a porous medium.

Total carbon: The sum of inorganic and organic carbon in sediment that can be measured
by combustion at 800–1000 °C with an elemental analyzer.

Total digestion: A chemical attack that brings the specimen entirely into solution.

Total nitrogen (TN): Bulk nitrogen content of a sediment sample, commonly expressed
as weight % and typically determined by means of an element analyzer.

Total organic carbon (TOC): Bulk content of organically bound carbon in a sediment
sample, commonly expressed as weight %. “Organic” distinguishes this carbon from
that present in inorganic substances, most commonly carbonate minerals.

TP: Total phosphorus.

Trace element: An element that normally has a sufficiently low concentration that varia-
tion in its concentration does not significantly alter other element concentrations by
dilution. This includes all elements except the major rock forming elements (Si, Al,
Ti, Fe, Mn, Ca, Mg, K, Na) and some elements associated with organic matter (C, P
and S).

Trace metal: As trace element, but referring only to elements that are metallic in character.

Transfer function: A mathematical function describing the numerical relationship be-
tween one/several independent variables and one (several) dependent variable(s).
Commonly used to infer past values of an environmental variable (e.g., pH, sal ini ty)
from the composition of fossil assemblages (e.g., diatom abundances).

Transmission electron microscopy (TEM): An optical-electron microscope that uses an
assembly of magnetic lenses and a beam of high-energy electrons that are transmitted
through a thin sample.

Transmittance: The number resulting from division of the intensity of light passing
through a sample by the intensity of the light emitted onto the sample.

Travertine: 1) Any finely crystalline massive concretionary limestone formed by surface or
groundwater evaporation. 2) Any flowstone deposit, hence the usage travertine imply-
ing stalagmitic flowstone. 3) Any carbonate deposit formed within a cave or karst sys-
tem by secondary precipitation. 4) Massive, hard, dense carbonate deposits formed in
association with open-air springs, streams, lakes, or marshes that precipitate carbonate.

Trona: A white or yellow-white monoclinic mineral:
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Tufa: 1) A chemical sedimentary rock composed of calcium carbonate, which form in non-
marine settings. 2) Any subaerial travertine deposit formed near a spring mouth, along
a stream, in a marsh or lake. The term often refers to thin, porous, or soft deposits, as
opposed to travertine used for massive, hard, dense deposits.

Turbidite: A deposit produced from a turbulent, sediment-charged density underflow.

Wind speed at a height of 10 meters.

Wind speed at height z (m).

UCM:  Unresolved complex mixture of hydrocarbons that is a result of the gradual thermal
alteration of the initial biological organic matter during formation of petroleum and
that can also sometimes be created by microbial alteration of sediment organic matter.
The presence of a UCM in sediment is generally considered to be diagnostic of
petroleum hydrocarbons.

Ultrasonication: A method for isolating solvent-extractable components of organic matter
from samples of sediment or biota that uses high-frequency sound waves to agitate
the sample in an organic solvent.

UNECE: United Nations Economic Commission for Europe.

Unmixing: The term unmixing can be applied to any method used to determine the
composition and proportions of components in a mixture.

Underflow: A continuous or discontinuous current of water or water/sediment mix that
flows along the bottom of a lake or the ocean. In lakes many underflows originate
through the inflow of cooler and/or sediment-charged river water (cf. interflow).

Unrolled diameter: The mean chord length through the center of gravity of the particle.

USEPA: United States Environmental Protection Agency.

USGS: United States Geological Survey.

UV (light or radiation): Ultraviolet light (or radiation).

Deposition velocity

Vacuum drying: A method of drying by evacuating the sample.

Van der Waal’s forces or bonds: Weak attractive forces (bonding) between neutral atoms
or molecules having a negative or positive charge concentration at one end.

Van Krevelen plot: A graphical representation of the carbon, hydrogen, and oxygen ele-
mental composition of organic matter that is used to identify its biotic origins and dia-
genetic alterations. The cross-plot of the atomic ratios of H/C and O/C separates waxy
and algal organic matter rich in hydrocarbons and similar hydrogen-rich compounds
from woody organic matter rich in cellulose and other carbohydrate compounds.
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Van Krevelen-type plot: A cross-plot that employs Rock-Eval hydrogen index and oxygen
index values instead of atomic H/C and O/C ratios to identify the biotic origins and
diagenetic alterations of sediment organic matter.

Vanillyl phenols: A group of degradation products released from the alkaline oxidation of
lignin that includes vanillin, acetovanillone, and vanillic acid. The vanillyl components
are diagnostic of vascular-plant organic matter.

Varimax rotation: A numerical technique applied to factor analysis, yielding an orthog-
onal solution in which variable loadings on each factor are maximized or minimized.
This has the effect of making factors more easily interpretable.

Varve: A sedimentary structure (couplet) representing a single year of deposition. Gener-
ally found in environments with strong seasonal changes in environmental conditions.

Vascular plants: Plants that have systems that provide movement of fluids within, to, and
between advanced structures such as roots, stems, leaves, and reproductive organs.
Most land plants are vascular plants; algae are not.

Vital effect: The deviation from chemical thermodynamic equilibrium in elemental or
isotopic composition caused by the input of energy by the organism that formed the
compound under consideration.

Volatilization: To cause to evaporate.

Volume diameter: Diameter of a sphere having the same volume as the particle.

VPDB: Vienna Pee Dee Belemnite.

VSMOW: Vienna Standard Mean Ocean Water.

Concentration of mineral I in a mixture as determined by the matrix flushing technique.

The gas phase scavenging efficiency (dimensionless).

The particle phase scavenging efficiency (dimensionless).

Mass sedimentation rate

W: Watt, a unit of power,

Water diffusivity: Variable that equates diffusive flux to a concentration gradient in water.

Water side resistance: The partial water side resistance defined as the water side diffu-
sivity divided by the depth of the stagnant water boundary at the water’s surface

Wavelength dispersive spectrometry (WDS): Electron microprobe-type, generating se-
quential elemental acquisition.

wt %: Weight percent, which is equal to: (weight of component/total weight) 100.
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Xenobiotic: Any substance that is foreign to living organisms.

X-radiograph: An image produced by exposure of a sample material and photographic
paper to an x-ray source. Samples with higher density will attenuate the x-ray more
than lower density samples, thus decrease the exposure of the photographic paper.

X-radiography: X-rays that pass through heterogeneous media such as sediments are
absorbed by certain components. Passing X-rays are captured on an X-ray sensitive
film where they produce radiographs of the sediment structure.

X-rays: Electromagnetic radiation with a wavelength shorter than UV and longer than
gamma radiation.

X-ray diffractometry (X-ray diffraction; XRD): The diffraction of a beam of X-rays by
the three-dimensional array of atoms in a crystal.

X-ray fluorescence (XRF): 1) Method for quantitative determination of the geochemical
composition (major and minor elements) of sediments. 2) Analytical technique in
which samples are exposed to an X-ray beam. The beam generates secondary X-rays
(fluorescence) that have wavelengths characteristic of elements in the sample.

X-ray fluorescence analysis: An elemental analysis method based on x-ray fluorescence.

X-ray images: Comparable to X-radiographs, X-ray images capture the sediment structure
by sediment-penetrating X-rays. They differ because the X-ray source is coupled with
a digital camera providing digital images that allow a direct image processing.

XRD: X-ray diffraction, diffractometer, or diffractometry.

XRF: X-ray fluorescence.

XRF-ED: X-ray fluorescence analysis using energy dispersive detection.

XRF-scanner: Automated sediment-profiling instrument for qualitative determination of
major elements such as K, Sr, Ca, Mg, Mn, Fe, Ti.

XRF-WD: X-ray fluorescence analysis using wavelength dispersive detection.
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