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A PALEOCLIMATIC STUDY OF THE MIDWESTERN UNITED STATES FROM
THE STABLE ISOTOPE RECORDS IN LAKE SEDIMENTS

Norman Alan Lovan, Ph.D.

Western Michigan University, 1998

Stable isotope records from both the organic and inorganic components of
lake sediments have been obtained from radiocarbon dated cores raised from Ladd
Lake in Ohio and Lake Winnebago in Wisconsin. The hydrogen (8D) and carbon
(8*C) isotope records extracted from sediment bulk organic matter and the oxygen
(6'%0) and carbon (6"C) taken from calcium carbonate provide a unique means to
obtain a continuous fine resolution record of environmental change on a regional
scale. Sediment organic matter was concentrated by successive digestion in HCI
followed by HF:HCl using a newly developed microwave acid digestion procedure.
Hydrogen was extracted using a newly developed pyrolysis technique that provides a
simple and reliable method for collecting hydrogen isotopic data from sediment
organic matter with an overall reproducibility of better than 3%.. Carbon to nitrogen
ratios (C/N) were used to constrain the organic carbon data. Oxygen and carbon were
extracted from sediment carbonate material using the septum phosphoric technique of
Krishnamurthy et al. (1997).

The isotopic hydrogen and carbon record from Ladd Lake indicate rapid

transitions between cocl and warm phases over a 22,000 calendar year period. These
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data suggest that the so-called Mid-Holocene warm phase from ~8.5ka BP to 3ka BP
(thousand calendar years before present) experienced oscillatory cooling periods
throughout this ~6ka year interval. This may result from changes in relative
dominance of precipitating air masses or changes in the seasonality (longer summers-
shorter winters, etc.). In a world first, by combining the oxygen isotope ratio (6'*0)
of calcium carbonate and the hydrogen isotope ratio (8D) of coexisting organic matter
from the Lake Winnebago core, an inferred paleotemperature record was generated.
These results show that during the Mid-Holocene warm period ~6-2ka BP, the spring-
summer lake temperatures were as much as 6-10° C higher than present. This might
result from changes in the length of season’s i.e., longer summers and shorter winters.
The isotopic records from both lakes show evidence for cooler temperatures around
8ka and 2ka BP and significant climatic instability during this interval. Evidence for
cooler temperatures in the Midwestern United States at 8ka BP is in agreement with

recent observations from ice core studies and may thus have been a global event.
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Na chorayam na cha raja harayam
Na bhratru bhajyam na cha hara karee
Vyaye kruthe vardhathi yeva nityam

Vidya dhanam sarva dhanat pradhanam

ancient Sanskrit verse

Neither can it be stolen by thieves, nor confiscated by Kings
Neither can it be divided amongst brothers nor does it any harm
It grows more as more is spent

Wealth of knowledge is the greatest among all wealth’s
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CHAPTER I
INTRODUCTION
Isotope Studies and Harold Urey

The use of stable isotopes in geologic and other disciplinary studies had its
beginning in 1931 with the work of Harold C. Urey at the University of Chicago. From
suggestions by his colleagues that naturally occurring isotopes of hydrogen may exist,
Urey predicted on a theoretical basis that there should exist a difference in the vapor
pressures of the isotopes of hydrogen (Faure, 1986). Using spectroscopic methods, Urey
was able to detect an isotope having a mass nearly twice the mass of hydrogen in the
residual volume of gas produced by evaporating approximately 6 liters of liquid hydrogen.

Urey named this new isotope "deuterium" (Murphy, 1964). Interestingly, the specific
causal reason for the existence of isotopes was not known until 1932 when Chadwick
established the existence of neutrons in the atomic nuclei. Harold Urey was awarded the
Nobel Prize for chemistry in 1934 for his discovery of deuterium.

Subsequent to these early studies and as a consequence of World War II, Urey
became involved in developing methods for the separation of 33U by gaseous diffusion.

Once the war ended, however, Urey re-focused his knowledge of isotopic fractionation
to the possibility that natural processes could fractionate stable oxygen isotopes and that
such fractionation might occur in marine carbonates. Urey further suggested that the

1
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extent of fractionation is temperature dependent. It was from these ideas that a method
of measuring the depositional temperature of marine skeletal calcium carbonate was
developed. The resulting oxygen isotope method became a very useful proxy for globai
paleotemperature studies and gave rise to the branch of isotope geology that deals with
the fractionation of the stable isotopes by naturally occurring physical and chemical
processes. While this dissertation focuses primarily on the use of hydrogen as a
paleoclimate proxy and is augmented by the study of isotopic ratios of oxygen and
carbon, all such studies are owing to Urey’s research and insight into the isotopic

fractionation of elemental species.

Isotopic Fractionation

Each elemental species is composed of atoms having a unique number of protons
that define the element and denote its atomic number. Soddy (1913) introduced the term
isotope in suggesting that the place occupied by a particular element in the periodic table
could accommodate more than one kind of atom. Later, isotopes came to be defined as
atoms having the same number of protons but differing in their number of neutrons
(Chadwick, 1932). Therefore, isotopes of a given elemental species differ in their atomic
weights and in their nuclear properties which, in turn, lead to slight variations in their
physical and chemical properties. The total number of different nuclides currently known
to exist is close to 1700 (Faure, 1986). Thus, more than 1000 isotopes are formed as
variants from the 92 naturally occurring elements. Furthermore, the isotcpes of any

element may be characterized as either radioactive or stable. Radioactive isotopes are

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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unstable and decay to a stable state via energy loss through release of .. B or y particles
and by electron capture. Stable isotopes do not undergo radioactive decay and only about
287 occur naturally from the near 1700 known nuclides.

The thermodynamic properties of a given molecule are largely dependent on the
nuclear mass. Studies relative to the thermodynamic properties and fractionation
characteristics of isotopic molecules report that the energy of a molecule within a
chemical system can be described by its electronic energy plus the transnational,
rotational, and vibrational components (Urey, 1947; Bigeleisen, 1952, 1965, Bigeleisen
and Mayer, 1947; Broecker and Oversby, 1971). Molecules containing different isotopes
of an element in equivalent positions have different energies because of the differences in
their vibrational components that are mass dependent. Consequently, isotope
fractionation results from slight variations in the chemical and physical properties due and
proportional to the mass differences between the isotopes of a given atomic species.

Faure (1986) describes the fractionation of stable isotopes by noting that the
energy of a molecule decreases with decreasing temperature, and at absolute zero it
assumes a certain finite value called the zero-point energy which is greater than the
minimum value by 2 Av, where A is Planck’s constant and v is the vibration frequency.
Furthermore, the vibration frequency of a molecule is inversely proportional to the square

root of its mass. It follows, therefore, that a given molecule (i.e. a water molecule H,0),

which contains the lighter of two isotopes (hydrogen vs. deuterium) will have a higher

vibration frequency and thus a higher zero-point energy. Consequently, bonds that form

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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between molecules possessing the lighter isotope are more easily broken and cause it to
be more reactive than the similar molecule containing the heavier isotope. Isotopic
fractionation, therefore, describes a phenomena wherein two isotopes of an element
partition between two phases or substances and lead to a difference in the isotopic ratios
(heavy isotope/light isotope) between these systems.

In natural systems, isotopic fractionation results from two main processes being
equilibrium exchange reactions and kinetic (rate dependant) physical-chemical processes
(Hoefs, 1980). Among chemical reactions, there are exchange reactions occurring at
equilibrium conditions that involve only the redistribution of isotopic species between
differing molecules without any change in the chemical system. A generic representation
is shown in the simplified formula below wherein the asterisk indicates the heavier of the

isotopic species. An example would be exchange of hydrogen between hydrogen-bearing

A"+B=A+B’

clay and organic matter in soils or organic rich lake sediment. In nature such reactions
are numerous. The following are two examples involving the oxygen isotope exchange

between water and carbon dioxide and between calcium carbonate and water.

C160160+H2180 = C160180+H2160

1/3 CachOlGOIGO + HZISO = 1/3 Caclﬁolﬁo 180 + HZIGO
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Kinetic fractionation, unlike equilibrium reactions, occurs in irreversible processes
that result mainly from differences in the reaction rates of isotopic molecules. The
biochemical process of photosynthesis and the process of gaseous diffusion are examples
that lead to kinetic fractionation. Similarly, other physical-chemical processes that result
in isotopic (kinetic) fractionation include melting and crystallization, evaporation and
condensation, adsorption and desorption, and diffusion of ions or molecules due to
temperature or concentration gradients. For all of these chemical reactions and physical
processes alike, it is the mass differences between the isctopes of a given element that
effect the slight variations in the chemical and physical properties, which results in

isotopic fractionation.

The Fractionation Factor (ct)

The isotopic fractionation factor alpha (ct) is similar to the concept of the
chemical equilibrium constant but refers to isotopic equilibrium conditions between two
phases and is similarly temperature dependant. As an illustration, consider the chemical
reaction where A + B = B + C. Chemical equilibrium at a given temperature would be
defined by the equation K., = [B] [C] / [A] [B] or the product of the activities of the
products over the product the activities of the reactants. Isotopic equilibrium or the
fractionation factor at a given temperature is termed alpha (o). Alpha () is defined as
the ratio of the heavy to the light isotope in a molecule of one phase divided by the ratio

of the heavy to the light isotope in the same molecular species but in a different phase and
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is written as follows:

ALA-B = RA/ RB

where R denotes the ratio of heavy isotope over the lighter isotope (D/H, “C/"C, *0/"°0
etc.) in phases A and B respectively. To illustrate, consider the evaporative process in
which the water molecule A in the liquid phase changes state to the water molecule B in

the vapor phase or Ajjquiq = Buagor- Ifin this change of state process our interest is in the
isotopes of hydrogen, alpha would be defined as o= (D/H)jiquig / (D/H)ygpor Similarly,
should our interest have been in the isotopes of oxygen, alpha would be written as the
following: "ot = (*80/'60);quiq / (*¥0/160)yaper The temperature dependence of alpha

is of monumental importance when it is realized that the fractionation factor of any given
system generally approaches unity at increasing temperatures. As a result, isotopic
fractionation in nature is interpretable in terms of environmental temperature, and

consequently, environmental change.

The Delta Notation (5)

Delta notation is a means of expressing alpha (at) such that the small decimal
changes in alpha can be easily scaled larger to magnify the differences in absolute isotopic
ratios. The results are expressed as §-notation in units per mil (%) and are derived as

follows:

§%o = [a - 1] 10°
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where LAB = R,.\ / RB

by substitution 3% = [(Ra/Rg)-1] 10°

where R denotes the ratio of heavy over light isotopes of any element such as D/H.
'80/'°Q etc., and A and B are the respective phases or molecules. In practice, however,
it is easier to measure the isotopic ratios relative to two substances rather than the
absolute ratio. Thus the isotopic ratios are typically compared with respect to an

international standard and are given by the following expression:

8%0 = [(Ruample/Rotandara) - 1] 10°

where R denotes the ratio of heavy over light isotopes of any element such as D/H,
0/'°0 etc., both in the sample and the standard, respectively. The relationship between
a and § can be further illuminated by consideration of the reaction A = B where A and
B are individual phases or molecules of the same elemental species. Alpha, defined above
as oo = Rg / Ry may be re-defined in relation to the two phases or molecules by

substituting & values for A and B as follows:

8a=[(Ra/Ra) - 1] 10°
88 = [(Rs / Raa) - 1] 10%)
by re-arrangement,
Ra/Rug=84/10°+ 1 and Rg/Rgaa =38p/10° + 1

thus, a8) = Re/ Ra = (Rp/Raa) / (Ra/Ru)
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substitution yields oa-B) = (1000 +8,) / (1000 + 8g)

As will be shown in subsequent sections and chapters, this expression of o is very useful

for establishing isotopic relations between differing phases or molecules.

The International Standards

The & values of any given sample are reported with respect to internationally
accepted standards. These standards are used to make inter-laboratory comparisons and
provide common reference platforms from which  values are interpreted. Preparation,
calibration and distribution of acceptable standards are overseen by the International
Atomic Energy Agency (IAEA) of the National Institute of Standards and Technology.
Their preparation and cross calibration is discussed by Blattner and Hulston (1978),
Gonfiantini (1978) and Coplen, et al (1982, 1983). The isotopic studies undertaken in
this project include hydrogen, oxygen and carbon from the various sedimentary
components that were analyzed.

There are several accepted standards available for reporting hydrogen and oxygen
isotopic values. These are known as SMOW (Standard Mean Ocean Water), V-SMOW
(Vienna-SMOW), NBS-1 (National Bureau of Standards-1), SLAP (Standard Light
Antarctic Precipitation) and GISP (Greenland Ice Sheet Precipitation). SMOW, the
primary international standard for oxygen and hydrogen, was originally prepared by Craig
(1961) and possessed a value corresponding to a hypothetical water whose oxygen and

hydrogen isotope ratios represent the mean isotopic ratio of all ocean waters (Craig 1961,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Epstein and Mayeda 1953, Horibe and Kobayabawa 1960). The reference value for
SMOW is arbitrarily set at 0%o. Due to limited availability, however, the original SMOW
standard has been replaced by Vienna SMOW (V-SMOW) which was artificially prepared
by Craig (1966) at the request of IAEA. V-SMOW was prepared by distilling water
collected from the Pacific Ocean at 0° latitude and 180° longitude. Its '*O content is
essentially identical to Craig’s, 1961, SMOW standard which had been defined with

respect to the existing NBS-1 water standard (Gathiersburg, MD, U.S.A.) as follows:

("*0/"*0)spow = 1.008 (**0/'°O)ms-1

(D/H)svow = 1.050(D/H)xss-1

Craig (1961a) evaluated the isotope ratio of SMOW and found the following

relationships:

(*%0/®0)smow = (1993.4 = 2.5) 10°

(D/H)smow = (158 + 2.0)10°

The absolute values for V-SMOW have been evaluated and may be found in
Baertschi 1976, Haegman, et al 1970, De wit, et al 1980. It has been agreed that for all
practical purposes SMOW and V-SMOW are identical (Gonfiantini 1978) and the
accepted practice is to report hydrogen and oxygen 3 values as SMOW, even though it
is V-SMOW that is available to laboratories through the [AEA.

In most laboratories, secondary reference standards are routinely prepared for day

to day isotopic studies. These samples are frequently calibrated against the international
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standards such as SMOW, PDB, NBS-1 and NBS-19 etc. The hydrogen and oxygen data
presented in the present study were prepared from distilled waters taken from the
distillation plant in the Institute for Water Sciences Stable Isotope Laboratory (TWS at
Western Michigan University, Department of Geology) on various dates and designated
LAB-1, LAB-5 and LAB-6. These reference waters were calibrated against SMOW and
stored in airtight bottles. The final conversion with respect to SMOW was achieved using

the following relation:

Ssmpic-smow = 01 T 82+ 8132 107
where, 6l = GsampI&L.-\B

and 82 = dLas-sMow

Each lab standard was repeatedly calibrated for its hydrogen and oxygen & values.
Calibration of LAB-1 with respect to SMOW resulted in mean & values of ~65.7+1.5%0
for hydrogen and —10.4£0.1%0 for oxygen. Similar results were obtained for the
secondary LAB-5 and LAB-6 reference standards (as would be expected since their origin
was from the same distillation facility). A detailed discussion of the calibration and
comparison for laboratory standards used by the IWS Stable Isotope Laboratory at
Western Michigan University (Department of Geology), i.e. LAB-1 with other
international standards such as SLAP and GISP, is found in Machavaram (1993).

The standard used for carbon is the PDB (Peedee Belemnite) standard developed

at the University of Chicago. The Peedee Belemnite is a Cretaceous Belemnite
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(Belemnitella Americana) from the Peedee Formation of South Carolina. In actual
practice, a working lab standard is compared to PDB in a manner similar to that
previously discussed for hydrogen. The IWS Stable Isotope Laboratory at Western
Michigan University converts to PDB values using the NBS-19 standard. Other standards
are available for use in isotopic carbon analysis and include the Solenhofen limestone
(NBS-20), Graphite (NBS-21), Petroleum Standard (NBS-22) and others. Carbon
isotopes are normally analyzed as CO, gas using mass spectrometers equipped with
double collectors (Craig, 1957). As a result, oxygen from the CO, molecule may also be
analyzed using the PDB standard in addition to the SMOW and other standards
sometimes used during analysis of water samples. There are many papers available
discussing isotopic geology of carbon and its analysis, only a few are mentioned here
(Schwarcz, 1969; Degens, 1969; Hoefs, 1980; Deines, 1980).

The study of stable isotope geochemistry and light element isotopic fractionation
had a major breakthrough after the invention of the double inlet mass spectrometer by
Neir in 1947. This instrument allowed the measurement of minute differences in isotopic
abundance via the use of a double inlet and a double collector system by offering a means
for precise comparison of a sample with a standard. With its use Harold Urey and his
associates at the University of Chicago began a detailed study of natural isotope
abundance of lighter elements which led to an understanding that water molecules could
vary in isotopic composition. These pioneering studies gave way to related studies of the
isotopic effects on phase equilibria, reaction rates and transport processes involving

isotopic water species and laid the foundation for the quantitative understanding of natural

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1



abundance variations of light element isotopes in nature.

Studies of the fractionation of hydrogen, oxygen, carbon, nitrogen and sulfur have
provided information in a large variety of geological environments. The elemental group
whose isotopes are especially susceptible to natural isotope fractionation includes the
most abundant elements in the Earth. These comprise the light element isotopes of
hydrogen, carbon, nitrogen, oxygen and sulfur. The natural abundance for some of the

more frequently analyzed of these isotopes is tabulated in Table 1.

Table 1

Natural Isotopic Abundance of the Stable Isotopes of Hydrogen, Carbon, Nitrogen
and Oxygen (After Faure, 1986; Lederer et al., 1967)

Isotope Species % Isotopic Abundance
H 99.9852
D 0.0148
e 98.8900
e 1.1100
BN 99.6300
PN 0.3700
%0 99.7590
70 0.0370
¥0 0.2040
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Fractionation of Oxygen and Hydrogen in the Hydrologic Cycle

Oxygen is the most abundant chemical element in the crust of the Earth and
combines with hydrogen to form water (H,0). Oxygen has three stable isotopes and
hydrogen has two stable isotopes. As a result, ordinary water molecules have nine
different isotopic configurations whose mass differences are reflected by these isotopic
combinations: Hz'*0 (18), H>"’0 (19), H,'*0 (20), HD'O (19), HD'O (20), HD"0
(21), D,'°0 (20), D,'70 (21), D,'*0 (22). The vapor pressures of these different isotopic
combinations are inversely proportional to their respective masses. Thus, provided
equilibrium between the vapor and liquid is maintained, the fractionation factor (o) at any
given temperature is the ratio of the vapor pressures.

Mechanistic processes that induce fractionation of the water molecule include
evaporation and precipitation. Because H,'%0 has a significantly higher vapor pressure
than D,'®*0, when water vapor is formed by evaporation of liquid water the vapor is
enriched in '°0 and H while the remaining liquid is enriched in '*O and D. Conversely,
during subsequent condensation the liquid phase becomes similarly enriched in heavier
isotopes. Consequently, the isotopic composition of water in nature is intimately related
to the hydrologic cycle, wherein the source of all fresh water is the low latitude oceans.

Craig and Gordon (1965) found that the isotopic fractionation factors for
evaporation of water under equilibrium conditions at 25°C are 1.0092 and 1.074 for '*O
and D, respectively. However, the §'°0 values for water vapor in the North Pacific and

North Atlantic Oceans were found significantly more depleted than predicted by
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equilibrium values. Thus, the isotopic composition of the water vapor over the oceans
was shown to not conform to predictions based on evaporation alone but requires
additional explanations related to kinetic effects (Craig and Gordon, 1965).

When water evaporates from the surface of the ocean, a moist air mass containing
this water vapor is formed that is depleted in 'O and D relative to the ocean.
Subsequently, when raindrops form in a cloud by condensation of that water vapor. the
liquid phase is enriched in 80 and D. The isotopic composition of the first raindrops is
similar to that of the parent ocean water. However, the continuing preferential removal
of '®0 and D during precipitation results in the further depletion of vapor in the moist air
mass. Thus the 80 and 8D values of water vapor in an air mass will become
progressively more negative as rain, snow or hail precipitate from it. This process of
condensation of water in equilibrium with water vapor and its subsequent removal from
a cloud can be viewed as a “Rayleigh Distillation” (Dansgaard, 1965). Therefore, the

isotopic distribution during rainout can be expressed as:
R=Ro "

where R is the isotopic ratio of the remaining vapor, Ry is the isotopic ratio of the vapor
before condensation begins, £ is the fraction of vapor remaining, and o is the temperature
dependant isotope fractionation factor Ryqui/Ruper. Using the equation for a, the

Rayleigh equation may be converted into d-notation as follows:

a=R/Ro=f“",
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1000 + 8"0 /1000 + 800 = £,
§'*0 = (1000 + §"%00) " — 1000

%00 = [(1000 + &'%0) / £**"" ] - 1000

The 5'30 value is the remaining vapor and, §'°Q is the isotopic ratio of the vapor before
condensation begins. The fractionation of the oxygen isotopes during condensation of
water from vapor at 25°C according to the Rayleigh distillation model (¥ =1.0092 at
25°C) is shown in Figure 1. The diagram shows that the 830 value of the remaining
vapor is depleted as condensation progresses. The 5'80 of the liquid that is in equilibrium
with the vapor at any given instant is calculated using a rearrangement of the equation for

a as follows:

B = Riiquia/Rvapor =1000 + SKSanu,'d /1000 + 6180‘“”

8" 00iquia = "*t [ 1000 + 8"* Ouapor ] — 1000

The evolution of the isotopic composition of atmospheric precipitation from the
oceanic reservoir to the ice sheets at the poles can be explained by viewing the
precipitation process using a simple Rayleigh model at liquid-vapor equilibrium.
Secondary processes, however, such as addition of secondary moisture sources
(Machavaram and Krishnamurthy, 1994), evaporation of the condensate during rainout
and the physical nature of co-existing condensate phases (ice, liquid and vapor) also affect
the isotopic signature of precipitation in a given region. Some modified Rayleigh models

have been reported which consider these secondary processes (Gat, 1980; Gedzelman and
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Arnold, 1994; Ciais and Jouzel, 1994). That aside, the result of isotopic fractionation
during evaporation of water from the oceans and subsequent condensation of vapor in

clouds is that fresh water is generally depleted in **O and D compared to sea water.

S
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5"0 %y of vapor or liquid

-0

-50 -

-60 {
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Fraction of vapor remaining (f)

Figure 1. Fractionation of Oxygen Isotopes During Condensation of Water From
Water Vapor at 25°C via Rayleigh Distillation.

Many processes act on the precipitating air mass during transit that cause local

and regional effects. When superimposed on the water molecule during air mass transit,
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these processes affect the stable isotopic distribution in precipitation. These causal effects
must be considered when interpreting the isotopic ratios in the precipitation that recharge
fresh water systems and the resultant climatic signal imparted to the various proxy
recorders. It can be shown that as a marine water vapor parcel enters the continent and
undergoes increased loss of vapor by continuous condensation, the vapor becomes
increasingly depleted in the heavier isotopic species with increasing distance from the
coast. Subsequent condensates from that transitory air mass will become progressively
depleted in their 8D and §'°0, as it moves further away from the original oceanic source.
This is known as the “continental effect”. Further, because alpha (o) is temperature
dependent, in any given region the isotopic ratios in precipitation exhibit a positive linear
correlation with the mean annual surface air temperature of that region. Known as the
“temperature effect”, Dansgaard (1964) demonstrated this relationship between the 5'°O
values of average annual precipitation and average annual air temperature by analysis of
a large number of meteoric water samples from various global stations. Regression of his

data shows the relationship is expressed as follows:
8"*Omeandbo = 0.695T, - 13.6

where 5" Opmen is the mean annual isotope ratio for oxygen in precipitation expressed in
per mil notation and T; is the mean annual surface air temperature expressed in degrees
Celsius. Dansgaard found that a simple Rayleigh process could explain this effect where

the fractionation factor governing the condensation was calculated by taking surface air
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temperature. Thus, the relationship between the §'30 and the air temperature reflects the
fact that the isotope fractionation factor increases with decreasing temperature.

The more rain that falls during a single event or over a unit time (i.e. month) tends
to deplete the vapor source causing the isotopic ratios to become more negative with
subsequent precipitation. Termed the “amount effect”, this is predominantly observed in
tropical regions and in the mid-latitudes during summer months. The effect becomes
negligible in polar areas where the temperature effect predominates. The “altitude effect”
results from the orographic ascent of the air mass and the resultant expansion and cooling
that causes condensation. The progressive rainout of the heavy isotopes during the air
mass ascent effects a negative correlation with increasing altitude (Freidman and Smith,
1970; Dincer, et al., 1970; Moser and Stichler, 1971). Similarly, as an air mass moves to
higher geographic latitudes, the 5D and 3'*0 values become more negative as the
temperature drops. This is termed the “latitude effect”.

The importance of these various fractionation effects and processes is that
understanding them allows quantification of regional hydrologic and atmospheric factors
that influence the climate-isotope relationship for precipitation. This in turn allows

extrapolation of climatic information from proxy indicators.

The 8D - 5"%0 Relationship

On the basis of a large number of analyses of meteoric waters collected from a

global network of stations, Craig (1961) showed that the 3'°0 and 8D values of meteoric
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water are linearly related by the following equation:
8D = 835G+ 10

Called the Meteoric Water Line (MWL), the relation was defined through
regression of the weighted-average isotopic composition for all the precipitation samples
obtained. The only meteoric water samples that do not fit this relationship are from
closed basins where excessive evaporation occurs. This latter non-equilibrium process
typically results in a slope between 5 and 6 and is referred to as the "evaporation line”
(Gat, 1971; Stewart, 1975). The meteoric water line may be regarded as the locus of the
isotopic composition of worldwide fresh water bodies. The intercept of 10 stems from
the fact that evaporation over the ocean is in fact a non-equilibrium (kinetic) process
favoring lighter isotopes to heavier ones during oceanic evaporation. This being the case,
the initial water vapor formed over the ocean would have an initial isotopic composition
of -80%eo for 8D and -10%a for §'*0 under equilibrium conditions at 20°C. The 10 per mil

value in the above equation represents an excess of deuterium relative to "*O.
The d-excess Parameter

In order to relate the available information on the 8D- 5O relationship of any
water sample to that of Meteoric Water Line, Dansgaard (1964) rearranged the MWL

equation substituting the d-parameter for the 10%o intercept as follows:

d=38D - 850
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Subsequent to this, Merlivat and Jouzel (1979) showed a linear correlation of the d-
parameter value to relative humidity over the oceanic surface. The d-value has little
significance when the slopes are less than 8 or for waters that are subjected to non-
equilibrium processes (Yurtsever and Gat, 1981). Where the slopes are close to 8,
however, the d-parameter provides useful geophysical information. In these instances,
the d-parameter can be used as a valuable tool for understanding the source flux of
precipitation in a given region and quantifying secondary sources of importance

(Machavaram and Krishnamurthy, 1995).

Fractionation in the Carbon Reservoir

Carbon, which is one of the most abundant elements in the universe occurring
naturally as both diamond and graphite, is the basis for the existence of life on Earth. In
reduced form, carbon is found in organic compounds and coal. In the oxidized state,
carbon occurs primarily as carbon dioxide (CO,), carbonate ions in aqueous solution and
as carbonate minerals. Having two stable isotopes (see Table 1), carbon is fractionated
by a variety of natural processes including photosynthesis in green plants and inorganic
exchange reactions. In general terms, the fractionation of carbon during photosynthesis
leads to enrichment of '*C in the organic compound, whereas inorganic exchange
reactions (i.e. CO; gas and aqueous carbonate species) tend to enrich carbonates in °C.
The fractionation of oxygen in the carbonate-water system also results from an isotope
exchange reaction between calcium carbonate and water related to the above aqueous

carbonate system. This will be discussed in a subsequent section. The differences
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21
exhibited by isotopic carbon species follow the principles discussed previously, that IS,
fractionation is primarily caused by kinetic and mass dependent chemical differences of

the isotopes.

Fractionation in Organic Carbon Reservoirs

Fractionation in organic carbon reservoirs typically results from kinetic differences
in the isotopic species. Kinetic differences result in differences in properties such as
diffusion velocity and rates of vaporization. For 12C0, and CO,, the ratio of diffusion
flux would be predictable since the diffusion coefficient (D) is inversely proportional to
the square root of the molecular weight. The fractionation factor alpha (o) would be
written as the alpha of diffusion and thus the square root of the respective masses (M).

The masses of 2CO, and *CO, are 44 and 45 and alpha would be written as follows:
o =(Dss/ Dss )" =(Mis/ Mu ) ?=1.010

Lighter isotopes thus diffuse faster than their heavier counterparts. Similarly, the vapor
pressure of isotopic compounds decreases with increasing isotopic mass creating a

tendency for compounds with lighter isotopes to evaporate more quickly.

Fractionation in Inorganic Carbon Reservoirs

Purely chemical differences, on the other hand, result principally from differences
in the vibration frequencies of isotopic molecules. As the electronic structure is not

changed by isotopic substitution, identical bonds are formed between the isotopic species.
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However, because the vibration energy levels are mass dependent, changes through
isotopic substitution will alter the vibrational frequency. This leads to a small
fractionation due to the fact that bonds formed with lighter isotopes are thus more easily

broken than bonds involving the heavier isotope.

Fractionation in Calcium Carbonate (CaCOs)

Carbon

In natural water environments, equilibrium involving carbon can be represented

by the following three reactions:

CO, @™ H.O0 = H,CO;
H.,CO; = H + HCOS-

2HCO; + Ca™ = H,O + CaCO; + CO;

The dissolved carbonate species that are present in ground water are derived chiefly from
soil zone CO; and carbonate aquifer material. Dissolved inorganic carbon (DIC) in
lacustrine environments, however, is controlled by the DIC of waters that recharge the
lake, CO. exchange between the atmosphere and water, and photosynthesis and
respiration of the organic matter in the lake.

The isotopic composition ( 5C and §'*0) of calcium carbonate precipitated from
aqueous solutions is controlled by the properties of the system that have an effect on the

abundance of carbonate and bicarbonate ions in the system (Deines et al., 1974). For
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carbon the controlling factors include (a) the §"°C of the CO, gas in equilibrium with
carbonate and bicarbonate ions in solution; (b) fractionation of carbon isotopes between
CO; gas, the carbonate and bicarbonate ions in the solution, and solid calcium carbonate;
(c) the temperature of isotopic equilibrium; and (d) the pH and Pco of the system (Deines
et al., 1974; Deuser and Degens, 1967, Emrich et al., 1970; Vogel et al., 1970).

When CO, dissolves in water to form carbonic acid and its ions, isotopic exchange
reactions enrich HCO; in “C relative to the CO,. Subsequently, when CaCOs;
precipitates from solution, the solid phase is further enriched and the resulting

fractionation of carbon isotopes in the carbonate relative to the COyq varies with

temperature in accordance with the following equation (Deines et al., 1974; Faure, 1991):

10° 1N Clcarbonste Spesies - co2 = [(A x 10°)/ T?] + B

where o = Rearbonate Species / Rcoz

and R = ®C/**C

The values for A and B are constants in the above equation and are shown in Table 2. As

an illustration, using the HCOj; values from Table 2 , calculation of atucos -coz at 20° and

25°C shows fractionation-values of 1.0082 and 1.0077, respectively. Thus, the use of
carbon isotopes in paleotemperature studies is limited due to the very small differences
in their associated fractionation factors.

The fractionation factors for the carbon isotopes in the carbonate system were

reported by Emrich et al., 1970. Using the equation for alpha as follows:
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Clcarbonate -CO2 = Slscmlcilc + 1000 / 813C(‘OZ + 1000

and a 8"°C value of -7%o for the CO, gas, it can be shown that the calcium carbonate is
enriched in °C by about 10%e when precipitated in isotopic and chemical equilibrium at

20°C (aCarbonalc—COZ at 20°C = 10103)

Table 2

Constants Related to Fractionation Values of Carbon Isotopes Between Aqueous
Carbonate Ions and Calcium Carbonate Relative to Carbon Dioxide Gas
(After Deines et al., 1974)

Carbonate Species A B o2
H,CO; 0.0063 -091 0.9991
HCO,™ 1.099 -4.54 10082
COos~ ~0.87 -3.4 1.0067

CaCOs, 1.194 3.63 1.0103
Oxysgen

The oxygen isotopic signal (5'°0) of calcium carbonate is determined by the 5'°0
of the water and the water temperature during carbonate precipitation. Typically, calcium
carbonate (calcite and aragonite) is enriched in '*O compared to the water from which

they precipitate. The paleotemperature scale, suggested by Urey (1947) and developed
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by Epstein et al. (1951, 1953) is based on these facts when biogenic calcite precipitates
from water under equilibrium conditions. The difference results from an isotope exchange

reaction between calcium carbonate and water written as follows:

1/3 CacholGolGO + HzlSO = 1/3 Cacl6016o 180 + H216O

If calcite precipitates are formed in isotopic equilibrium conditions, the 5'°0 of the
water from which calcite precipitated can be determined from the experimentally derived

calcite-water fractionation equation (Friedman and O’Neil, 1977)
10° In Ctcarcite-wmer = [(2.78 x 10°)/ T?] -2.89

where T is in degrees Kelvin and the calculation of alpha require that §'*O for both calcite
and water be reported with respect to SMOW. In their application of §'%0 of calcite tests
in paleoclimate studies, Epstein et al. (1953) derived a relevant equation for the
relationship between the temperature of water and the § values of calcite and water. This

was modified by Craig (1965) and written:
t°C = 19.9 — 4.2(8¢ - dw) + 0.13(5¢ - dw)’

where 8¢ is the §'30 of CO, obtained from reacting calcium carbonate with 100% H;POy
at 25°C and Sy, is the 50 of the water and both 8-values are based on the same standard.
The isotopic fractionation factor for the calcite-water system was worked out by O'Neil

and Epstein (1964) and has a value of 1.0286 at 25°C. Ifthe 3 value of sea water is taken
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to be zero, from the equation Ocabomnae —waer = 8" Ceateire + 1000 / 8" Cuuarer + 1000, it can be
shown thzt the §'%0 value of calcite is +28.6%0 (SMOW) relative to water when isotopic
equilibrium is established at 25°C. It is customary, however, to express the 5"%0 of
carbonate using the PDB standard.

In lacustrine settings, such as those in this study, the oxygen isotope ratio of the
environmental water is determined largely by the waters recharging the lake. As fresh
water lakes typically exhibit negative §'°O values, the §'*0 of carbonates from these lakes
are generally depleted in comparison to marine carbonates. The tremendous variation in
the 8'%0 value of meteoric waters generally precludes accurate paleotemperature
determinations from freshwater carbonates (Fritz et al., 1975). Thus, the §'*0 of calcite
often provides information regarding the '*0 of the environmental water rather than the
temperature of precipitation.

The accuracy of the paleotemperature determination is limited by several
prerequisite conditions. First, the §'°0 of the water with which the calcium carbonate
equilibrated must be known. The concurrent variations in the temperature and isotopic
variation of the water can sometimes be resolved by analysis of benthic shell material from
deep-water lakes. In such cases, the bottom temperatures may remain near constant and
permit estimates of the 5'°0 of the water from the §'°0 of bottom dwelling mollusks or
ostracodes (Lister, 1988). One very imaginative attempt at paleotemperature estimates
involves combining the §'*0 of marl carbonate and D from the bulk organic fraction

from sediment matter (Chapter III and Lovan et al., 1998 in review). This technique
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translates the 8D of the sediment organic matter to the 50 of the lake water. Then using
the §'®0 of the marl in combination with the inferred §'°0 of the water, an Qcakiwe-war i
calculated and translated to an inferred temperature using the Friedman and ONeil (1977)
equation noted above. A second limiting factor is that some carbonates are precipitated
under non-equilibrium conditions (the so-called vital effects). In these cases. the 50
value of the carbonate is not a function of the temperature or the 5'°O of the water alone.
Other factors may include seasonality of shell growth (Xia et al., 1997a & 1997b) or the
habitat during the life cycle of an organism. Finally, the mineral composition must be both
unaltered and known (Lowenstam, 1961; Horibe and Oba; 1972). The post-depositional
alteration of carbonate material makes difficult the proof that the isotopic composition of

oxygen has remained unchanged.

Fractionation in Reduced Carbon Reservoirs

Photosynthesis and Carbon Fractionation

Photosynthesis is a complex process wherein atmospheric carbon dioxide is
incorporated into green plants. The process begins with diffusion of CO; gas from the
atmosphere across the walls of leaf cells and its subsequent dissolution into the plant
cytoplasm. Through the action of enzymes, the cytoplasmic 2C0, is preferentially
converted into acids containing 3 carbon atoms for C; plants (the Calvin cycle) or acids
with four carbon atoms in C, plants (the Hatch-Slack cycle). During the enzymatic

reactions 2C is preferentially removed from the dissolved CO; of the cytoplasm to form
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the varicus 3 or 4 carbon acids. The remaining dissolved CO: in the cytoplasm becomes
enriched in °C and further fractionation becomes inhibited unless the residual carbon
dioxide is removed (Farquhar et al., 1989). Respiration of enriched CO, presumably
from the cytoplasm, through the roots of vascular plants and their leaves during dark
periods has been observed (Keeling, 1958, 1961; Abelson and Hoering, 1961). The final
step in the fractionation of carbon by both C; and C, plants occurs during the synthesis
of various organic compounds from the phosphoglyceric acid.

If modeled in more specific terms, the first fractionation described for C; plants
asserts a diffusion, (M/M2)"?, of atmospheric CO, across the leaf wall and dissolution
into the cytoplasm as ribulose 1:5 diphosphate (RUDP) or CH,OPOQ:-CO-(CHOH),-
CH,OPO;. This diffusive fractionation results in a ~4.4%o shift in the §°C value
(Fraquhar, 1989). C; plants fix carbon by carboxylation of RUDP forming 3-
phosphoglyceric acid (PGA) or CO,-COH;-CH;OPO;. The enzyme related fractionation
shows a depletion of ~27%o (Farquhar et al., 1989) in C; plants. In C; plants, CO:
diffuses into the leaf where it dissolves and is converted to HCOs". Further dissolution
forms phospoeyne pyruvate (PEP) or CH;-CPO:-CO: which exhibits an ~5.7%0
discrimination against HCO;". Carbon dioxide is then released into the bundle sheath
and re-fixed by RUDP. This subsequently transforms to PGA.

C; (i.e. higher vascular plants, most grasses, trees, wheat, rice) and C, plants (i.e.
corn, cactus, tropical grasses, sugarcane, sorghum, arid area shrubs) have mean 5°C

values around -25+5%o and -14+2%o, respectively. Aquatic plants fix CO, by the normal
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C; pathways with diffusion taking place in the aqueous phase (Farquhar et al.. 1989).
When disequilibrium conditions exists (i.e. during high productivity) a depletion of the
CO, available for plant photosynthesis can result and bicarbonate is used as the carbon
source. This leads to more enriched 5"°C values. Measured §"C values for aquatic plants
range between —11 and -39%.. Smith and Epstein (1971) subdivided photosynthetic
plants into two large categories based on their §"°C values. Most terrestrial plants range
from —24 to -34%o, while the §"°C of aquatic plants, tropical grasses, com, and desert and
salt marsh plants vary from —6 to -19%.. An intermediate group is formed by algae and
lichen with 8'*C values from —12 to -23%o. Organic matter in Holocene sediment has
8"C values ranging from -10%o to -30%o (Eckelman et al., 1962, Shultz and Calder, 1976;
Meyers et al., 1884; Meyers and Eadie, 1993; Krishnamurthy et al, 1995).

Francey and Farquhar (1982) and Farquhar et al. (1989) modeled the physical and
enzymatic basis of carbon isotope discrimination during photosynthesis. This model

equation, in its simplest form, is given by:
§"C,=8"Cr—a—(b—-2) (Ci/C.)

where §"C, is the isotope ratio of the fixed carbon (photosynthate); 5"C.; is the isotope
ratio the source (i.e. atmospheric carbon); a is the fractionation due to diffusion of CO;
in the leaf (4.4%o); b is the fractionation due to fixation of CO, via enzyme action (~27%o
for C; plants); C; is the concentration of CO, in the leaf intercellular space; C, is the

concentration of CO, in the atmosphere.
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Cellulose, Hydrogen and Alpha

Plants are extremely complex chemical systems. Early efforts to examine the
temporal isotopic variations in natural systems demonstrated the dependence of the D/H
ratio in plant total hydrogen on the 8D in associated environmental waters (Smith and
Epstein, 1970; Schiegl and Vogel, 1970; Libby and Pandolfi, 1974; Scheigl. 1974).
Problems associated with plant chemical heterogeneity were eliminated with the analysis
of a single chemical substance (cellulose) common to all plants (Epstein et al., 1976).

Cellulose is complex carbohydrate having the elemental composition of carbon,
hydrogen and oxygen (CHO). Cellulose hydrogen consists of two types. Hydrogen
bound to carbon is non-exchangeable, while hydrogen bound to oxygen readily exchanges
with ambient water sources (Mann, 1971; Epstein et al., 1976). Examination of non-
exchangeable hydrogen in plant cellulose (Epstein et al., 1976) made possible the use of
biogenic-hydrogen as a proxy indicator to environmental change. This was a consequence
of the fact that carbon bound hydrogen in plant cellulose had remained unchanged since
its biosynthesis from meteoric waters. The 8D of cellulose extracted from plants after
removal of non-exchangeable hydrogen has been shown to be a reasonable proxy of the
8D for the environmental water in which they grew (White et al., 1994; Yapp and Epstein,
1982; Buhay et al., 1996). This technique has been applied by various workers,
particularly in regard to the analysis of cellulose extracted from tree rings (Ramesh et al,
1985; Edwards et al., 1985; Edwards and Fritz, 1986; Epstein and Krishnamurthy, 1990;

Epstein, 1995; Lipp et al., 1996). Studies using the cellulose fraction of organic matter
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taken from lake sediments have also been undertaken (Edwards and McAndrews, 1989;
Edwards and Elgood, 1992).

The quantitative relationship between the 8D of plant cellulose and ambient water
has been worked out extensively (Yapp and Epstein, 1982; Edwards and Fritz, 1986;
White et al., 1994; Buhay et al., 1996). Collectively, these works consider in detail the
role of leaf water evaporation controlled by ambient humidity. Their models of the water

to cellulose evolution consider the equilibrium, kinetic and biochemical fractionation of

hydrogen. The 8D-water relationship is in the form of
(1000+ 8D cetuiose)/( 1000+ 8Dyater) = "ot 0t 0t = ota(Pcte cti-

where 8D cauiese 1S the measured 8D of the non-exchangeable hydrogen in the cellulose
and 8D, is the 8D of the source water, while Pa, is the net biochemical fractionation
factor, o and Pay, are the equilibrium and kinetic hydrogen isotope fractionation factors
between the liquid and vapor phases, and h is the relative humidity.

For aquatic plants, such as in this dissertation study, negligible effects due to
humidity changes can be assumed as a consequence of their submersion in water. Thus,
the relative humidity (h) from the above model will approach unity (h = 1). This reduces
the fractionation to P, the biochemical fractionation, which has a value of 0.9530

(Edwards and Fritz, 1986). Rewritten as

Pota = (1000+ 8D cettuose)/( 1000+ 8Dvaater)
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cellulose is thus shown to be depleted in 8D by about 47%o with respect to the 3D of the

water utilized by the plants.

Stable Isotopes as Proxy Recorders in Lake Sediment

Proxy recorders provide an indirect means of assessing environmental information
where direct measurement of temperature, chemical and other records is not possible.
Except when historical data exist, proxy recorders are the only acceptable means for
retrieval of paleoenvironmental information. In fact, the only reliable long term climatic
information available today is the recorded temperature and precipitation data for the past
100 years (Jones et al., 1986). The principle isotopic tools currently employed in
continental paleo-climatic and environmental studies are the 8D, 5'*0 and §"°C found
variably in cellulose (primarily of trees), ground water, ice cores, and carbonate materials
found in cave, soil and lacustrine environments. Temporal variations in the isotopic
signatures from tree ring studies are limited to hundreds, perhaps thousands, of years.
While cave studies offer longer temporal records, only studies of lake sediments offer the
potential for fine resolution analysis of continental paleoenvironmental change. McKenzie
(1985) described lakes as natural “beakers” in which geochemical processes can be
effectively studied. Lakes are much quicker to respond to environmental change and offer
a more rapid sedimentation rates than oceanic basins. Further, because of their smaller
size, temporal changes in lacustrine geochemical signals are amplified. The standard
proxy indicators commonly employed in the paleoclimatic study of lake-sediments are

pollen analysis, micro-faunal analysis and stable isotope analysis of the various
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sedimentary components. The isotopic tools currently used in paleoclimate studies using
lake sediments are the stable isotopes of carbon and oxygen (§"°C and §'°0) found in the

sediment constituents.
Carbon

The carbon isotopic signature in lake sediment has two components, the inorganic
and the organic fraction. Calcium carbonate is the primary inorganic component and can
be precipitated either biogenically or inorganically as lake marl. [f isotopic equilibrium
with the lake water is established, the 8'°C and 8'"0 of the calcium carbonate can be
interpreted in terms of environmental changes (Abell, 1982; Dean and Stuiver, 1993; Fritz
et al.,1975; Schelske & Hoddell, 1991; Drummond, 1995). To understand the lakes’
carbon chemistry both the organic and inorganic carbon sources and depositional
mechanisms need be understood.

The main sources of organic carbon in a lake are the submerged plants such as
macrophytes and plankton, etc. Terrestrial vegetation supplied to a lake is typically plant
debris transported to the lake via stream input and runoff. In theory, the d 13C of organic
carbon can be dictated by water temperature, atmospheric CO, concentration, lake
productivity and contribution from terrestrial sources. The influence of temperature on
8"C of lake organic materials would manifest itself through temperature dependent
fractionation during photosynthesis. Significant temperature effects, unfortunately, have

been documented in only a few cases involving marine plankton and seemed to produce
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divergent results. Jasper and Hayes (1990) and Rau et al. (1991) have argued that
atmospheric CO is a determinant of the ultimate isotopic carbon ratio of sedimentary
organic matter. There exists a need to further explore evidence that atmospheric CO: can
influence the 5°C of lake organic matter. The effects of lake productivity on the §°C of
lake organic matter has been addressed in numerous studies such as those by McKenzie
(1985), Hollander and Mckenzie (1991) and Schelske and Hoddel (1991). When a lake
goes into a state of enhanced photosynthesis, the production zone is depleted in dissolved
CO, leaving the lakes carbon pool enriched in °C. Therefore, an increase or decrease of
productivity in a stratified lake should be reflected by like increase or decrease in the §“°C
of both the inorganic and the organic carbon that is produced in the surface water and
subsequently sedimented. There is a general indication that most parameters affecting the
isotopic distribution of lacustrine organic matter remain relatively constant and change
only if the environmental conditions are altered to a significant degree (Harkansson, 1985;

Stuiver, 1970; Dean and Stuiver, 1993; Talbot and Johannessen, 1992).

Oxygen

The oxygen isotope composition of a lake is subject to variation in temperature,
moisture provenance and the processes acting on the lake (i.e. evaporation). Variation
in the 80 of lacustrine carbonates should reflect some combination of change in the
isotopic composition of the lake or change in the temperature of calcite precipitation. Xia

et al. (1996) found that the relationship between §'°0 of the ostracode shells and the
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culture water shows a clear and consistent temperature dependence of oxygen isotope
fractionation during biogenic calcification in controlled experiments. Further, it was
noted that the 8'%0 in ostracode shells were well defined by the 5'%0 of the water from
which the shells are formed. Showing near paralle! linear regression to 5"%0 of water and
ostracode calcite, Xia et al. (1996) found the 15°C regression line is shifted upward by
approximately 2%o compared to the 25°C regression line. A similar 2%o difference would
be expected from inorganic carbonate given a temperature difference of 10°C.

Many lacustrine carbonates show a strong temporal covariance in their isotopic
carbon and oxygen compositions. The strongest covariance is seen in closed systems and
lakes with long residence times and probably reflects the isotopic evolution of the lake
water versus the recharge rate (Talbot, 1990; Talbot and Kelts, 1990; Mckenzie and
Hollander, 1993). Lack of covariance has been reported in lakes where residence time
is short and open lake conditions are evident (Mckenzie and Hollander, 1993; Wolfe et
al, 1996). Additionally, Smith et al. (1997) show poor covariance and negative
excursions in 830 of carbonate during drought periods when ground water recharge

provided the dominant isotopic signal.

Hydrogen

The proxy indicators for extracting paleoenvironmental information from organic
bearing sediments have largely been restricted to successful efforts in the development of

a reliable and documentable technique for data acquisition. Oxygen isotopic studies using
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the cellulose fraction of terrestrial and lacustrine organic matter have been undertaken
with notable success. Burk and Stuiver (1981) modeled §'*0 in wood cellulose
accounting for source water 8'°O, biochemical fractionation, and humidity- and
temperature-dependent isotopic enrichment via evapotranspiration. Edwards et al. (1985)
and Edwards and Fritz (1986) modeled both §'°0 and 5'®0 using only the input water 8D
and 8'30 and relative humidity as variables (see previous discussion Hydrogen, Cellulose
and Alpha). Although initially applied to wood cellulose studies, Edwards and Fritz
(1988), Edwards and McAndrews (1989) and Edwards and Elgood (1992) latter
reinforced their findings with oxygen isotopic studies in lake sediment and lake sediment
cellulose. However, attempts to obtain useful hydrogen isotope data from aquatic plant
cellulose have shown only limited success, possibly owing to species dependent variability
in biochemical fractionation effects between the source water and photosynthetic aquatic
species (Stiller and Nissenbaum, 1987, Sternberg et al., 1984a, 1984b; Stemnberg, 1988;
Edwards, 1993).

In general, the use of hydrogen as an isotopic proxy in lacustrine studies has been
slow in development, as there is no single established and perfected technique available
for the extraction of hydrogen from the organic matter in sediment. Recently, it has been
suggested that the 8D of “bulk organic matter” extracted from sediments may also serve
as a proxy of the 3D of environmental water (Krishnamurthy et al., 1995). In a pilot
study using a radiometrically dated sediment core from Austin Lake in Michigan,

Krishnamurthy et al. (1995) sought to investigate and establish the suitability of 5D from
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the insoluble organic residue of lake sediment as a paleoclimatic indicator. Hydrogen was
extracted from bulk sediment organic matter using a protocol developed by
Krishnamurthy and Epstein (1991) for analysis of organic material from cherts. Without
close attention to the analytical procedures, organic matter in sediment was concentrated
by acid digestion in HCI followed by HF:HCI. Krishnamurthy et al. (1995) demonstrated
the feasibility of using D/H ratios in lake organic matter as a viable paleoclimatic proxy
while using the §'*C and C/N ratio to shed light on the depositional environment of the
lake studied. A brief discussion of the Austin Lake study will be presented in Chapter 3
in conjunction with data from this present study. With that in mind, the apparent success
in using the Krishnamurthy and Epstein (1991) protocol for sample preparation and
hydrogen extraction in the Austin Lake pilot study necessitated confirmation that the D/H
ratio of the bulk organic matter from lake sediment is reliable as a proxy of climatic

history.

Objectives of This Study

The primary objectives of this study are threefold:

1. Demonstrate the potential of D/H ratios in lake organic matter as a useful
proxy for paleoclimate study. This project extends the research begun by Krishnamurthy
et al. (1995) by analysis of new cores acquired from lake systems in Ohio and Wisconsin.

2. Develop a technique for the extraction of hydrogen from organic rich
sediment that yields repeatability in the 3D. This dissertation project stems from a need

to refine and further document the hydrogen extraction technique initiated in the pilot
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study undertaken by Krishnamurthy et al. (1995). As will be shown, the refinement of
their initial procedure required the addressing of questions concerning the exchangeable
versus non-exchangeable hydrogen in the HF:HCI "organic rich” residues.

3. Generate a continent-based regional paleoclimate record covering the
Pleistocene-Holocene period using stable isotope records taken from bulk organic matter
in lake sediment. Stable isotope analysis (5"°C, 8D) of acid-resistant (HCI and HF-HCI)
sediment residues are prepared from radiometrically dated sediment cores. The
carbor/nitrogen (C/N) ratio of these residues is determined in order to constrain the
interpretation of the stable-carbon isotope ratios in the sediment organic fraction.
Additionally, the 8"*C and §'*0 in CO, evolved from carbonate bearing sediment found
within these cores is analyzed to further augment the interpretation of the paleo-
environmental status for one of the two lakes reviewed.

The basis for an environmental interpretation of the hydrogen isotopic distribution
of lacustrine organic matter stems from the assumption that the organic matter in lake-
sediments is made primarily of the photosynthesizing aquatic plants that grew in the lake.

As the source of hydrogen for these plants was the local meteoric water recharging the
lake, the 8D of lake organic matter should reflect the 8D of local meteoric water via the
8D of the lake. Since the 8D of local meteoric water is directly related to climatic factors,
the 8D of lake-organic material should be interpretable in terms of climatic changes.
Similarly, the 8"C of the sediment organic carbon component will yield data relative to

the environmental status of the lake such as lake productivity and lake chemistry (i.e. CO2
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exchange).

For the purpose of this study, the residual organic matter remaining after
successive acid digestion of the parent sediment sample can be defined as “kerogen”
having a predominant and concentrated elemental composition of carbon, hydrogen,
nitrogen and oxygen (CHNO). Schoell (1984) demonstrated that for kerogen extracted
from rock (residual organic materials of C,H,N,O elemental composition) all carbon
bound hydrogen is non-exchangeable at low temperatures (< 130°C) while the fraction
of oxygen and nitrogen bound hydrogen (non-carbon bonded hydrogen) of the organic
matter is available for isotopic exchange with ambient water hydrogen. Carbon-bonded
hydrogen, on the other hand, exhibited isotopic exchange with ambient water hydrogen
at higher temperatures. Below 170°C, however, the isotopic integrity of carbon-bonded
hydrogen in kerogen is preserved over geologic time (Schoell, 1981 in Shimmelmann,
1991; Schoell, 1984). With few exceptions, the studies of 8D in residual sediment organic
materials of C,H,N,O elemental composition use bulk hydrogen and principally do not
address the influence of exchangeable and non-exchangeable hydrogen on the bulk 3D

value.
Study Area

Samples used in this study came from radiometrically dated lacustrine cores raised
from Ladd Lake in northwestern Ohio, Lake Winnebago in east central Wisconsin and

Austin Lake in southwestern Michigan. Figure 2 shows the location of Ladd Lake, Lake
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Winnebago and Austin Lake within the study area. Additionally, Mediterranean sapropel
samples were incorporated into this study and provided insight to bulk sediment organic
residues from marine sources having low organic carbon content (1 to 7%). The dotted
line on Figure 2 represents the maximum extent of the Wisconsinan Ice Sheet (Flint,

1957).

Figure 2. Study Area Showing the Mid-Western United States and the Location of
Ladd Lake in Northwestern Ohio, Lake Winnebago in East Central
Wisconsin and Austin Lake in Southwestern Michigan. The dotted line
indicates the maximum extent of the Wisconsinan ice sheet as indicated by
Flint, 1957.
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Many if not most of the Midwestern lakes were formed in glacial drift as kettle or
pro-glacial lakes related to the last glacial advance of the specific area. Murphy and
Wilkinson (1980) described Midwestern lakes as dimictic hard-water systems wherein low
magnesium calcite has accumulated throughout the Holocene. Groundwater recharging
such lakes typically emanates from carbonated rich glacial drift, which in turn may often
be underlain by carbonate bedrock and carbonate bedrock aquifers. Consequently, waters
recharging marl lakes from groundwater sources are very often enriched in calcium and

bicarbonate.

Core and Sample Acquisition

The initial stage of this project required collecting various lacustrine cores.
Sediment sub-samples were then prepared for isotopic analysis. The general criteria for
acquisition of the required sediment core were that each core be of lacustrine origin,
possess a distinctly post glacial interval and, preferably, have been radiometrically dated
to establish sediment chronology. Three sediment cores were acquired through the
University of Minnesota’s Limnologic Research Center. Under their supervision and
guidance, each of the 3 cores was sub-sampled for stable isotopic analysis. Two of these
cores, one each from Ladd and Fudger Lakes in Ohio, had undergone pollen analysis
(Shane, 1991). The third core, from Lime Lake in Michigan, showed evidence of large-
scale slump features rendering only the upper 1 to 2 meters as viable with regard to a
paleoclimate study. Only the 12-meter length Ladd Lake core had been radiocarbon

dated and thus it became the initial focus of this research. Both the Fudger and Lime
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Lake cores were archived for future study. Subsampling and other information relative
to the Fudger Lake and Lime Lake cores may be found in the appendix.

Ladd Lake is located in Defiance County, NW Ohio, at coordinates 41° 24' 0" N;
84° 45' 45" W. Surface elevation is at 249 m above sea level and the lake can be found
on the Butler, East Quad, USGS 7.5-minute series map. The 12 meter Ladd Lake core
was raised November 13, 1986 using a 5 cm. diameter Wright-Livingston piston sampler
from an anchored plywood platform lashed to two canoces. Coring was done after
locating the deepest spot of the lake by using sounding gear consisting of a line and
perforated metal plate. Depth sounding indicated a mid-lake depth of 950 cm. Only one
core was raised and the water depth at core point was ~9 m. With the water surface
considered O cm the top of core starts at 930 cm, and the base of core at 2132 cm. The
last drive (bottom) of the Ladd Lake core (2092-2132 cm) was grey clay with sand from
2122 to 2132. This may represent pre-lake sediment or bedrock.

Sub-sampling of the Ladd Lake core took place at the University of Minnesota
Limnologic Research Center and Western Michigan Universities Stable Isotope
Laboratory. Ladd Lake sediment samples were extracted from their respective core by
using a newly washed and modified plastic 3, 6 and/or 10cc syringe. Modification by
blunt cutting the syringe resulted in a “coring device” that provided a convenient method
for extracting the sediment sample by coring the sediment core with the syringe tube and
extruding the sample using the syringe plunger. Approximately 3 to 5 grams of sediment
were collected at each sampled interval. Individual samples were collected at a 4 to 5 cm

interval, then placed into separate, new, sterile pre-labeled 20ml vials. Vials were labeled
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alphanumerically for sample identification by using the abbreviations LL for Ladd Lake
and the subsequent numbers indicating the core depth in centimeters. Collectively,
approximately 300 samples were removed from the Ladd Lake core and 137 of these
were used in this research.

As work in the experimental phase progressed, additional samples were
incorporated into this study. These included Mediterranean sapropel samples, sediment
samples from a core raised from Lake Winnebago, Wisconsin and selective Austin Lake
samples (Krishnamurthy et al., 1995). Fifteen sapropel samples were provided by Dr.
Phillip Meyers, University of Michigan, which he selected from archived Mediterranean
sapropel samples that were raised in 1995 during their ongoing Ocean Drilling Program.
These samples were used both in the development of the hydrogen extraction technique
and for subsequent stable isotope analysis related to their origin (the latter will appear in
a peer reviewed manuscript currently in preparation). Twenty-five additional samples,
consisting of non-sapropel “background” samples, were also provided.

Lake Winnebago is located at coordinates 44° 09' N; 88° 10' W and occupies
portions of Calumet, Fond du Lac and Winnebago Counties in central-eastern Wisconsin.
Workers from Lawrence University, Appleton, Wisconsin, raised several vibracore from
the north-central portion of Lake Winnebago during the summer of 1995. Sixty sediment
samples from core LW7 and 43 mollusk shells collected from core LW8 were extracted
and provided (obtained through Dr. G. L. Smith) for stable isotope study. Each core was
approximately 3 meters in length. Each of the sixty sediment samples was extracted using

a newly acid washed plastic utensil then individually placed into separate new, acid-
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washed and pre-labeled 20ml vials. Vials were labeled LW7-9, LW7-20, etc. with LW7
indicating Lake Winnebago vibracore 7 and subsequent numbers designating the core’s
sample interval depth in centimeters. The forty-three shell samples were collected from
core intervals between 87 and 131 cm by processing 1 cm slices of the core using a
modification of the techniques of Forester (1988) and Smith (1993) and reported in Smith
(1997). Each represented the picked, washed, sand-to-gravel size fraction of the bulk
sediment sample from a designated cm-interval. In addition to the hydrogen study
performed on the acid resistant sediment organic material, samples from core LW7 were
analyzed for stable isotope ratios in both organic carbon (§"°C) from the carbonate free
residue and inorganic carbon and oxygen (8"°C and §'°0) of the marl carbonate (see

subsequent Chapters).

Sediment Chronology

Six radiocarbon dates were obtained from bulk sediment organic matter in
samples collected from select intervals over the length of the Ladd Lake core. Table 3
shows the results of these radiocarbon dates. Dates were generated by the Illinois State
Geological Survey for the University of Minnesota Limnologic Research Center
(UMLRC). Sample pretreatment included use of acid to remove carbonates and KOH
to remove humics. UMLRC analysis included percent organic matter, carbonate and
siliceous residue determinations (reported as % of dry weight). These were done at 8-cm
intervals by the loss-on-ignition (LOI) method of Dean (1974). Pollen sample analysis

was performed by Dr. Linda C. K. Shane. The top 11 meters of this 12-meter core were
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reported as Holocene in Shane, Linda C. K., Vegetation History of Western Ohio, Final
Report on 1990 Grant from The Ohio Department of Natural Resources, September 15,
1991. Individual samples from the Ladd Lake core were fitted to ages obtained from
sedimentation rates based on "*C dates. Conversion of radiocarbon dates to calendar
years using the techniques of Bard et al. (1993), and Stuiver and Becker (1993) was
performed and used in plots relating to the data interpretation presented in Chapter III.

Six Radiocarbon dates were obtained for the Lake Winnebago samples from the
CO, gas evolved from sediment organic matter by combustion of the carbonate free
organic fraction. AMS dating analysis was performed for Western Michigan University
at Purdue University’s Prime Laboratory for rare isotope measurement and is shown in
Table 3. Dates for individual samples were estimated by using a linear sedimentation rate
between radiocarbon dated intervals. Based on the chronology determined, the
extrapolated surface age of the topmost sample is ~1300 years B.P. This result is most
likely due to the loss of the first few centimeters during core recovery. A living clam
sample collected from the lake’s sediment surface in 1993 gave a "modern” radiocarbon
age suggesting very little hard water effect even though the Lake Winnebago water
chemistry is strongly influenced by recharge from the carbonate rich local groundwater.
This absence of ‘hard-water effect” might be due to rapid equilibration of the dissolved
inorganic carbon with atmospheric carbon dioxide in this shaliow (< 6m) lake. Data for
samples that were separated by less than 140 years (i.e. twice the standard deviation
reported for the radiocarbon dates) were averaged and converted to calendar years based

on the methods of Bard et al. (1993) and Stuiver and Becker (1993).
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The oldest date of 14.6 kyr for the Ladd Lake core and 12.1 kyr for the Lake
Winnebago core is consistent with geological observations in both areas that these lakes

formed at the termination of the last glacial period in response to the melting and

retreating ice mass.

Table 3

Radiocarbon Dates From the Ladd Lake, Ohio and Lake Winnebago, Wisconsin Cores

Ladd Lake Core Lake Winnebago Core LW7
Depth “C Date Depth “C Date
(cm) (yr. BP) (cm) (yr. BP)
1194-1200 300+ 70 1 1,320+ 70
1451-1459 3,860 £ 70 58 2,410+ 70
1807-1815 5,750 = 100 100 4950+ 70
2004-2010 10,140 £120 127 7,250 + 80
2045-2051 11,750 £ 180 151 10,400 £90
2100-2108 14,680 £310 271 12,050 £ 90
Stable Isotopic Analysis

Isotopic analyses presented in this dissertation were obtained from various
sedimentary components of samples taken primarily from Midwestern United States

lacustrine cores. The principal focus of this project was the stable hydrogen isotopes in
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sediment organic matter. Auxiliary studies include the analysis of stable isotopes of
carbon and oxygen from marl carbonate and shell material, as well as the organic carbon
from the carbonate free insoluble sediment residues. The isotopic analysis in each case
was accomplished using a Micromass-Optima isotope ratio mass spectrometer. All

isotopic ratio data are expressed in the delta notation per mil where:

= 3
8%o = [(Rsample /Rgtandard) =1 119

where R is '*0/'%0, D/H, *C/"*C etc.

Carbon isotope ratios are reported relative to the PDB (Peedee Belimnite) Standard.
Hydrogen isotopic ratios are reported relative to SMOW (Standard Mean Ocean Water).
Oxygen isotopic ratios are variously reported relative to both the PDB Standard and
SMOW. Precision for both carbon and oxygen is +0.1%o and for hydrogen, it is £2%o.
Carbon is always analyzed as CO, gas. Inorganic carbon, such as that in
carbonate materials, is usually reacted with 100% phosphoric acid at 25°C. Organic
carbon compounds are oxidized to CO, at 900°C to 1000°C. In this study, the inorganic
carbon from marl-rich sediment was analyzed using the septum-phosphoric technique
developed by Krishnamurthy et al. (1997). Analysis of organic carbon (5°C) is
accomplished by combustion of carbonate free sediment samples (insoluble HCI residue)
in the presence of CuO at 900°C for 3 hours. This combustion protocol is also used for
the isotopic analysis of hydrogen from sediment organic matter. The latter, however,

requires the further concentration of the sediment organic matter to remove any
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potentially hydrogen-bearing inorganic phase (i.e. silicate minerals) present in the residual
material. A general protocol for this was initially developed by Krishnamurthy and
Epstein (1991) and subsequently used by Krishnamurthy et al. (1995) in their Austin Lake
study (Kalamazoo, Michigan). The carbonate free residues are re-digested in an HF:HCl
solution. In this procedure, the sediment organic matter (the insoluble HF:HCl-residues)
from each sample is combusted in the presence of CuO in the same manner as the organic
carbon from the carbonate free residues. The controlling reaction for both these

processes is as follows:

3Cu0O + 2CHNO - 900°C =3Cu + H,0 +N: +2CO;

Sediment organic residues (both HCI and HF:HCl insoluble residues) have an
elemental composition of carbon, hydrogen, nitrogen and oxygen (CHNO). Their
gaseous CO,, H,0 and N, combustion by-products are cryogenically separated and may
be individually collected and measured. Carbon and Nitrogen yields were recorded for
the carbonate free residue (HCl-residue) and the HF:HCl residues. These data were used
in calculating the carbon/nitrogen (C/N) ratios for both residual materials, which are
discussed later. The C/N ratios of the carbonate free fraction were used to constrain the
interpretation of the organic carbon data. The §"°C of the CO, gas were determined for
both residual materials.

Hydrogen yields were determined only for the HF:HCl-residue and used for
calculation of the atomic hydrogen to carbon (H/C) ratio. Hydrogen gas was generated

by passing the combustion water over uranium metal heated to 750°C. Gaseous H, was
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subsequently collected then transferred to the mass spectrometer for measurement of 6D.
This procedure for water reduction was first reported by Bigeleisen et al., 1952, and is

described by the following reaction:

2H,0 + U 2750°C-> UO; + 2H,

Given the recent global environmental awareness, other potentially less dangerous metals
are frequently used for deuterium analysis. Thus, in some laboratories, water is
quantitatively reduced under vacuum using zinc heated to 450°C (Freidman, 1953;
Coleman, et al, 1980) or chromium heated to 750°C (Gehre, et al, 1996). The present

study uses uranium for reduction of water in all its hydrogen isotopic analyses.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER II

DEVELOPMENT OF A HYDROGEN EXTRACTION TECHNIQUE

Methodology

Ultimately, the development and use of this hydrogen extraction technique is
intended for the analysis of the deuterium/hydrogen (D/H) ratios of organic matter in
sediments. Hydrogen isotope ratios are measured using an isotope-ratio mass
spectrometer and gaseous hydrogen. Thus, a prime focus of this and any hydrogen
extraction technique is to first isolate the hydrogen-bearing fraction that can then be
converted into hydrogen gas. For the purpose of this study, this fraction is the residual
organic matter remaining after successive acid digestion (HCI followed by HF:HCl) of
the parent sediment sample. This insoluble residue, termed “kerogen” or “HF:HCI
residue”, can be defined as having a predominant elemental composition of carbon,
hydrogen, nitrogen and oxygen (CHNO). Once extracted from the sediment the
organic residue can be oxidized to form water by combustion. Gaseous hydrogen is
then routinely generated by reducing the water (H>O) using uranium metal heated to
750°C or metallic zinc heated to 450°C. Additionally, Gehre et al. (1996)
demonstrated that chromium heated to 750°C is also an efficient reducing agent. This
study uses heated uranium metal for hydrogen conversion in all instances.

Following the collection of suitable lacustrine core and sediment sample

50
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preparation, the experimental plan used in developing a hydrogen extraction technique
was to first establish a reference data set of 8D, §"°C, C/N, H/C and % organic carbon
from the acid resistant residues described in subsequent sections. Once this base data
set was established, experiments pertaining to the exchangeable hydrogen atiached to
the residual organic molecule and removal of the exchangeable hydrogen were

designed.

Sample Preparation

Acid Digestion Procedure

Successive acid-digestion of the parent sediment sample(s) was necessary for
the removal of any inorganic-hydrogen bearing materials from the sediment organic
matter. Acid resistant sediment organic residues were initially prepared for hydrogen
extraction based on the protocol established by Krishnamurthy and Epstein (1991) and
subsequently used by Krishnamurthy et al. (1995) in their Austin Lake study
(Kalamazoo, Michigan). Unprocessed (raw) sediment samples were dried as
necessary then powdered using an agate mortar and pestle. Aliquots of each
unprocessed, dried and crushed sample were set aside for analysis of inorganic carbon
and oxygen via the 100% H;PO; digestion technique (Lake Winnebago samples only)
using the modified septum digestion technique developed by Krishnamurthy et al.
(1997) for isotopic studies of carbonates. The remaining unprocessed sample was

digested in concentrated HCl (38%) to remove carbonates prior to digestion with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

V]



HF:HCI [mixed as a 1:1 (v:v) solution from concentrated HF (48%) and HCl (38%0)]
to remove silicates.

Initially, the conventional HF:HCI digestion procedure was followed, wherein
samples were digested while kept in a ~60°C water bath to speed the reaction. This
technique required a mean cumulative HF:HCI processing time of ~2700 minutes in
acid. The total time required to process an individual sediment sample through both
the HCl and HF:HCI digestions and into its residual organic matter for isotopic
analysis ranged from 7 to 10 days. A faster process was desired. For this, a newly
developed HF:HCI microwave digestion procedure was adopted that much improved
the efficiency of the HF:HCI procedure. The specific details of the HCl and HF:HCI

digestion procedures are discussed below.

HCI Digestion

The standard procedure for analysis of organic matter in sediment is to prepare
a carbonate free sediment residue by digesting the “raw” sediment in hydrochloric acid
(HCl). In this study, carbonate removal was accomplished by placing dried and
powdered unprocessed sediment samples in 15ml acid resistant centrifuge tubes with
approximately 9 ml of concentrated HCl. Each sample tube was mixed thoroughly by
stirring with a glass rod, then capped and kept in a constant temperature water bath at
~60°C. Spent HCI was replenished at 3 and 5 hour intervals by first centrifuging each
tube, then pouring off the supernatant and replenishing each tube with ~ 9ml of fresh

HCI. Samples were again stirred and capped before returning them to the 60°C water
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bath. Typically, 2 to 3 cycles of 3 to 5 hours of HCl-digestion were used (cycled until
no reaction could be observed). Each sample was then rinsed to near pH neutral
(using laboratory-distilled water of pH 6) and freeze-dried. Aliquots of each dried
HCl-residue were separated for organic carbon studies (5"°C, percent organic carbon
and C/N) and archive storage. The remaining fraction of HCl-residue was used in the

subsequent HF:HCI digestion.

HE:HCI Digestion

The HF:HCI digestion procedure is designed to concentrate the sediment
organic matter by removing silicates and any remaining hydrogen bearing inorganic
components from the carbonate-free HCl-residue. Both the conventional and a newly
developed microwave digestion procedure were used to remove silicates and further
concentrate the sediment organic remains. The conventional HF:HCI digestion and
hydrogen extraction methods (Krishnamurthy et al., 1995) were used in the initial
stage of this research involving a pilot group of 42 sediment samples. These 42
samples were selected over the 12-meter length of the Ladd Lake core and
corresponded, where possible, to intervals of pollen analysis (Shane, 1991 and Shane
and Anderson, 1993).

Dried and powdered HCl-residues were placed in 15ml acid (HF) resistant
centrifuge tubes and approximately 9 ml of the concentrated HF:HCI solution was
added, then mixed thoroughly using a nalgene stirring rod and capped. The sample-

tubes were kept in a constant-temperature water bath at ~60°C for variable duration
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ranging from hours to days, then centrifuged and the supernatant decanted. The
HF:HCI residues were then rinsed to near pH neutral and freeze dried, as before.
After processing the initial 20 samples through one HF:HClI digestion cycle the process
was modified by first determining the dry weight of the powdered HCl-residues before
placing them into the 15ml acid (HF) resistant centrifuge tubes. Weights were
measured using a Metler balance, model AE 240, which yield accurate results to 0.02
mg. Now, each sample was processed through an HF:HCI digestion cycle and
weighed before being re-processed in consecutive HF:HCI digestion cycles. This
technique was followed until successive freeze-dry weights of the HF:HCI residues
reached a near constant weight (defined as exhibition of less than 10% change in
successive freeze-dry weights following each HF:HCI digestion cycle). The rationale
for this method was to determine the point that inorganic material in each residue
became essentially irreducible. The initial 20 samples and the remaining 22 pilot group
samples were processed in this manner until less than 10% change in weights occurred
as described above. Due to lack of an initial dry weight for the first 20 samples, their
overall mass reduction could not accurately be determined. The remaining 22 samples,
however, exhibited a mean of 82% mass reduction during the residual organic
concentration process. Table 4 shows the results for all 42 pilot samples. The sample
number, centrifuge tube number (given to identify grouping, i.e. first 20 or last 22
samples), and the initial and final weights of the residues are shown adjacent to their
overall percent reduction in sample weight through the digestion procedure along with
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