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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
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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
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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,
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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
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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.
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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 becom<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>