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ABSTRACT

Prediction of future climate change relies on the accuracy of models that can be
calibrated using paleoclimate proxy data. The longest and most continuous records are
based on marine sediment and ice cores, but cannot be dated using absolute radiometric
techniques. Analyses of speleothems from western North America were used to develop
well-dated isotope records for Quaternary paleoclimate reconstructions. This research
uses the oxygen and carbon isotope records of speleothems from Reed's Cave, in the
Black Hills of South Dakota, to determine the presence of high resolution and long-term
climate cycles. 8D analyses of fluid inclusion water extracted from speleothem were
used to estimate absolute paleotemperature change.

Oxygen and carbon isotope analysis of two Wisconsin age speleothems shows
different 5'®0 (8'%0 of calcite) records for their coeval period of growth. The growth
rates for the speleothems also differ and suggest that local environmental factors may
have produced the divergent isotopic variation. Spectral analysis of the oxygen isotope
record reveals the presence of millennial-scale cycles and Heinrich events. Good
correlation with speleothem isotope records from Missouri and Israel confirm that global
climate is being recorded.

Three mid-Pleistocene speleothems from Reed's Cave grew from 550,000 to
150,000 years ago have divergent isotope records but show evidence of global climate
change. Local differences in hydrology and topography are attributed to the different

records. Two speleothems show large isotopic variation during marine isotope stages
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(MIS) 11 and 13. These results show the sensitivity of the speleothem isotope record to
climate change on the continents. There is evidence that MIS 13 was warmer than MIS
11, information that rejects the theory that MIS 11 was the warmest Quaternary
interglacial.

The measurement of 8D variations in speleothem fluid inclusion water gives a
record of paleoprecipitation for two sites in western North America. The temperatures
calculated show large magnitude changes in temperature during the Wisconsin glacial
period of up to 10 °C. The temperature shift for the coeval period of the growth for the
two speleothems shows synchronous warming and cooling events between 60 and 55 ka
BP. Results of 5D analyses of a speleothem from the central California coast show
Holocene cooling that was initiated at approximately 8 ka BP and may be evidence of the
hypsithermal.

This research was initially intended to develop paleoclimate records for
western North America but also succeeded in providing additional insight on speleothem
geochemistry. Divergent isotope records in coeval speleothems is not necessarily
evidence of non-equilibrium deposition. We found corresponding differences in the
deposited calcite and the fluid inclusion water, which is likely a preserved sample of the
original dripwaters. Therefore it is possible to uncover global climate signals in
speleothems with divergent §'%0, records. The influence of local, small scale variables
on the isotope record has been underestimated. There is strong evidence that terrestrial
proxies record high resolution paleoclimate that cannot be captured by the marine and ice

core records.
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CHAPTER ONE. INTRODUCTION

1.1 BACKGROUND

Models attempting to predict the impact of global warming on natural climate
cycles are developed from understanding processes in past climate. Proxy records are the
only records of Quaternary climate change for the period before written records (few
thousand years). Speleothems are useful for paleoclimate studies because they can be
absolutely dated using radiometric techniques and have been shown to record climate
change in their stable isotope geochemistry during formation. This research uses oxygen,
carbon and hydrogen isotope variations in speleothem calcite to reconstruct climate
change in North America. The use of stable isotopes is a major component of speleothem
paleoclimate research and has advanced with fluid inclusion studies to provide estimates
of absolute paleotemperatures. The objectives of this work are threefold: use coeval
speleothem records to determine the consistency of speleothem climate records, provide
information on Pleistocene climate change in the mid-continent and advance studies
using 8D variations in fluid inclusions for calculating paleotemperatures.

The main site selected for this research is Reed's Cave in the Black Hills of South
Dakota (Figure 1.1). The Black Hills are in the heart of the continent and are located at
the convergence of air masses originating in the Pacific, Gulf of Mexico and the Arctic
(Bryson 1966). The Black Hills caves formed in the limestone of the Mississippian

Pahasapa formation that were uplifted during the late Cretaceous and early Tertiary. The
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uplift exposed the limestone unit to aggressive meteoric waters, which resulted in cave
development along prominent joints and faults in the rock. Reed's Cave, like all other
Black Hills caves, is a multi-level network maze with varied passage cross section that is
unique to each level. The caves of the Black Hills contain speleothems in the form of
thick hydrothermal spar coating the walls of Wind and Jewel Caves and also in the form
of vadose stalagmites, flowstones and stalactites. Vadose speleothems from Reed's Cave
have formed in both mid- and late-Pleistocene time, giving well-dated records of climate
change for these periods.

Caves provide a unique opportunity for study because they are extremely stable
environments that preserve chemical signatures of geological processes that occurred in
the past. Speleothems, calcite precipitates that form in caves, can be used for
reconstructing climatic conditions because the isotope chemistry of speleothem can give
information on conditions at the time of deposition. Isotopic variation in speleothems
provides information about climate because the fractionation of oxygen isotopes in the
calcite-water system is temperature dependent. Cave temperatures are found to be long-
term averages of surface temperatures (Wigley and Brown 1976) which can be used to
reconstruct past climates (Schwarcz 1986, Gascoyne 1992). Climate history can also be
investigated by looking at variations in the carbon isotopes of speleothems. The §C of
speleothem calcite is controlled by changes in overlying vegetation, changes in COz

availability and infiltration time for meteoric waters. Changes in productivity and



vegetation types are recorded by changes in §13C and can identify periods of warmer (or

cooler) temperatures.

1.2 SPELEOTHEM GEOCHEMISTRY AND CLIMATE

Speleothems are chemical precipitates, generally in the form of calcite or
aragonite, as flowstone, stalactites or stalagmites. The following chemical reactions are

involved in the process of speleothem formation:

CO4(g) © COz(aq) (1.1)
H,0 + CO1(aq) & HCOy +H' (1.2)
CO,* + Ca* < CaCOs (1.3)

As meteoric water passes through the soil it becomes enriched in CO2 respired from by
plant roots in the soil. As it passes through the bedrock substrate, the acidic water is able
to dissolve limestone (equation 1.2). If the dripwater entering the cave has a higher CO,
content than the cave air, the water releases CO,. The degassing reduces the acidity of
the water and causes CaCOs to precipitate, forming speleothem (equation 1.3). The
process of speleothem formation can occur at isotopic equilibrium or disequilibrium. If
formed in equilibrium, the sample can be used to derive paleoclimatic information. The
water percolating through the substrate can also pick up trace elements including

uranium, which can be used for dating the speleothem.



1.3 ANALYTICAL METHODS

There have been many advances in dating techniques for paleoclimatology
applications. Radiometric dating of speleothem using uranium-series techniques has
been significantly improved from the earlier alpha counting methods. During formation,
parent uranium isotopes &, 38J) are incorporated into the speleothem and 240 decays
to the daughter isotope (*°Th). The accumulation of the daughter isotopes can be used
to calculate the time passed since the calcite was deposited. Using the equation

0240 = BHUABU(1-6P") + (Aaso/Azso-Aae)*

(1- BUPRUX(1- (20923 (1 1)
time (t) since deposition can be determined. 230Th, B*U and » 8U are the abundance of the
isotope in activity units (in disintegrations per minute per gram). Azso and A34 are the
decay constants for the isotopes (Az3o - In2/ t12(230)). Their respective half-lives (t12) are
75,200 years and 247,000 years. Using the measured values of Z°Th/**U and BUAy
equation 1.1 is solved iteratively for t.

Thermal Ionization Mass Spectrometry (TIMS) has improved the analytical
precision from the 5-10 % obtainable with alpha spectrometry, to less than +/- 1% (Li et
al. 1989, Chen et al. 1992). Recent progress in the development of multi-collector ICP
inductively coupled plasma) mass spectrometry enables the analysis of up to five isotopes

at one time and further improvement in precision (Stirling et al. 2000).



1.4 TEMPORAL ASPECTS

The time slices that are represented include the marine isotope stage (MIS) 11
interval from 425,000 to 325,000 years ago and the late Pleistocene Wisconsin glacial
period from 80,000 to 20,000 years ago. The MIS 11 problem (Imbrie et al. 1993) has
been a very contentious issue because there is lack of agreement whether this interglacial
period was warmer and of longer duration than the present interglacial. Using the Reed's
Cave speleothems we hope to give absolute dates on the initiation and duration of this
interglacial, and compare it with changes occurring in the North Atlantic. The Reed's
Cave isotope record is a much higher resolution record of change than deep-sea cores, so
the presence of millennial-scale variability was investigated as well. Oscillations that are
over half the interglacial/glacial magnitude are recorded, supporting the idea that there
was significant climate instability during this period.

The more recent Wisconsin glacial age records from speleothems and the North
Atlantic deep sea sediment and ice core records display millennial scale variability
(Dansgaard et al. 1993, Bond et al. 1999, Dorale 2000). It is believed this period was a
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Our study of Wisconsin glacial age sa}x1ples from Reed's Cave focuses on these
millennial-scale oscillations and ice-rafting events. Early on there was some question as
to whether this variability was a North Atlantic phenomenon, but this research as well as
other global records show that is was more widespread (Leuschner and Sirocko 2000).
Speleothem records of millennial-scale variability and Heinrich events may give more

precise ages on their timing and duration.



The characterization of paleoclimate in mid-latitude continental areas cannot be
done using the ocean and ice records alone. Most terrestrial records were interrupted by
surface processes such as glaciation and erosion, but in the past few decades long term
continuous records have been found, some of which have the advantage of yielding
absolute chronologies. Two long records that exist are the Devil's Hole thermal calcite
record and the Chinese loess profile (Rutter et al. 1991, Winograd et al. 1997). Devil's
Hole was dated very precisely using uranium-series disequilibrium dating, but because it
is a very slow forming groundwater calcite, the records are fairly smoothed. The loess
records are dated less precisely using paleomagnetism and optical luminescence. Both
records agree well with the SPECMAP reconstruction of climate over the past 500,000

years with minor improvements in resolution.

1.5 FLUID INCLUSIONS AND PALEOTEMPERATURE RECONSTRUCTION

The temperature-controlled fractionation between calcite and water in
speleothems is a strong paleothermometer to compliment existing 5'%04 records.
Paleotemperature reconstructions from terrestrial proxies such as ecological indicators
(packrat middens, pollen assemblages) and groundwater suffer from significant problems
in both accuracy and precision. The temperature shifts associated with ecological
indicators are rather coarsely estimated because individual species can thrive in rather
large temperature ranges. Groundwater paleotemperature estimates are much more
robust due to the very well understood relationship between noble gas solubility and

temperature in water, but are dated by radiocarbon ages that may be offset by mixing



processes (Stute et al. 1992). The 3D values of speleothem fluid inclusions can be
directly measured and are well dated by uranium-series disequilibrium techniques. Using
these data and §'20 of the calcite, we can calculate the temperature of deposition of the
calcite (Schwarcz et al. 1976). Earlier problems with extraction have been overcome by
new methods that reduce the error associated with reduced inclusion water recovery. The
most important problem that remains is the determination of the pre-Holocene meteoric
water line (MWL) relationship for each cave site. Successful paleotemperature
reconstructions with errors less than the full range of temperature change for an
interglacial-glacial transition and good age control allow for high precision estimates of

paleotemperature change.

1.6 OUTLINE OF THESIS

The thesis is composed of three papers prepared for publication in scientific
journals. The first paper looks at two Reed's Cave speleothems that grew through the
Wisconsin glacial age. There is a coeval period of growth over approximately 12,000
years through which we are able to compare the isotope records to determine if there is
variability at different sites within the same cave. The oxygen and carbon isotope
profiles are compared from within the cave as well as with proxy records from other parts
of the world. This global comparison provides further evidence that speleothems are
recording major climate change in similar ways. Ishow that dissimilar isotope records
do not necessarily indicate kinetic fractionation in one of the samples, but also that the

local environment can have a major influence on the isotope records, by influencing the



isotopic composition of drip waters forming a speleothem. Spectral analysis of the
oxygen isotope records confirms the presence of millennial-scale variability seen in the
North Atlantic sediment and Greenland ice cores records.

The second manuscript focuses on 200,000 years of speleothem growth in Reed's
Cave in the mid-Pleistocene. Three speleothems are recording major climate transitions
but in different ways. The response of 5'%0,, to temperature (d[5'°0V/dT) in two
speleothems have opposite signs but the oxygen isotope variations are synchronous. The
third speleothem shows a muted signal in early stages of growth but a good response 10
climate in the final 100,000 years of formation. Spectral analysis of the oxygen isotopes
shows the presence of long-term Milankovitch climate cycles.

The third paper focuses on the 8D records of fluid inclusions from the two
Wisconsin age speleothems from Reed's Cave and one Holocene age speleothem from
the central California Coast. Paleotemperatures calculated from the coeval period of
growth in the Reed's Cave samples, from 62,000 to 49,000 years ago, show that although
the oxygen and carbon isotope records in the calcite differ, but they are recording similar
temperature shifts and climate change. The Holocene record from Santa Cruz reveal a
temperature maximum at 8,000 years ago, with temperatures decreasing to a minimum at
3,000 years ago. Exaggeration of the paleotemperature shifts that we calculated may be

due to inaccurate estimations of the MWL relationship in the past.



CHAPTER TWO. LATE PLEISTOCENE PALEOCLIMATE IN THE BLACK
HILLS OF SOUTH DAKOTA FROM ISOTOPE RECORDS IN SPELEOTHEMS

2.1. ABSTRACT

Two coeval speleothems from the Black Hills are used to investigate 5'%0 and
§13C variations within Reed's Cave and reconstruct climate during the Wisconsin glacial
period from 82,000 to 24,000 years ago. Variation in growth rates between the two
speleothems reveals a strong control of hydrology and surface vegetation on isotopic
variability and response of the 5'%0 to climate. High resolution 5'%0 and 5"°C data show
that local environmental conditions can produce an offset of 5'30 values of up to 4 %o in
coeval speleothems but still reveal important climate events. The transition from warmer
to cooler periods results in an enrichment of 130 in speleothem 99902. The 8'®0q record
of sample 20000, another equilibrium deposit coeval to part of the 99902 record, is offset
from 99902 by between 0 and -3.5 %o, and shows much higher frequency isotopic
variation. Both speleothems record short-term interstadial and ice rafting events that are
also present in speleothems from North America and Europe. Spectral analysis of the
§'%0., records reveals periodicity at 1,000 to 2,000 years, similar to millennial scale

variability seen in the North Atlantic sediments and the Greenland ice cores.
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2.2. INTRODUCTION

Stable isotope variations in speleothem calcite are precisely datable records that
may record major interglacial/glacial transitions and lesser climatic events (Gascoyne
1992, Bar-Matthews et al. 1999, Frumkin et al. 1999, McDermott et al. 1999, Dorale
2000). The validity of the oxygen isotope signal may be problematic because variables
controlling isotopic variation in the local cave environment can mask global climate
signals present in the record. Recent studies of coeval samples in Israel and Missouri
correlate well with ice core records and confirm that global climate signals are present
(Bar-Matthews et al. 1999, Frumkin et al. 1999, Dorale et al. 1998). It has been widely
presumed that discordant oxygen isotope records are the result of non-equilibrium
deposition occurring in the cave. This assumes that the relationship of isotopic variation
to climate is invariant at any given site. In this paper two samples from Reed's Cave in
the Black Hills of South Dakota with discordant but coeval growth are examined to show
that within a cave different models may be necessary for interpreting isotopic change.

The relationship between the speleothem isotope record and climate may change
over time because of sensitivity to local conditions. The variability of isotopic
composition at different drip sites within a cave can offer different, but still useful,
isotope records that can be used as paleoclimate proxies. Application of spectral analysis
to the oxygen isotope time series has revealed millennial scale variability in both Reed's
Cave speleothems described below. Comparison of their time series to records from
ocean sediments, ice cores and terrestrial proxies confirm that both local- and global-

scale events are being recorded by the oxygen isotope variations.
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2.3. SITE DESCRIPTION

The speleothem samples were collected from Reed's Cave (43° 34' 12" N, 103°
38' 36" W, 1400 m asl) in the Black Hills of South Dakota (Figure 2.1). The Black Hills
are a dissected dome exposing a sequence of sedimentary rocks with significant cave
development in the Mississippian limestones (Palmer and Palmer 1989). Nearby Jewel
and Wind Caves are two of the longest cave systems in the world but contain few vadose
speleothems formed by drip waters because they are largely covered by impermeable
clastic strata (Bakalowicz et al. 1987). Reed's Cave is at shallow depth because the cover
and upper limestone has been eroded, permitting significant amounts of speleothem
deposition from vadose dripwaters, some of which are actively depositing today. Part of
the cave underlies a quarry that has been active for the past 20 years. The blasting
activities have dislodged hundreds of speleothems, enabling us to remove samples
without destroying any intact specimens. Cave conservation and preservation ethics
discourage the destruction of speleothem formations.

The modern vegetation surrounding the area is a mixed-grass prairie and pine
forest. It is an ecosystem transition area and has likely shifted back and forth across the
range from full forest to full grassland conditions in the past. The average annual surface
temperature is 8 °C and the range between winter and summer average temperature is

28°C. Average annual precipitation is 783 mm with 476 mm from rain and 307 mm

(water equivalent) from snow. Seasonality is seen in more active infiltration and dripping

during the cooler seasons. Theoretical losses in moisture during summer from increased
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Figure 2.1. Location of Reed's Cave and position of samples 20000 (site A) and 99902 (site B).
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evapotranspiration are reduced locally because infiltrating water rapidly reaches karstic

voids with high humidity.

2.4. METHODS

Speleothem samples 99902 and 20000 were collected from two different sections
in Reed's Cave (Figure 2.1). Sample 99902 was collected from the "New Formations
Room" (site B), where calcite deposition is still occurring in some sections. Sample
20000 (site A) was collected from a crawlway to the northeast that appears to be without
any modern drip waters. 20000 and the upper two-thirds of sample 99902 have the
standard morphology of simple stalagmites, which accrete most new growth at the top
and less accumulation from film flow down the sides (Figure 2.2) (Ford and Williams,
1989, 335-6). The lowest (i.e. earliest) portion of 99902 grew as a flowstone cover on a
vertical face of limestone breccia (local breakdown in the cave), accreting only by film
flow until it had sufficient protrusion to support the stalagmite growth upwards.

The speleothems were cut along their growth axes and examined for post-
depositional alteration, which was absent. Sub-samples for dating were extracted using a
1.2 mm diameter carbide dental burr or a diamond wafering blade mounted on an Isomet
low speed diamond saw. A UPU%¢ - Th?® double spike, calibrated in the McMaster
Laboratory by J. Lundberg, was added to the sample after dissolution with dilute HNO;
(Lundberg 1990). The U and Th fractions in the calcite were extracted using ferric
hydroxide co-precipitation and anion column chemistry in a clean room with positive

pressure.
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, 26,060 years +/- 690

1,010 years +/- 200

¥ 31,440 years +/- 760
934,200 years +/- 1,010
37,440 years +/- 200

440,650 years +/- 210

45,020 years +/- 450
47,830 years +/- 1,660
50,940 years +/- 1,040
64,790 years +/- 250 (B2)

472,860 years +/- 190 (B3)

100 mm —

83,100 years +/- 270 (B4)

Figure 2.2 (a). Cross section photo of sample 99902 and uranium-series dating
locations



50,491 years +/- 2,012

152,340 years +/- 220

7,560 years +/- 260

i 58,840 years +/- 160

59,430 years +/- 190
{60,930 years +/- 140
162,530 years +/- 300

— 100 mm ———

Figure 2.2 (b). Cross section photo of sample 20000 and uranium-series dating
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For thermal ionization mass spectrometry (TIMS) on the McMaster VG 354
instrument, the uranium fraction was loaded in phosphoric acid on double rhenium-
tantalum filament beads. Thorium fractions were loaded in phosphoric acid on double
rhenium filament beads or with colloidal graphite on single rhenium filament beads.
Mass spectrometric runs with the double filaments were done using the general peak
jumping system with a Daly detector. The uranium samples were run in two stages for 2
10 3 hours with a side filament current of 2.0 to 2.4 amps. Double filament thorium
analyses for samples with low detrital thorium were run in one stage for 2-3 hours with a
side filament current of 2.2 to 2.6 amps. The two stage run was used for samples with
high detrital thorium due to interference from high *Th. Detailed descriptions of these
techniques are available from Lundberg (1990). Single filament thorium analyses were
run for 2-3 hours with a higher side filament current of 4.0 to 5.0 amps, adapted from
techniques described in Edwards et al. (1986). A dating program developed by J.
Lundberg and S.-E. Lauritzen corrects for laboratory and machine error, propagates error
on the ratios, calculates activity ratios and calculates the age with two sigma error
(Lundberg 1990).

Samples for multi-collector inductive coupled plasma mass spectrometry (MC-
[CP-MS) were run at the GEOTOP laboratory in Montreal, using a Micromass IsoProbe
MC-ICP-MS in static multicollection mode with four Faraday collectors. The instrument
settings were optimized using an ICP-MS-grade uranium solution. Typical settings for
the ICP source are the following; forward Power- 1350 watts; cool gas- 13.50 L/min. Ar;

intermediate gas- 1.030 L/min. Ar; nebulising gas- 0.700 L/min. Ar. Samples were
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conditioned in 2% HNO; and introduced into the ICP source using an Aridus
microconcentric nebuliser at an uptake rate of ~50ul/min. Data acquisition consisted of
50 second “on-peak-zero” measurement of gas and acid blank prior to aspiration of the
sample. Upon aspiration, two half-mass unit baseline measurements were conducted for
15 seconds each within the mass range of 232.5 to 236.5 for data acquisition. Isotope
ratios were measured for 50 scans at 10 seconds integration time. Following each
analysis, washout used both 4% and 2% HNO; wash and rinse solutions, for a combined
10-15 minutes. For thorium samples, data acquisition consisted of 60 scans at 5 seconds
integration time, using only three Faraday collectors. In addition, washout times were
approximately 20-25 minutes. Ages are reported with an error of two standard
deviations. Data reduction for calculation of errors and activity ratios was done using a
spreadsheet developed by B. Ghaleb at the GEOTOP centre. A second spreadsheet with
an imbedded program was used for age calculation.

Calcite samples for oxygen and carbon isotope analysis were drilled out using
0.8mm and 0.4 mm cobalt dental drill bits. The derived powders, approximately 100
micrograms each, were run on an Autocarb system attached to an Optima mass
spectrometer at McMaster. Results are reported in %o against the NBS-19 standard
relative to VPDB standard. The precision of analyses was 0.06 % for both isotope ratios.

Dripwaters were collected as spot samples, with some of the slower dripping sites

left overnight. Their 5'80 values were determined by equilibration of water with CO; at

25 °C for 24 hours. The clean CO, gas was run on the Optima mass spectrometer against
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the CO, tank standard. Results are reported relative to VSMOW standard and with an
error of 0.2 %eo.

The power spectra for the oxygen isotope records were obtained using the
program SPECTRUM (Schulz and Statteger 1997). This program was created for
unevenly spaced time series like speleothem data that exhibit distinctly different periods
of growth. The Lomb-Scargle Fourier transform avoids unnecessary interpolation that

may occur with the Blackman-Tukey method.

2.5. RELATIONSHIPS BETWEEN CLIMATE AND SPELEOTHEM RECORDS

Oxygen isotope variations in speleothem calcite can be used as a
paleoclimate proxy if these deposits were formed in oxygen isotope equilibrium with
formation waters (Schwarcz 1986). Equilibrium conditions occur when there is slow
deposition of calcite from the drip water. Rapid degassing of CO, or evaporation of drip
water causes kinetic fractionation effects that can obscure the climate signal. For this
study, three growth layers in each speleothem were used for the equilibrium test, i.e. that
18() is uniform along the layer (Hendy, 1971). No covariance in oxygen and carbon
isotopes along the growth layers was found, indicating that there was equilibrium
deposition. However, the growth layers in these speleothems are very difficult to
differentiate along their outer portions (Figures 2.2a and 2.2b), with the consequence that
individual values for 8'®04 may be averaging thousands of years of growth. Other
indications of the suitability of a sample are comparisons with other proxy records

including other speleothems.
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If a speleothem grows in oxygen isotope equilibrium with drip waters then
variations in 8'30 of the calcite (A8'*O.) are governed by the equation:

A8"3 04 = [d(Ctetw)/dT]AT + [d(3'°0pp)/dTIAT + A(3'*Osw) (1.1)
which relates changes in 8'°0 to the temperature dependent changes in fractionation
between calcite and water (0t and in 8'°0 of precipitation (5180;,,,1) and to changes in
global ice volume as reflected in seawater 3" 0. The three components of this equation
are defined by relationships determined from experimental and empirical studies. The
temperature dependence of the fractionation is

d(Oter-w)/dt = —0.24 %o/°C at 25°C (1.2)
(O'Neil et al. 1969). The effect of temperature on the isotopic composition of meteoric
water was calculated using the IAEA data set from many global precipitation stations.
The global average for the temperature effect on precipitation is

d(5"*0pp)/dT = 0.69 %a/°C (1.3)

as determined by Dansgaard (1964) and Rozanski et al. (1993). The relationship varies
with location and can be as low as 0.18 — 0.3 %o/°C for some inland locations. From our
measured values of §'%0 in dripwaters from different seasons and winter snow values and
the corresponding measured temperatures, the local value d(8"*0ppr)/dT = 0.39 %4/°C.
Secular variation in this \relationship in the past allows some flexibility in these values
when applying the relationship to interpretation of paleoclimate records. An additional
complicating factor is the source and movement of storm tracks over the continent at

different times in the past. Future analyses of speleothem fluid inclusion water may
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enable determination of this relationship from the pre-Holocene period at Reed's Cave
(Serefiddin et al. 2001).

One final consideration when evaluating the §'°0 of calcite is the effect of the
isotopic composition of seawater on global meteoric water composition. We can estimate
that A(5'%0g) = 1.2 %0/°C for glacial to interglacial transition as a result of accumulation
of lighter oxygen isotopes in ice sheets and the enrichment of heavy isotopes in seawater
as temperature decreased (Lea et al. 2000, Fairbanks 1989). The composition of
precipitation falling on the continents is directly affected by this factor because seawater
is the principal source of the moisture.

The net result of these competing effects on 5'8%0 may vary significantly between
caves, with the result that the net effect of decreasing temperature at a site can be either
an increase or decrease in 8'°0q. The general sense of isotopic change in response to
climate change at a site can be determined by comparison of ice-age deposits with
modern speleothem forming at the same site. As we shall see, other effects can also lead
to a difference in the temperature-dependence of 5130, at different locations in the same

cave.

2.6. RESULTS

2.6.1. Uranium-series dating and growth rates

Uranium-series dates are presented in Table 2.1. Fourteen dates in stratigraphic

order were used to develop the age model for sample 99902 (Figures 2.2a, 2.3). This
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Figure 2.3. Age models for samples 99902 and 20000.
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stalagmite grew from 86,000 to 24,000 years ago. In the early flowstone stage of
accumulation from the 0 to 20 mm above base the average growth rate was less than 1
mm per thousand years. Switching to the stalagmite mode of growth at 50,000 years ago
the rate increased considerably, being close to an average of 4.4 mm per thousand years
until ~30,000 years ago. The rate was highest in the last section of growth, 80 to > 160
mm from the base, attaining a value of about 12 mm per thousand years between ~30,000
and 24,000 years ago. This could indicate an increase in catchment area for the dripwater
and/or a period of increased precipitation just prior to the last glacial maximum at 20,000
years ago.

For 20000, seven ICP dates in stratigraphic order establish that it grew from
63,000 to 50,000 years ago (Figure 2.2b). The average growth rate ranges from 20 mm
per thousand years to a maximum of 70 mm per thousand years (Figure 2.3). This is
strong evidence that different drip sites within a cave can be responding to different drip
water pathways or changes in catchment area, which, as will be shown, can result in

variable isotope records

2.6.2. Oxygen isotopes

A useful tool for interpreting oxygen isotope variations is to determine how the
8'%0, changes with temperature. This can be done in two ways. First, we can compare
8804 formed in colder periods to the 5'*04 of modern (interglacial) calcite forming in
the cave today. Second, we can observe the trend in §'*0¢ with time during a transition

from glacial to interglacial climate (as inferred by comparison with deep-sea cores or
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other global records). From these comparisons we can estimate the sign of d(8"04)/dT
which we will refer to as gamma (y) (Schwarcz et al., in preparation).

Dripwaters in the cave range in §'°0 from -10 to -15 %o. This is in agreement
with measured values of approximately -10 to -14 %o for 880 of modern precipitation in
this region (IAEA 2001). Using the O'Neil et al. (1969) temperature dependent
fractionation equation, the average 830 for calcite-water pairs calculate to 9.8°C, which
agrees well with measured modern average temperature.

Isotopic measurements of four actively growing speleothems (soda straw
stalactites) have a modern range for 5804 from -9 %o to -13.6 %o. The higher 5'%0q
values are likely affected by evaporative fractionation because humidity in the cave may

drop below 90%. The more depleted values at ~ -13 %o are more representative of
modern 5'%0q.

Speleothem 99902 was deposited during glacial MIS 5a, 4, 3 and the beginning of
2. The §'®04 values for 99902 are in general higher than the range of modern stalactites,
suggesting that y < 0 for this deposit. In addition, 5'%04 values increase towards full
glacial conditions, also confirming that y < 0. This is in agreement with other
speleothem records from eastern to central United States (Schwarcz et al, in preparation).

Sample 20000 has lower 5'*0y values than 99902 over their coeval period of
growth, values which are not significantly different from the modern speleothems; this
suggests that y = 0. Towards the end of its record (the end of glacial MIS 4) 5'%0q

increases with a shift towards warmer climate suggesting that y > 0.
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Speleothem 99902 grew in two major phases differing in growth rate and in the
character of its isotopic variation (Figure 2.4). The temporal resolution for isotopic
analyses averages 766 years from 82,000 to 50,000 years ago and 120 years from 50,000
years ago to the cessation of growth at 24,000 years ago. The full range of 530, for
99902 is -12.2 to -8.5 %o with most of the variation occurring in the last 20,000 years of
growth.

The first growth phase extended from 82,000 years to 50,000 years ago at a mean
growth rate of 0.8 mm per thousand years, representing the slowest period of growth.
The records of 8'*0 and 8">C are smoothed when compared to more oscillatory records
of the subsequent phase. However, the amplitude of variation in the records is similar.
There is a general trend of increasing 520, values towards a maximum at around 55,000
years. This trend takes place during the transition from the end of MIS 5 to MIS 4,
suggesting it represents a cooling in climate over this period. The most prominent feature
of the early part of the record is the shift in 880, that begins approximately 71,000 years
ago, which is 1,000 to 3,000 years after the start of MIS 4. Minor peaks in 5'%04 suggest
coldest intervals at 62,500, 56,000 and 49,500 years ago. In the transition from MIS 4 to
MIS 3, there is a general decrease in 5'804 coupled with an increase in growth rate and
increase in the amplitude and frequency of oscillations in the isotopic records.

The second phase of growth lasted from 48,500 to 24,000 years ago,with major
cold events at 30,250 years, 26,500 years and 24,000 years ago. The speleothem ceased
growing approximately 3,000 years before the LGM, the oscillations of its 580 signal

increasing in intensity as the drip sites became inactive due to colder temperatures above
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the cave. This phase of growth covered most of MIS 3, which also displays the strongest
millennial scale variation in the GISP2 oxygen isotope record from Greenland (Grootes
and Stuiver 1993, Dansgaard et al. 1993). After a sharp cold event at ~ 47,500 years ago,
major peak-trough cycles in 5'%04 with a mean shift of 2.0 %o in magnitude occur on
average every 2,000 -3,000 years and last about 2,800 years.

The growth history of stalagmite 20000 (Figure 2.5) is partly coeval with that of
99902, spanning MIS 4 and the beginning of MIS 3. Although it grew only a few tens of
meters away from 99902, the 5'°0x records of these two stalagmites are strikingly
different. First, we have already noted that 20000 grew 350 times faster than 99902 over
their period of concurrent growth, due to differing depositional modes as noted and
probably to a higher rate of infiltration. Second, we see that there are significant
differences in the average 8'*O values for the coeval portions of each speleothem
(Figure 2.6). §'30. of 20000 ranges from zero to about 3.5 %o lower than 99902. Third,
we note that there are short (millennial to centennial) time-scale variations in both 5'*0
and 8'3C in 20000 that are not seen in the record of 99902. To some extent, this
difference might be due to our inability to analyse 99902 on a sufficiently fine time scale
due to its much slower growth rate. The closest spaced samples of 99902 over this period
show no variations in 5'%0 or 8"°C larger than + 0.1 %o, but even these may be avera-ging
higher frequency oscillations whose average values are uniform. Using a 0.4 mm drill
each sample spans between 400 and 2,500 years of growth, whereas the cyclicity in the
20000 isotope record is on a time scale of between 10 to 150 years. The larger

fluctuations in 8'%0 of 20000 could suggest that the residence time of its recharge water
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may not have been very long and that water had very little time to equilibrate with the
host rock.

The range of 5'*0 variation for sample 20000 is 3.9%o, essentially identical in
magnitude to the 3.7%. found in 99902, but recording depleted peaks that extend through
modern 580 values. When the speleothem started growing at 62,000 years ago, 804
values were in the most depleted part of the range until about 59,000 years ago. There
were major peaks of B0 enrichment at 59,250 years, 58,750 years, 58,000 years, 56,500
years and 55,000 years ago. These are closely spaced intervals, indicating that these
records were capturing rapid environmental variation. The last portion of the record
shows a gradual increase of 8'°O. values after 54,000 years ago.

Assuming that y > 0, sample 20000 is displaying rapid cool to warm oscillations
across the MIS 4 to MIS 3 transition and into stage 3. The close of its growth between
54,000 and 50,000 years ago was marked by a trend to higher 5180 values, indicative of
warming climate; this is matched by a trend to more negative §C values over the same

interval.

2.6.3. Carbon isotopes

The carbon isotope records for samples 99902 and 20000 are less divergent than
their oxygen isotope records. 813C of 20000 varies from zero to about 1 %e lower than
that of 99902. However, the total range of 8"°C values is larger in 20000: 3.4 %o

compared to 1.7%o for 99902. For the period of coeval growth, 8C is almost constant
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for sample 99902 at c. -7 %o whereas 5'3C varies in 20000 in short-term, low-amplitude
oscillations similar to those seen in §'*04. The 20000 8"°C displays a striking offset of
about -1 %o at 59,000 years ago. This negative excursion probably reflects higher soil

productivity, which could result from warmer temperatures.

2.7. DISCUSSION

2.7.1. Intrasite isotopic differences

When we compare the two oxygen isotope records over the limited period when
both speleothems were being deposited, we see a significant difference in values of 3'%0
(Figure 2.6): the average 5180 value of 99902 is 1.4 %o greater than that of 20000. The
carbon isotopes are offset as well, but the average 5C values of the two samples only
differ by 0.4 %o (Figure 2.6). The different appearances of the isotope records for the two
stalagmites can be explained in part by the difference in growth rates and morphology.
The reduced variability in the early part of 99902 record is partly due to the slower
deposition rate from reduced calcium ion excess and our inability to resolve the high-
frequency variations in §'%0 and 8"C values for these compact growth layers. These two
speleothems were deposited less than 15 meters of one another far inside the cave, thus
will have experienced the same temperature histories. Therefore, their differences in
isotopic composition must be due to differences in the composition of the drip waters

from which they grew.
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The higher growth rate for 20000 may indicate a lesser degree of water-rock
interaction and very little time for homogenization of infiltration water. This alone
cannot account for the difference in average 5180 of the feed waters to the two sites.
Seasonality of water recharge can have a large impact on the average 8'%0 at a particular
drip site, due to the large seasonal variation in 8'%0,p of up to 15 %e, which is expected to
occur at sites in this climatic zone (Rozanski et al. 1993). The lower average 5'%0 of
sample 20000 may be because drip water was biased to winter precipitation, €.g. as
snowmelt waters, while recharge to 99902 was not (Figure 2.7). Based on its much higher
growth rate, we may assume that the drip rate at the site of formation of 20000 was
higher and therefore variations in the isotopic composition of infiltration water dueto
seasonal bias may have been retained in the drip waters forming the speleothem calcite.
By contrast, slower drips at the site of 99902 may represent a more homogeneous average
of summer and winter infiltration. Evidence of intra-cave isotopic variability in
Holocene speleothems from Norway is suggested to result from differences in percolation
pathways and surface effects on these waters (Linge et al. 2001). Additionally, the
enrichment in the early growth of sample 99902 may be due to evaporative effects from
reduced humidity in the cave. A long-term, detailed investigation of intra-cave dripwater
variability is needed before these theories can be confirmed.

Independent evidence for the existence of intra-cave, intersite differences in .5180
of drip waters lies in our measurements of drips currently entering the cave, which differ
between drip sites by as much as 5 %o. It is conceivable that such intersite differences

could have existed during the Pleistocene as well. The reason for these differences in
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mean 8'%0 of drip water are not well understood, and presumably relate to subtle
differences in the routes followed by recharge water from the surface to cave drip sites.
Terrain and vegetation differences above the cave could have led to differences in the
proportion of winter versus summer precipitation entering the cave. An alternative
explanation is that modern drip paths have been highly disturbed by quarrying activities.
Soil has been removed from the quarry surface and reduced on the flanks in preparation
for extension of the quarry. The impact may have widened variability in the isotopic
composition of the drips. The true modern range of 5'0 in the dripwater may be less
than 5 %o and weighted towards more depleted values of -12 to -13.5 %.

The smoother record of 99902 over the interval of coeval growth with 20000 may
indicate that feed water to 99902 was spending a long time in the recharge zone,
permitting long-term homogenization. Higher variability of the record for 20000 as well
as its much faster growth rate are consistent with rapid infiltration times at this site. The
high frequency variation of 5'304 prior to the gradual increase at 54,000 years ago is
similar to fluctuations seen over the same interval in Soreq Cave stalagmites (Figure 2.8).
There is a negative shift of 3%e in 5'3C at 59,000 years ago that is synchronous with
warming in the marine record and at Crevice Cave (Figure 2.9b) (Martinson et al. 1987,
Dorale et al. 1998).

After 50,000 years ago, the isotopic record for sample 99902 shows variabiliiy
similar to that of sample 20000. This reinforces the idea that growth rate is largely
responsible for the differences in the two records over their coeval period of growth. The

measured growth rate for 99902 also increases by over a degree of magnitude to more
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closely resemble that of 20000. In addition, the range of §'%0,, increases to -8.5 to -12.2

%, not unlike the -9.0 to 13.0 %o range for 20000.

2.7.2. Comparison to other proxies

There are few terrestrial climate proxy records for the pre-LGM Wisconsin glacial
period in North America, particularly in regions that were covered by or close to the
margins of the Laurentide Ice Sheet (LIS). There is little evidence of Dansgaard-
Oeschger oscillations in the mid-continental regions (Leuschner and Sirocko 2000). Lake
cores in the vicinity of the Black Hills are limited almost entirely to the Holocene period,
as are published records of speleothem deposits from neighboring states. The glacier
advances in western North America can be correlated with Heinrich events 2 and 4 (Clark
and Bartlein 1995), which also appear to be well expressed as positive excursions in the
99902 oxygen isotope record.

An important record from Crevice Cave, Missouri (Dorale et al. 1998) overlaps
periods of growth in both of the Reed's Cave samples and is one of the few other
continental records of interstadial events in North America. The Crevice Cave 50
record shows inverse correlation with the variations in speleothem 20000 from 62,000 to
48,000 years ago (Figure 2.9). Specifically, interstadial events between 56,000 and
60,000 years are present in both records. There is also a corresponding depletion in 800
in the transition from MIS 4 to 3 starting at 57,000 years ago in the Crevice Cave samples

and Reed's Cave sample 99902.
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The 8'®0q record for speleothems of Soreq Cave, Israel have features similar to some
seen in the Reed's Cave records during the Wisconsin glacial period (Figure 2.9). An
~2.5 %o enrichment of '*0 during late MIS 5a and into MIS 4 occurs from 80,000 to
65,000 years ago in both Soreq Cave and sample 99902. High frequency and amplitude
oscillations in 8'30., are seen in both Soreq Cave and sample 20000. Positive excursions
in the Soreq Cave 5'°0, record that may represent Heinrich events 5 and 2 at 46 ka and
25 ka respectively are well expressed in the 5'804 record for sample 99902. The ~ 6 %o
offset in the 8'%0, values between Soreq and Reed's Cave may be attributed to greater
aridity in the Soreq Cave region. There is also considerable influence on the isotopic
composition of feed waters from the Mediterranean Sea, which would produce localized
effects not seen in the Black Hills. The general agreement between the Soreq Cave 5'%0a
record and the longer record in sample 99902 is evidence that distant speleothems can be
recording the same relative changes in global temperature.

Short-lived peaks of colder climate in the 99902 oxygen isotope record also
correspond well with 830 variations in the GISP2 ice core record (Figure 2.10).
Heinrich events 4 and 2 (H4 and H2) may be matched with with cold peaks in the 99902
oxygen isotope time series at 41,000 and 24,000 years years ago respectively, coinciding
with the major late Pleistocene glacier advances in western North America (Clark agd
Bartlein 1995). At the time of Heinrich events 5 and 2 (HS5 and H2) we see an enrichment
of %0 in sample 99902 (Figure 2.10). The lack of sensitivity in the 99902 8'804 before
47,000 years ago explains the absence of any of the earlier well-defined Heinrich events.

Negative excursions in sample 20000 at 56,000 years, 57,500 years, 58,000 years, 58,500
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years, and 59,000 years ago following Heinrich event 6 are similar to coeval events in the
GISP?2 ice core 8'%0 record (Figure 2.10). The tightly spaced events between 59,000 and
55,000 years suggest an atmospheric response to a forcing mechanism that reveals itself
on a very short time scale.

The difficulty of interpreting carbon isotope records is attributed to the complex
interactions such as soil respiration and carbonate dissolution in the aquifer systems
overlying the cave (Baker et al. 1997). The most striking feature in the 99902 §"°C
record is the change from generally positive to negative correlation with 8'%0 variation
(Figure 2.4). It appears that although the oxygen isotopes are recording short-term
climate, the carbon isotope record is more loosely coupled to climate change. The
primary cause of 813C variation is likely changes in surface vegetation density and
distribution and the concordant changes in soil CO, abundance and isotopic composition.
This could be recording a shift from C; to C4 vegetation, but it is difficult to explain with
only a ~1%e. change in '3C in sample 99902. The 8"°C for 20000 is relatively stable
except for the abrupt 3% depletion at 59,000 years ago that corresponds to a similar but
chronologically offset depletion in the Crevice Cave carbon isotope record (Figure 2.9Db).

This warm interval is reflected in the oxygen isotope records in both 99902 and 20000.

2.7.3. Power-spectrum analysis of the isotope records
Spectral analysis of paleoclimate time series can reveal periodicity in proxy
records. Deep sea sediment records from the North Atlantic (Bond et al. 1999, Bond et

al. 1997, Bond et al. 1992) and Greenland ice core records (Dansgaard et al. 1993) show
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strong millennial scale cyclicity in addition to the well-established Milankovitch cycles.
The possible global extent of these signals has been established from records in ocean
sediments in the Santa Barbara Basin (eastern Pacific Ocean), the Indian Ocean, in
continental paleovegetation proxies from the Pacific Northwest, and in the Vostok ice
cores (Alley et al. 1999, Pisias et al. 2001, Herbert et al. 2001, Whitlock and Grigg 2000,
Anderson et al. 2000). Comparison to periodicity in other speleothem records can help us
determine if these are local and/or proxy specific cycles or if they are truly recording the
Dansgaard-Oeschger events.

The power spectra from the two speleothems are in closer agreement than the
oxygen isotope time series (Figure 2.11). The spectra show similar peaks although their
power varies. There is a 7,650 year cycle in the full time series for stalagmite 99902,
which agrees very well with average spacing of 7,980 years for Heinrich events 0 to 5
using the median of several reported ages compiled by Anderson et al. (2000). Shorter
1,500 and 1,600 year cycles are present in both Reed's Cave speleothems but do not show
a strong power relative to the other peaks in 99902 when computed within its full time
series. Better resolution of these cycles is seen when the 8,000 year, 20,000 year and
41,000 year peaks are removed (Figure 2.11).

Because there is temporal variability in the speleothem oxygen isotope record and
in both growth rate and climate over time, spectra were obtained for the different phases
of growth in the two speleothems. Power spectra for the full oxygen isotope time series
for 99902 and 20000 have peaks at the 1,000 - 2,000 year periodicity, but they are below

the 95% significance level. For the periods 50,000 years ago to 24,000 years ago and
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50,000 years ago to 30,000 years ago in speleothem 99902, there is significant periodicity
at both 8,000 years and 1,600 years (Figure 2.11), while the faster growth rate of 20000
allows us to observe cyclicity with a period of about 1,000 years; even higher frequency
oscillations are evident in the 8°C record of 20000.

This millennial-scale cyclicity supports the notion that there were periods of
higher instability in climate during the last glacial cycle. Spectral analysis of the Reed's
Cave speleothems provides additional evidence that the cave is responding to a

mechanism that is affecting climate on a hemispheric and likely a global scale.

2.8. CONCLUSIONS

This paper presents well-dated records of §'%0,, for speleothems for central North
America during the Wisconsin glacial period. We investigated coeval spelecthems that
had offsets in growth; they show that different drip sites in a cave may not behave
similarly. The agreement of the two Reed's Cave speleothems with interstadial events in
ice core records, Heinrich events and timing of interglacial/glacial transitions in deep sea
sediment records and 8'%04 and 8'3C variations in other speleothems confirms that some
global climate signals are being recorded. Major shifts in climate from interglacial to
glacial conditions in the mid-continent are displayed in both Reed's Cave and Crevice
Cave, Missouri, but the local conditions have significant influence on the small scale

variations in the 8'*0 record. The absolute ages for the §'*0 record in Reed's Cave
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speleothem provides an independent chronology for Heinrich events and D-O oscillations
that are present in these records.

The two partially coeval speleothems from this cave display strikingly different
isotopic records, showing that different drip sites in a cave may respond differently to
climate change. Differing speleothem morphology may also exert control on variable
isotopic composition between the coeval records. During the period of simultaneous
deposition, the temperature response (d(8"®04)/dT) of the two speleothems has opposite
signs, probably as a result of seasonal bias in the recharge of drip water to one of the
samples.

Correlation of periodicity found in the speleothem oxygen isotope records with
periodicity in Greenland ice cores supports the proposal that millennial-scale variation is
initiated in the North Atlantic but transmission of this signal is highly complicated. The
mixed oceanic-atmospheric conveyance results in asynchronous timing of these events in
different proxies, but their common periodicity indicates a similar forcing mechanism.
The more precise chronology of this record provides a more reliable timeline for events
and periodicities. The Reed's Cave speleothems suggest that there is very little lag
between the North Atlantic and climate responses in central North America. The ages for
Heinrich events as revealed by North Atlantic and European proxy records appear to be
occurring at the same time, but it is not likely that the effects of iceberg discharges on
ocean circulation directly affect temperatures and precipitation in the mid-continent.

Rather, it is more likely that these reflect rapid changes in the size and extent of the g
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Laurentide ice sheet, which would have affected atmospheric circulation quickly
and could have produced corresponding high frequency signals in the speleothem

records.
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CHAPTER THREE. TERRESTRIAL RECORDS OF CLIMATE CHANGE IN
THE MID-CONTINENT OF NORTH AMERICA FROM 530,000 TO 150,000
YEARS AGO

3.1. INTRODUCTION

Terrestrial proxy records can test climate models that attempt to predict changes
in temperature, atmospheric circulation and global ice cover. Deep-sea sediment and ice
core records provide us with long records extending back over hundreds of thousands of
years (Martinson et al. 1987 and Dansgaard et al. 1993), but the dating of these records is
problematic and the resolution of climatic events is commonly poor. Deep sea cores and
ice cores do not contain suitable material for absolute dating techniques. Terrestrial
records show great promise in this respect; significant work has been done using loess,
pollen, paleosols and speleothems. Speleothems, secondary cave calcite deposits, are
ideal because they are formed in the very stable cave environment and can be dated using
absolute radiometric techniques (Schwarcz 1986). The Devil's Hole thermal water calcite
880 record is a continuous proxy record of climate that extends back 500 ka BP, but the
smoothing of the isotope record masks short-term variability (Winograd et al. 1997). The
oxygen and carbon isotopic composition of speleothem calcite gives high resolution
records of isotopic change related to changes in temperature, meteoric precipitation and
vegetation patterns (Gascoyne et al. 1980, Dorale et al. 1992, and Frumkin et al. 1999,

Wang et al. 2001). Temperature dependent fractionation and climatically influenced
54
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isotopic variations in precipitation serve as control 5'%04 (5'%0 of calcite). With the
significant advances in uranium-series techniques that can extend reliable ages of
speleothems back to 700 ka BP, it is now possible to present records back to marine
isotope stage (MIS) 13.

Marine isotope stage 11 (~420 to 360 ka BP) has been studied as an important
analog for the current interglacial period. It has been suggested that MIS 11 is the
warmest and/or longest interglacial period in the past 500 ka (Poore and Dowsett 2001,
Kindler and Hearty 2000, Murray et al. 2000, Hearty et al. 1999, Scherer et al. 1998,
Oppo et al. 1998, Rousseau et al. 1992, Imbrie et al. 1993). However, MIS 11 does not
show the largest amplitude of insolation in the last 5 million years (Mix et al. 1995, Pisias
et al. 1995 and Shackleton et al. 1995). There is some disagreement on the timing and
duration of this interglacial period due to conflicting records from marine sediment
records (Bauch et al. 2000, Hodell et al. 2000, King and Howard 2000). Additional
evidence from speleothem records could give more precise chronology on the duration
and structure of MIS 11.

Spectral analysis of the various proxies in deep-sea cores shows cycles of 100 ka,
41 ka and ~23 ka from Milankovitch (orbital) forcing. Speleothems records with
absolute uranium-series ages not only give precise timing for major interglacial/glacial
transitions but also confirm the presence of the Milankovitch and millennial-scale cycles
in the mid-Pleistocene. There is very little evidence of millennial cycles prior to the last
glacial period. Harmonic analysis also reveals that the intervals between interglacial and

glacial extremes show the most variability (Oppo et al. 1998). The 5 to 10 ka cyclicity is
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similar to the late Pleistocene millennial scale Dansgaard-Oeschger oscillations and
Heinrich events. It is believed these fluctuations are related to the timing of freshwater
and iceberg discharges into the North Atlantic which influenced SSTs and NADW
formation (Oppo et al. 1998).

This paper presents results from uranium-series dating and stable isotope analysis
of three speleothems deposited in Reed's Cave, South Dakota from 530 ka BP to 150 ka
BP. An earlier study considered deposits from this cave dating from the last glacial cycle
(84 -25 ka; Serefiddin et al., submitted, Chapter 2). The three mid-Pleistocene isotope
time series are compared to determine intrasite variability and the presence of a global
climate signal. The isotope records are examined to determine if there is variability in
d(6'0)/dT over time. Spectral analysis of the 5'%04 records reveal orbitally forced
cycles in the terrestrial climate record. The results provide a unique record of climate
change in the mid-continent that can be compared to marine, ice core and Chinese loess

records to investigate the linkages between different components of the climate system.

3.2. PALEOCLIMATE RECONSTRUCTION USING SPELEOTHEMS

Stable isotope analysis of speleothems has now been applied in a substantial
number of paleoclimate reconstructions (Gascoyne 1992, Dorale et al. 1992, Lauritzen
1995, Frumkin et al. 1999, Wang et al. 2001). Speleothems from Missouri, Israel and
Norway show that interstadial climate events such as Heinrich events and Dansgaard-
Oeschger oscillations can be readily resolved (Lauritzen 1996, Bar-Matthews et al. 1999,

Dorale 2000).
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If a speleothem is deposited in oxygen isotopic equilibrium in a cave then its

isotopic composition is controlled by climate:
A5%04 = [(doterw)/dTIAT + [d(3"*0pp)/dTIAT + AGS*Osw) (1)

This expression combines the effects of the temperature dependent fractionation ((dot.
w)/dT), isotopic changes in meteoric precipitation (d(ﬁlsoppt)/dT) which control 5'%0 of
drip water, and ice-volume éffects of change in the isotopic composition of seawater
(A(8"®0gw)). The dripwater function can also be affected by seasonality in Slgoppt
combined with seasonal bias in recharge of drip waters feeding a particular site
(Serefiddin et al., submitted, Chapter 2). 5% 04 would change according to long-term
changes in the amount of precipitation falling seasonally.

The determination of absolute paleotemperatures may not be possible given the
many complicating factors in §'%0,, variation. Nevertheless, records of both 5'%04 and
5'3C« appear to act as paleoclimate proxy recorders as inferred from correlations with ice
core, marine sediment and other proxy records. However, in addition to correlating
general trends in isotope data with climate shifts, the higher resolution speleothem |
records can add detail to those of deep sea and ice cores, which are smoothed because of
bioturbation and ice flow dynamics.

In using isotopic records from speleothems as paleoclimate proxies, it is important,

however, to consider the sign of y= d(8'®04)/dT for the specific deposit (Schwarcz et al.
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in preparation). If y> 0, then §'%0,, increases with increasing temperature, and vice
versa. This can be calibrated by comparing modern or interglacial-age 5'%804 values with
glacial age §'80,, values at the same site: for y > 0, modern and interglacial calcite should
be enriched in '*0.

In general, when using speleothems to reconstruct paleoclimate we are restricted
by the harsh realities of sampling. It is impossible, in general, to know a priori the age of
a speleothem except that actively growing deposits must include some zero-age material.
Therefore, it is not possible to select samples to provide continuous records for a given
time range. Also, conservation rules limit the number, size and location of samples that
be collected. Reed's Cave is, however, being destroyed by quarrying operations, and
sampling was not restricted. We obtained samples spanning all but a small part of the
potentially datable part of the Pleistocene. Curiously none of our samples dated to the last

glacial/interglacial cycle (marine isotope stage [MIS] 6, 5a-¢).

3.3. SAMPLES AND LOCATION

Reed's Cave (43° 34' 12" N, 103° 38'36" W, 1400 m asl) lies in the Black Hills of
South Dakota, near the center of the continent and far from oceanic influence cn
precipitation (Figure 3.1). Western South Dakota is at the convergence of the Pacific,
Arctic and Gulf of Mexico air masses (Bryson 1966). Reed's Cave is a multi-level maze
cave developed in Mississippian Pahasapa limestone. The average annual temperature is

8 °C and there the average annual precipitation is 783 mm with 476 mm from rain and
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307 mm (water equivalent) from snow. Adjacent areas support vegetation of a mixed
prairie and hardwood forest. The surface above the cave is the site of quarrying that has
been active for the past 20 years. Modern dripwater composition and hydrology is not
representative of conditions prior to the quarry activity, thus speleothem depositions have
changed as well. Measurements of modern calcite are used with caution in the
determination of the sign of gamma.

Three speleothems that have base dates in the 500-200 ka BP range were selected
to investigate the structure and timing of mid-Pleistocene interglacials and glacials, with
an emphasis on MIS 11. The samples were collected from the same chamber in the cave
and two speleothems (99901 and 20001) were growing within 1 meter of each other
(Figure 3.1). The third sample (99900), growing no more than 10 meters away, would
not experience a significant difference in the cave environment but may have formation
waters that originated in slightly different locations or followed a different pathway

through the aquifer.

3.4. METHODS

The three speleothems were prepared for uranium-series disequilibrium dating in
the McMaster University laboratories. Sample aliquots were extracted by two methods.
Some samples were sliced using a diamond wafering blade on a low speed saw. Tﬁe
remainder of the samples were removed using a cobalt dental burr to grind out the
required amount of powder. Sample sizes ranged from 150 mg to 5 g, depending on age

and uranium concentration. Uranium and thorium species were extracted by column
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chemistry by methods described in Lundberg (1990). The uranium and thorium were
analyzed by thermal ionization mass spectrometry at the McMaster laboratory (Li et al.
1989) and by multi-collector ICP-MS at GEOTOP at University of Quebec at Montreal
{Cheng et al. 2001).

Samples for stable isotope analysis for oxygen and carbon isotope analysis were
drilled up the growth axis at 0.5 mm and 1 mm intervals using a 1/64" cobalt dental drill.
Two growth layers were selected from samples 99901 and 20001 and three growth layers
from 99900 for equilibrium tests (Hendy 1971). The powders were run on an Optima
mass spectrometer with Autocarb attachment. The samples were run against the NBS-19
standard and reported versus VPDB.

Spectral analysis of isotopes data was done using time series program based on a
combination of Lomb-Scargle Fourier transform and the Welch-Overlapped-Segment-
Averaging method. The data was processed using SPECTRUM software (Schulz and

Statteger 1997).

3.5. RESULTS

3.5.1. Uranium-series dates

Uranium-series results are presented in Table 3.1. The chronology for the isotope
records was established using four dates for samples 99900, and three dates each for
samples 99901 and 20001. Growth rates were assumed constant between dated intervals

for creating age models. Results for the Reed's Cave samples include both TIMS and
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multi-collector ICP-MS analyses (Table 3.1). The error is expressed as the two sigma
values. Uranium concentrations are very high, ranging from 1.8 to 5.2 ppm. In general
the older dates have large uncertainties as they approach the limit of the U series dating
method. There is indication of some leaching in growth layers due to the high BiyAY
activities for many samples that were analyzed but did not provide dates (Table 3.2). The
ratios indicate that the samples are beyond the dating limit of our technique. The samples
that did produce dates may be representing intervals of increased growth in which
leaching did not occur. This may also be coinciding with interglacial periods.

All three samples, but 99900, in particular, appear to have periods of little or no
growth during the colder or drier intervals. These intervals may be indicated by lighter
banding that has been representative of interrupted growth in other speleothem samples
(Ford and Williams 1989). There are two TIMS and two ICP-MS dates with mean errors
of 26 ka and 6 ka respectively (Figure 3.2a). There is an additional TIMS age at 131 mm
from base that agrees with the ICP-MS date of higher precision. Sample 99901 has three
TIMS dates and appears to have minor hiatus at 40 mm from base following the MIS 12
glacial maxima at 430 ka BP (Figure 3.2b). The mean error for the TIMS dates is 36 ka.
There are three TIMS dates for sample 20001 with a mean error of 27 ka (Figure 3.2¢).
From visual inspection the growth appears to be uninterrupted but three light colored
growth layers at approximately 15 mm from base (475 ka BP), 58 mm from base (380 ka
BP) and 90 mm from base (277 ka BP) may represent extremely slow periods of growth
or brief hiatuses. Growth rates for all speleothems are given, showing a much higher

growth rate for sample 99901 (Figure 3.3).
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Figure 3.2. (a) Cross section of sample 99900 with location of ages
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Figure 3.2. Cross section of (b) sample 99901 and (¢) 20001 with location of ages.
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Lighter growth layers in the samples are believed to represent periods of
attenuated growth rates (Ford and Williams 1989, Hill and Forti 1997). Reduced
infiltration rates above the cave can reduce drip rates in the cave, cause lowered humidity
in the cave, and possibly cause evaporative fractionation in these layers during
deposition. However, we did not observe isotopic fractionation in any of our samples.
Lowered humidity could occur during glacial periods when there is a reduction in
subsurface infiltration due to ice cover or permafrost development. The Laurentide ice
sheet did not extend to this part of South Dakota and there is no evidence of permafrost.

A hiatus may also occur during particularly warm periods when rainfall is limited.

3.5.2. Stable isotope analysis

Isotopic variation in speleothem can be used as a paleoclimate proxy if the calcite is
deposited in isotopic equilibrium with its dripwater The speleothems were tested for
equilibrium deposition conditions to ensure that kinetic fractionation effects have not
obscured the climate signal. The conditions for equilibrium (Hendy ,1971), are that,
within a single growth layer, there is no variation in 804 , and no covariance of 5'%0q
and 8°C. At least 3 growth layers were examined in each of the three speleothems used
in this study.

The oxygen isotope variation in a speleothem is controlled by: a) temperature
dependent fractionation of the calcite-water system, b) original composition of

precipitation infiltrating as feedwater; and c) 80 of seawater during time of deposition.
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Depending on the relative influence of each variable, 5'®0, may increase or decrease (or
remain constant ) with increasing temperature. We define a variable y = d(8"°0a)/dT to

express the climatic dependence of §'804 (Schwarcz et al. in preparation).

3.5.3. Oxygen isotope variations in the samples

Sample 99900, which grew over the interval from 525 ka to ¢.1 50 ka, has a range in
520 of 4.9 % over its full growth interval (Figure 3.4). Most of this variation is in the
first half of its growth history, whereas the 5804 record of the upper half is relatively
featureless, suggesting that y has changed markedly from its value near the base.

Sample 99901 (Figure 3.5) grew from 460 ka to 360 ka, overlapping the early growth
period of 99900. Its §'30,, record varies over a range of 4.4 %o and resembles that of
99900, but is inverted, implying that the sign of y is opposite for these two deposits. The
MIS 11/12 transition at 421 ka BP is marked by a rapid decrease in the 5'30, value that
indicates a rapid warming following the glacial maximum. A sharp transition from
pinkish to white calcite in the speleothem suggests the presence of an extreme climatic
event that may be driving the negative excursion in the 5180, value (Figure 3.2b). The
timing of this transition is in question due to poor age control for 99901 in this interval.
There are significant negative excursions in §'80 at 430 ka BP and 395 ka BP that
correspond to color transitions in the calcite from a darker, translucent color to white.
5130, decreases during the MIS 12/11 transition by about 4 %o, about 60% of the full

interglacial-glacial isotopic change.
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Sample 20001, which grew from c. 490 ka to 225 ka, has a 5 %o range in 5'%0.; most
of this variation occurs after 300 ka, whereas between 450 and 350 ky, the oxygen
isotope record for 20001 is smoothed. The local mechanisms controlling 'O, values
appear to be canceling out to givey =0 (Figure 3.6). After 300 ka BP the isotopes show
a much greater magnitude of variation. There is a depletion of 180 of ~4 % at 275 ka BP
that is synchronous with the start of MIS 8, suggesting that y > O for this section of the
speleothem.

A comparison of the results between the three speleothems shows a very complex
relationship. Between 450 and 340 ka, the mean 880 value for 99900 is 1.8 %o more
depleted than the averages for 99901 and 20001. This 3.5 %o average offset between these
records represents 70% of the full range of the oxygen isotope record for 99900. A
similar offset of up to 4 %o is seen between two Wisconsin age speleothems from Reed's
Cave (Serefiddin et al. submitted, Chapter 2). After 340 ka, 20001 and 99900 exhibit
similar average 5'°0q values. Each of the records has comparable ranges of §'%0¢ values
of 4 to 5 %e. Both 20001 and 99000 have long periods of growth (at different times)

during which 580 variation is very small (c. 1 %o ).

3.5.4 Spectral analyses

Spectral analysis was done for the three samples to determine periodicity in the

oxygen isotope data. The harmonic analysis results for samples 99900 and 20001 are
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suspect because the hiatuses that are likely present in the speleothems would affect the
time series. The spectrum for sample 99901 appears to give valid periodicity because it
is less likely that the isotope record was interrupted by any hiatuses. The strongest and
only significant peak (95% confidence level) for the spectrum records the 41 ka
periodicity from the obliquity cycle (Figure 3.7). This is the strongest cycle in the
SPECMAP record also (Bradley, 1999). However, the 99901 record is only 100,000

y long, so that the significance of a 41,000y cycle in this record is suspect.

3.6. DISCUSSION

3.6.1. Oxygen isotopic records of coeval samples: Variations in climate response

The periods of growth for these three samples differ, but comparisons can be made
between samples over coeval periods of deposition. Between 430 and 390 ka BP in
99900 and 99901 show similar oscillations in §'30,, but of opposite polarity (Figure 3.8):
v is negative for 99900 and positive for 99901. During the same period 20001 shows
much less variation in 820« (amplitude < 2 %o) implying that y = 0. Leading into this
interval there appears to be a hiatus or large reduction in growth rate in 99901. The 3.5%o
depletion that occurs just before 430 ka BP may be interrupted by a hiatus and suggests
the cooling may be started in sample 99901 about 50 ka earlier, similar to an event ih the
SPECMAP record (Figure 3.9). The most extreme values during interglacial MIS 11 are
at around 405 ka BP, which agrees well with SPECMAP (Figure 3.9).

The reversed polarities of these two records implies that the factors controlling 5'*0q
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at the sites of these two stalagmites (a few meters apart in the cave) are quite different. In
an earlier paper (Serefiddin et al., submitted, Chapter Z) we have speculated that

differences in the seasonality of the input of recharge water could account for offsets in
5180 between two sites. Specifically, if recharge at one site was dominated by spring
melting of winter snows, then 580, would be significantly lower at that site. Here,
however, we see a further variant in which not only the average §'%0 of calcite, but its
response to climate change has been reversed between two drip sites. This could reflect a
stronger dependence of 5'%0,, on the T-effect on precipitation for 99901 (y > 0) and a
stronger dependence on the T-effect on fractionation between calcite and water for 99900
(y <0). The average §'%0,, values of 99900 are depleted in '*O versus sample 20001 and
99901 by approximately 2.5 to 4 %o (respectively), suggesting that the drip waters may
have contained a higher percentage of winter precipitation (Serefiddin et al. submitted,
Chapter 2). A balance between the precipitation and calcite-water fractionation effects
may explain the flat signal during the earlier part of the record for 20001, giving y = 0.
The records of 99900 and 99901 are offset by ~ 6 %o (Fig. 3.8) during the MIS 13 and 11
interglacial; this difference is reduced almost entirely during the MIS 12 glacial period.
The timing of the MIS 12 maxima in 99900 and minima in 99901 agree well within the
26 error of their ages. The MIS 13 maximum is more pronounced in 99901 and could be
absent or delayed in 99900.

The time interval between 350 and 250 ka BP shows similar 5'%0 values centered at
-10 %o for samples 99900 and 20001 (Figure 3.10). Sample 99900 has a subdued record

suggesting y ~ 0, whereas 20001 shows more distinct maxima and minima at MIS 9 and
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8 respectively, consistent withy > 0. Therefore the response of 5'%04 in sample 20001 is
closely linked to the T-dependence of the isotopic composition of infiltrating waters.
There is also evidence for a reduction in growth rate or long hiatus in 99900 at around
360 ka based on the presence of many light colored layers that can form due to
evaporative effects from reduced infiltration and drip rates. The apparently weaker
response to climate of the 520 signal in 99900 after 360 ka BP may be due to changes

in hydrology and drip rates. The growth rate for 99900 was very low after this date
and sampling resolution may not have captured short-term oscillations in the record.

In summary, we see that the 5804 records of each of these three closely-spaced, and
partly coeval samples are quite different. In general, they differ in two distinct respects:
a) the average 8'°0 values of one of the records (99901) is significantly offset (lower
5'0 values) than the averages of 99900 or 20001; b) the climate response of the three
speleothems is different, and also varies within each speleothem through its depositional
history.

The first of these effects we attribute to systematic differences in the proportion of
spring snow-melt vs summer rain in the drip water feeding each speleothem; 99901 is
dominated by winter precipitation, while 99900 and 20001 may be receiving feedwaters
that represent an unbiased average of annual precipitation. The maximum offset between
99901 and 99900 approaches 6 %o, which is a significant fraction of the current |
difference between winter and summer precipitation in this region of c. 15 %o [Rozanski

et al, 1993].
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The origin of changes in y is less easily understood. It is especially difficult to
understand how two coeval speleothems in the same passage of one cave can have y
values with opposite signs. We surmise that this also reflects some difference in the way
in which winter vs summer precipitation contributes to the feedwater of each site, but in
such a way that shifts from glacial to interglacial climate affect this difference in opposite
ways. One obvious feature is that samples with y <0 must have drip waters with
attentuated temperature dependence; this could reflect a dominance of recharge from one
season only, as long as §'®0 of precipitation in that season had not changed markedly

between glacial and interglacial stages.

3.6.2. Marine isotope stages 11 and 13

MIS 11, which spans an interval from 420 to 365 ka BP (Hayes et al. 1976)is a
single well-defined peak in SPECMAP. In two of the Reed's Cave speleothems (99900
and 99901), this interglacial cycle is recognizable but marked by a complex series of
shorter cycles with a period of about 10 ka (Figure 3.11). These rapid climate events are
also present in European pollen records (Tzedakis et al. 1997). The major variations in
the record at this time support theories of major climatic instability/disturbance.

Scherer et al. (1998) suggest that there was a major ice sheet collapse during MIS 11, also
consistent with the exceptionally high peak in the SPECMAP record of this interglacial.
We might therefore expect a larger corresponding signal in the Reed's Cave speleothem

records from MIS 11. The evidence of a sustained or more intense warming during this
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time is not strikingly evident. The 5804 variations in samples 99900 and 99901 suggest
an extended interval of warming that began at ~ 440 ka BP and lasted until approximately
370 ka BP. However a single well-defined peak in sample 99900 corresponding to MIS
11 contains large oscillations in 8180, values. The overall (average) decrease in 3'*Oq
confirms that terrestrial records are showing a period of warm climate at this time. The
high variability in the oxygen isotope records for 99900 and 99901 are similar to high
amplitude oscillations in European pollen sequences during MIS 11 (Tzedakis et al.
1997). It is evident that terrestrial records such as these show much more short-term
variability than is seen in the marine 830 record; this may be in response to local
fluctuations in continental climate on a millennial time scale.

Considering the record of MIS 13, Sample 99900 shows three peaks of enrichment in
180 (Figure 3.11), which resemble three peaks of soil development with Chinese loess
record (Vidic et al. in press). The climate signal for MIS 13 appears to be slightly
warmer than for MIS 11 based on the greater enrichment in 180, which is the opposite of
the trend in the marine isotopic records. This difference is shown more clearly in a graph
of the moving average of 5'%0 of sample 99900 (Figure 3.11).

Thus, for both MIS 11 and 13, we see that, while the average response of 80, for
the Reed's Cave speleothems resembles that of the marine isotopic record, the
speleothems also display higher-frequency cycles whose amplitude is a large fraction of

the total glacial/interglacial difference.
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3.6.3. Comparison to other proxy records

A comparison to limited speleothem results from the mid-Pleistocene shows
synchronous response to climate. The Jewel Cave speleothem, JC 11, started growing
prior to 700 ka BP and records similar magnitude of isotopic variation for the MIS 13, 11
and 9 interglacials (Ford et al., in preparation). The MIS 11 interval shows transitional
events between the glacial and interglacial extremes of similar duration and magnitude
(over 50% of interglacial/glacial §'304 change) to events in 99900. A speleothem record
from Norway shows similar growth characteristics to those found in the Reed's Cave
speleothems (Lundberg and Lauritzen 1999). The main periods of growth for the
Norwegian speleothem LP-6 are placed at 502 ka BP and 420-380 ka BP. Reed's Cave
sample 99900 grew from ~530 ka BP to 340 ka BP and 99901 grew from before 450 ka
BP to 340 ka BP, after which there is likely a long period of growth cessation or multiple,
shorter hiatuses. Very few other terrestrial deposits with absolute radiometric dates exist,
with the exception of loess deposits dated by thermoluminescence (Little et al. 2002).
The Russian and Chinese loess records have lower resolution than the speleothem 520,
and the timing of MIS 11 in particular is not synchronous with the SPECMAP
stratigraphy (Vidic et al,, in press, Little et al. 2002).

The Reed's Cave data shows-a=pacing of climate events similar to that seen in marine
isotopic records, but they are more sensitive to local conditions and short-term events.
Comparing all three speleothems to the SPECMAP marine §'30.; records shows the more
sensitive response of the §'804 records to local environmental and climate conditions at a

higher time resolution (Figure 3.12). Sample 99900 shows significant local climate
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events that interrupt the smoother 100-ka cycle that appear to be in the record but cannot
be verified by spectral analysis. The 41 k periodicity in the SPECMAP record appears in
the Reed's Cave speleothem record for sample 99901 (Figure 3.7). Also, the general
agreement between moving average curves and SPECMAP records indicates that the 100
ka periodicity is also present in this record. More precise estimates of the duration of
5180 oscillations between the glacial and interglacial extremes cannot be determined

without increased precision of dating and higher resolution isotope sampling.

3.7. CONCLUSION

Coeval records for three speleothems deposited in the mid-Pleistocene show that
there can be different responses of 50, to climate within one cave. A similar result was
obtained for two Wisconsin age speleothems in Reed's Cave (Serefiddin et al., submitted,
Chapter 2). This is likely due to heterogeneity in the overlying environment and the
hydrology at time of deposition. Most striking is the strong negative correlation in
samples 99900 and 99901 indicating the opposite climatic responses of 8'80 in these
two deposits. As well, we see differences in the average 5'%0,, for coeval speleothems
deposited in close proximity. This confirms that seasonality and local environmental
conditions are a significant factor in the §'%0,, of speleothem calcite. These two
stalagmites were deposited at adjacent locations in the cave, but with very different
hydrology and sources. The catchment area for the source waters of the two speleothems

may have been different as well, as seen in their reverse signs for gamma.
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The climate record in the three speleothems shows a robust isotope response to
the warming during MIS 13 and 11. The high resolution records show a very sensitive
response in the central continent. The convergence of the Pacific, Arctic and Gulf of
Mexico circulation systems in the center of the continent results in a dynamic response to
global changes in climate. The isotopic variation can be magnified if there is a
concurrent change in isotopic composition as well as shift in the source of storm tracks.
Eventually 8D data on fluid inclusions (Serefiddin et al., 2002) could be used to identify
changes in source areas and for the calculation of paleotemperatures.

Without absolute paleotemperatures, it may not be possible to show the extent of
warming during past interglacials. However, these isotope records show that MIS 13 and
11, at least were long but unstable periods of warmth as suggested by some researchers.
There appears to be a somewhat greater magnitude of warming or climate reorganization
during MIS 13 than MIS 11, contrary to the evidence from the marine record. It is most
important to consider, however, that these isotope records are recording regional
temperature change, so higher regional temperatures here may not reflect the global

temperature change.
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CHAPTER FOUR. RECORDS OF CLIMATE CHANGE IN CENTRAL AND
WESTERN NORTH AMERICA FROM 8D VARIATIONS IN SPELEOTHEM
FLUID INCLUSIONS

4.1. INTRODUCTION

Speleothem isotope variations have been used as proxies for warming and cooling
periods, moisture availability, monsoon activity and shifis in overlying vegetation
regimes (Dorale et al. 1992, Gascoyne 1992, Hellstrom et al. 1998, Frumkin et al. 1999,
Wang et al. 2001, Neff et al. 2001). The application of uranium-series disequilibrium
dating gives these proxies high-precision chronological control (Schwarcz 1986, Dorale
2000). The interpretation of oxygen and carbon isotopic variations in speleothems
remains rather problematic because local and regional environmental conditions can alter
the global climate signal (Linge et al. 2001, Serefiddin et al. 2002, Schwarcz et al.
submitted). The ratio of stable isotopes of hydrogen (D) of fluid inclusions in
speleothem calcite can be used to investigate changes in precipitation and calculate
paleotemperatures as an additional proxy to refine climate models.

The objective of this research is to develop high resolution paleotemperature
reconstructions for late Pleistocene North America. Modern dripwater and Holocene
fluid inclusion samples will be compared to the speleothem records from the Wisconsin
glacial period. Samples across North America will be used to cover a wide range of
geographic, climatic and topographic regions. The results of this research can give

quantitative information about temperature, air mass positions and give us a better
97
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understanding of how ice sheet dynamics affects climate. A high resolution record of
temperature change for the Black Hills of South Dakota will give insight on the extent of

cooling in the mid-continent during the glacial period.

4.1.1. Previous fluid inclusion research with speleothems

During crystal growth speleothems can trap and preserve some of the original
seepage water as fluid inclusions, providing a source of information on the past isotopic
composition of precipitation. Fluid inclusions often comprise as much as 0.1 to > 1.0 wt
% of a speleothem (Schwarcz et al. 1976). Pioneering research in the 1970’s on
speleothems found that 3D of fluid inclusions were equivalent to surface precipitation
waters (Schwarcz et al. 1976, Schwarcz and Yonge 1983, Yonge et al. 1985). Rozanski
and Dulinski (1987) found similar results but their sample size was too large to give good

high resolution data. Later researchers found a 20-30%o offset in 8D values when the

water was removed by heating at temperatures over 800°C versus extraction at lower
temperatures (Yonge 1982, Goede et al. 1986, 1990, Matthews et al. 2000). This offset
was believed to be a result of fractionation occurring during the heating and extraction
process. This offset could also be due to an additional component of highly fractionated
water that is bound to the calcite lattice (Yonge 1982, Schwarcz, pers. comms.) Recent
improvements on the extraction technique at the University of East Anglia gave results
that attribute the offset to amount of water being extracted, but can be avoided if

sufficient water is collected (Dennis et al. 2001). Thermal desorption of released water
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from the crushed calcite at 150°C gives almost complete recovery of extracted water and
showed negligible offset, so the water released in the high temperature experiments may

be related to additional, structurally bound water.

4.1.2. Previous isotopic studies of meteoric water

The oxygen and hydrogen isotopes of precipitation show a strong relationship to
temperature, amount of precipitation, distance from the ocean as well as relative
influence of different North American air masses (Welker 2000, Rozanski et al. 1993 and
1992, and Gat 1980). In the Black Hills region the 8D in precipitation varies seasonally
from -70 to -102 %o while 5'°0 varies from -10 to -14 %o (IAEA 2001). An important
characteristic of North American air masses is the signature of source areas. Air masses
derived from the Pacific Northwest have an oxygen isotopic composition of ~ -3 %0
compared to -7 %o for Gulf of Mexico air masses. As the air masses move inland there
can be a depletion up to 8 %o (Welker 2000). During the winter months, there is a trough
in 8'80 isolines that represents more depleted meteoric waters in the Black Hills (Bryson
1966). This indicates an additional air mass with its source in the Arctic. The depletion
can be as high as 15 %o (IAEA 2001). Modern studies of meteoric waters found a
seasonal difference as high as 25 % in the higher elevations of the Rocky Mountains
(Welker 2000). Dansgaard (1964) and Rozanski et al (1993) calculated the global

average seasonal temperature dependence of 50 in precipitation to be 0.69 %0/°C.
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However, this temperature dependence varies regionally; the value isaslowas0.1-03
%o/C° for inland areas.

Corresponding temperature and regionally dependent shifts would occur in 8D, as
governed by the meteoric water line relationship to be D = 8 5'%0 + 10 (Craig 1961,
Dansgaard 1969). This is the global average for the relationship between deuterium and
oxygen isotopes in precipitation. The slope and D-excess (do = 8 8'°0 - 8D) can change
with location and over time (Rozanski et al. 1993, Merlivat and Jouzel 1979). This
relationship is used to calculate 5'%0 values from the measured 8D in fluid inclusions.
The 8D of fluid inclusions can be used to show if these relationships remained constant
throughout the Quaternary or if they differed during the glacial times as indicated by

earlier studies (Schwarcz and Yonge 1983, Jouzel et al. 1982).

4.1.3. Paleotemperature reconstructions using fluid inclusions
When calcite forms in oxygen isotopic equilibrium with water, we can calculate

the temperature of formation from the isotopic fractionation, Oc.w, between calcite and
water, where Oe.w = (180/ 16O)calcite/(m()/ O)waer. The calculation of paleotemperatures
using the O’Neil ef al. (1969) calcite-water fractionation equation

1000 In Ctey = 2.78 x 10 x T? - 2.89 (4.1)
requires knowledge of the §'®0 of the drip water from which the speleothem was
precipitated. We assume that this is equal to the initial 5'20 of fluid inclusions trapped in

the speleothem. Although these fluid inclusions can be analyzed for both 5'®0 and 8D,
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5!30 is not used because the isotopes of the calcite and the water may have exchanged
following deposition of the speleothem. Instead, we calculate the initial 5'%0 value of the
trapped water from its measured 8D, using the appropriate meteoric water line for the
period in which the sample grew.

Estimation of absolute paleotemperatures using oxygen isotope variation in
calcite alone has had some success (Goede et al. 1986, 1990; Dorale et al. 1992, Dorale et
al. 1998, Gascoyne 1992, Lauritzen and Lundberg 1999). Early attempts at calculations
using 5'%0,, calculated from 8D of fluid inclusions gave negative temperatures, which is
impossible because speleothems cannot form in freezing conditions when water cannot
infiltrate the subsurface (Harmon et al. 1979). This suggested that the meteoric water line
relationship was likely different in the past glacial periods. Ina more recent study, Genty
et al. (2002) measured 8D in large fluid-filled voids in a speleothem and calculated a -1.3
°C temperature difference from modern for a growth layer in a French speleothem dated
at 100 ka. The 5'%0 of fluid inclusion water was calculated using the measured 6D and
local meteoric water line relationship 6D = 85'30 + 7.7 (Genty et al. 2002). The growth
layer grew during marine isotope substage S¢, a period in the interglacial that appears to
have been slightly cooler than present (Martinson et al. 1987 and Jouzel et al. 1987). Late
Holocene records from Great Britain show isotopic composition of fluid inclusion waters

that are not significantly different from modern drips (Dennis et al. 2001).
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4.2. METHODS

The speleothems were dated using uranium-series disequilibrium dating
techniques (Schwarcz 1986, Dorale 2000). Crushed or powered calcite samples ranging
from 200 mg for multi-collector inductive coupled plasma mass spectrometry (MC-
ICPMS) analysis to 2 g for thermal ionization mass spectrometry (TIMS) were prepared
by anion exchange chemistry in the McMaster clean laboratory, with the addition of a
29Th/?Y spike calibrate by J. Lundberg, Carleton University. The extracted uranium
and thorium components are run by single and double filament technique on a VG 354
TIMS at McMaster or on the VG MC-ICPMS at GEOTOP in Montreal. For thermal
ionization mass spectrometry (TIMS), uranium and thorium are loaded on rhenium and
tantalum filaments and analyzed in a VG354 mass spectrometer; the ratios of R 870t O}
and Z°Th/?*U are used to determine the age. The precision of measurements averages
1%. For analysis of U and Th by MC-ICPMS, the elements are introduced into the
instrument dissolved in 1% nitric acid. The advantage of MC/ICP-MS is faster
throughput and higher precision (< 0.5%).

The extraction of fluid inclusions employs equipment developed at the University
of East Anglia Isotope Lab (Dennis et al. 2001). The crushing cell consists of the
crushing chamber and a piston that is moved using an electromagnet (Figure 4.1). The
base and tower of the cell are fitted with heaters for the removal of water before the
sample is crushed to remove any atmospheric water vapor that may be present.

Slices of calcite were taken along growth layers with 2 maximum thickness of

Smm using a low speed Isomet diamond wafer saw. At least two samples were cut from
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Figure 4.1. Crushing cell for extraction of fluid inclusion water.
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each growth layer for repeat analyses. A portion of the slice weighing approximately 500
- 1000 milligrams is loaded into the cell and evacuated to a high vacuum. After the
sample had been evacuated and heated at 100 °C for 15 minutes, it was gently crushed for
15 minutes by repetitive motion of the piston. During this time the crushing cell was
closed off from the high vacuum pumps and opened to the U-trap (Figure 4.2). Adewar
of liquid nitrogen was placed under the U-trap to collect the water and CO; released
during crushing. After crushing, the cell was heated to 150 °C under vacuum to remove
all adsorbed water. After heating is complete the U-trap temperature is increased to —120
°C to release any CO; which is pumped away. The cold trap is then warmed to room
temperature and water is trapped in a pyrex tube together with 50 mg of zinc shavings
("Indiana Zn"). The water is later reduced by reaction with zinc at 500 °C for 1 h and the
hydrogen gas is analyzed on a SIRA I mass spectrometer against H; from a laboratory
standard (DTAP). The absolute 6D values are calculated using the VSMOW and VSLAP
reference waters for calibration. The precision of measurements of the standard is 0.11
%o. A portion of the crushed calcite was reserved for analysis of 8'*0..

The volume of water in each calcite sample was estimated from the intensity of
the major beam (*H signal). Capillaries containing known masses of water were used to
create a calibration curve. Samples that gave an intensity of less than 5.0 x 107 indicated
less than 0.5 pl of water; these data were not used because they were most likely

fractionated during extraction (Dennis et al. 2001).
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4.2.1. Samples

Samples were prepared for fluid inclusion analysis to evaluate 3D and
temperature variability during the Wisconsin glacial period from Reed's Cave, South
Dakota and throughout multiple sites in western North America for the Holocene period
(Figure 4.3). Additional samples from Austria and Israel were analyzed to investigate
different climate regimes. In an attempt to produce high resolution records, sample size
was reduced to ~1 g or less.

Speleothems 99902 (RC2) and 20000 (RC20) are two samples from Reed's Cave,
South Dakota that partly grew at the same time, from 62 to 49 ka BP. These speleothems
have partly divergent 580 records but each appears to be recording climate, (Serefiddin
et al. 2002). The analysis of the 3D and paleotemperature calculations can test whether
similar temperatures are being recorded by these two speleothems. Time resolution for
each measurement ranges from 200 years during fast growth to 63 00 years during slow
growth for sample 99902. The faster growing speleothem 20000 has a time resolution
ranging from 50 years to 690 years.

Last and modern interglacial speleothems from Rat's Nest Cave, Southern
Canadian Rockies and Vanishing River Cave, Santa Cruz were analyzed to investigate
temperature gradients in western North America. The two caves are from geographically
distinct areas and should show differences in the paleotemperatures. Speleothem VR-1
from Santa Cruz grew from 8.5 to 0.5 ka BP in at sea level in a marine Mediterranean

climate zone. The translucent, brown calcite has dissolution pockets containing clay
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detritus. These areas were avoided when preparing the samples. The oxygen isotope
record shows very little variation (Holden et al, unpublished). The sample size averaged
5mm thick and averaged 300 years of growth. A minimum of two samples were taken
from each growth layer, with a third cut if there was enough sample available. Eight
samples from Rat's Nest Cave sample 881020 were taken for fluid inclusion extraction.
Rat's Nest Cave is located in the southern Canadian Rockies at an elevation of 2000 m in
a subalpine/alpine climate zone. The calcite in sample 881020 is an opaque, white color
with palisade crystals. Inspection of individual crystals reveals a more translucent color,
which indicates low fluid inclusion content. The ages for speleothem 881020 are not

well constrained so no estimate was made for temporal resolution.

4.3. RESULTS

4.3.1. Tests of the procedure

Calibration of the crushing cell and vacuum line was done by
measurements of DTAP standard water in glass capillaries alone and with Iceland spar
following the procedure of Dennis et al. (2001). The reproducibility of samples was
tested by analyzing replicates of the laboratory standard water, DTAP, in capillaries,
together with 500 to 1000 mg pieces of Iceland Spar (MEXIS). Fourteen MEXIS
samples were prepared but 3 samples produced transducer readings that indicated they
were fractionated during transfer due to incomplete recovery or desorption (Table 4.1).

The 11 remaining samples gave an average 8D value of -61 9% with a range of -49 to
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Table 4.1. Results of standards analyses.

Sample ID 8D (%) intensity Measured water
VSMIOW volume (ul)

Laboratory standard water
DTAP* -57.58
Standard water filled capillary
CAP-2 -54.17 n/a 2.0
Standard water filled capiliaries run with Iceland Spar
MEXIS-1 -56.58 n/a 2.0
MEXIS-4 -66.93 n/a 1.0
MEXIS-5 -61.37 1.61E-09 1.0
MEXIS-7 -58.10 6.82E-10 0.5
MEXIS-8 -98.87 4.00E-10 0.5
MEXIS-9 -49.06 3.30E-09 2.0
MEXIS-10 -53.71 1.66E-09 1.0
MEXIS-11 -66.66 n/a
MEXIS-14 -106.92 n/a 1.0
MEXIS-15 -68.22 1.01E-09 1.0
MEXIS-17 -7.20 n/a 0.5
MEXIS-18 -75.74 7.94E-10 05
MEXIS-20 -77.13 n/a 1.0
MEXIS-21 -59.26 2.10E-09 1.0

*mean values for 60 samples
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-77%,. The difference from the mean ranges from 2%o to 14%.. The average 8D agrees
with 8D value for DTAP (laboratory standard) of -58 £ 4%o. The slightly depleted
average value of -61 + 9 %o may result from fractionation effects from incomplete
desorption of water from the calcite powder.

As another test of reproducibility of the method, sixteen growth layers of
speleothems from Reed's Cave were analyzed in replicate, by analysis of slices taken as
close as possible to the same level in the stalagmite. From the eleven layers which had
sufficient water for isotopic analyses, four of these results agreed within the typical
analytical error of 3 %o (Table 4.2). Groups of replicates are identified in the tables by
color. Sample codes begin with the abbreviation for the speleothem (RC2 for sample
99902 and RC20 for sample 20000) and followed by an identification number for the
layer number or height from base. Overall, the difference between replicate analyses
ranges from 1 to 27 %o. Two possible reasons for this are: a) incomplete recovery of
water, resulting in isotopic fractionation; b) non-equivalence of the supposed replicates
such that different growth periods are being averaged. Figure 4.4 shows the cross section
of samples 99902 and 20000, where it is clear that a sample taken near the outer
perimeter of the stalagmite may contain thousands more years of growth than a sample
from the main growth axis. Results from adjacent growth layers show average
differences which is comparable to estimate of reproducibility from analyses of crushed

capillaries of water of less than 10%.



Table 4.2. Fluid inclusion sample results.

Sample ID 5D (%) intensity* Calculated Sample H,0/CaCQ;
VSMOW* volume (uL)* weight/g (mg/g)*

RC20 0.6.7a -150.27 n/a 1.02

RC20 0-6.7 -120.45 4.09E-10 0.40 0.96 0.42

RC20 0-6.7b -105.61 3.34E-10 0.36 0.45 0.82

RC20-174.25 -124.95 6.36E-10 0.52 0.57 0.93

RC20-174.25A  -117.60 647E-10 0.53 0.89 0.59

G D . o .

Re Do ddl o RISTE N SRERE RN

RC20-33a -82.71 1.99E-09

RA Tt B SR IR AN i

RC20-33 -64.98 3.13E-09

RC20-33a -120.48 6.50E-10

RC20-35b -82.90 3.01E-00

RC20-40 -64.90 8.22E-10 0.62 1.06 0.59

RC20-40a -98.98 7.51E-10 0.58 1.06 0.55

RC20-40B -123.76 8.64E-10 0.64 0.52 1.24

RC20-41a -122.84 5.70E-10 0.49 0.59 0.83

RC20-41b 1.03E-10 0.24 0.64 0.38

RC20-41c -121.88 5.37E-10 0.47 0.78 0.61

RC20-42 7.14E-10 0.57 0.88 0.65

RC20-42a 3.60E-11 0.21 0.78 0.26

RC20-42b 4 40E-11 0.21 0.90 0.23

RC20-42¢ 403E-11 0.21 0.50 0.42

RC20-43 062

RC20-43a 0.58

RC20-44 0.78

RC20-44a 0.82

RC20-93.33 -1 1437 3.338-09 2.06 1.24 .67

RC20-93.35A <73.55 4 17E-09 240 t.21 1.98

RC20-93.358 116,73 9.428-10 0.67 P48 0.45

RC2-1 -122.07 8.90E-10 0.66 0.32 2.03

RC2-100UT -93.65 5.79E-09

REC22&S3IN -104.06 1. 03E-09 0.73 0.58 127

RC2-2&30UT 6.26E-11 0.22 0.34 0.64

RC2-340UT -74.81 1.40E-09

RC2-35 -93.73 5.67E-10

RC2-35a -73.67 5.76E-10

RC2-4&3IN -61.36 2.01E-09 125 0. 3.04

RC2-4&30UT -82.73 R.49E-10 6 (.43 P4

R T T Adp e LA RN

RC2-91 -39.87 2.96E-09 176 0.54 3.27

RC2-90UT -66.90 2.99E-09 1.77 0.45 3.97
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Table 4.2. Fluid inclusion sample results.

Sample 1D 5D (%e) intensity* Caleculated Sample H,0/CaCO;
VSMOW* volume (uLL)* weight/g (mg/g)*

RC2-OL-1 -129.37 2.88E-10 0.34 0.33 1.04
VR-1-13 -68.67 8.62E-10 0.64 1.10 0.58
VR-1-13a 2929 3.32E-09 1.95 0.85 2.29
VR-1-2 -22.69 7.84E-10 0.60 0.85 0.71
VR-1-24 -29.75 2.37E-09 1.44

VR-1-25a -36.49 8.01E-10 0.61 1.01 0.60
VR-1-26-1 -5538 6.18E-10 0.51 1.07 0.48
VR-1-26-2 -46.88 6.25E-10 0.52 1.04 0.50
VR-1-27 -44.14 1.09E-09 0.76 0.98 0.78
VR-1-272 -40.86 2.25E-09 1.38 0.70 1.98
VR-1-27b -73.30 4.13E-10 0.41 0.44 0.93
VR-1-3 -55.40 4.53E-10 0.43 0.59 0.73
VR-1-4 -54.81 3.80E-10 0.39 0.82 0.48
VR-1-5a -51.70 5.69E-10 0.49 0.70 0.70

*All missing data results from insufficient sample size - sample was too

small to run or too small to produce dD value
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To determine if leaks of atmospheric water vapor would contaminate samples, we
attempted to collected water from the line without bringing the crushing cell and pyrex
line down to vacuum. Three attempts failed to result in a measurable amount of water.
We conclude that any small leaks had no effect on the isotopic values of collected water.

8D analyses can be offset if the proper zinc:water ratio is not used: the
recommended ratio is of 50 mg Zn to 1 uL of water. We assume that the maximum water
content of the speleothem is 0.1 wt %, and with a yield close to 100%, the sample sizes
averaging 500 mg to 1g will give us extracted water volumes from 0.5 to 1.0 pL.. We ran
capillaries filled with 0.5 uL and 1.0 pL of DTAP water with 40 mg, 50 mg and 60 mg of
zinc. These quantities gave reproducible and accurate results using standards of DTAP as

small as 0.5 pl in capillaries with Iceland spar.

4.3.2. Analyses of speleothems

Sample weights ranged from 0.27 to 1.48 g. The number and volume of fluid
inclusions varied between the growth layers so the wt % of water varied somewhat with
sample size (Table 4.2). The results of 3D analyses for the crushed calcite samples
includes only the samples that were large enough to run on the mass spectrometer.
Typically, samples less that 0.5 pl in size were too small for isotopic analysis. Of the 78
samples that were crushed and transferred to the zinc tubes, only 62 had enough water to

collect 8D data.
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4.3.2.1. Reed's Cave, South Dakota

Cave dripwaters were sampled to determine spatial variation throughout the cave
and whether there was a distinct seasonal signal in the isotopic composition of these
waters. Results from oxygen and hydrogen analyses show a variation of up to 36%e in
the 8D values and 5%o in the 8'%0 for drips (Table 4.3). This seasonal variation is well
within the range expected for mid-continental precipitation (Rozanski et al. 1993). The
range from -75 to -117 %o generally agrees with range of -70 to -102 %o (estimated from
GNIP maps) of modern precipitation in this area, with cave drips slightly more depleted
than the minimum of ~ -102 % for precipitation. The more H enriched waters in the
range from -81%o to -90%o are found in samples that were collected from cave popcorn,
an evaporative speleothem feature. These areas of the cave likely have less than 100 %
humidity, which makes the waters unsuitable for study of equilibrium deposits. The
modern drip water samples collected from the location of Wisconsin age speleothem
samples 99902 and 20000 have a range of 8D from -67 to -117 %o and 580 of -10.3 to -
15.3%o and falls slightly below the global meteoric water line (MWL) (Figure 4.5). The
local MWL calculated from drip water at the sample sites in the cave is 8D =8.08"%0+
6.7 This is within the expected range for mid-continental site in North America.

Forty-five samples from the two speleothems were crushed. Of these, 34 gave 6D
values, while 11 failed due to insufficient quantities of water. The average 8D for the 34
samples is -97 £ 4 %o with a minimum value of =150 %o and a maximum value of -35 %o

(Table 4.2). 5'20 values were calculated using the modern MWL and a hypothetical
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Table 4.3. Results of dripwater analyses from Reed's Cave and Santa Cruz samples

SamplelD 3D (%)  5'°0 (%) VSMOW
VSMOW

Reed’s Cave
Al 94.36 -11.85
Al3 99.77 -12.43
A34 -90.00 -12.42
A35 wa -12.21
A36 -81.09 -11.09
Ad5 -89.96 -12.23
AS3 -103.21 -13.94
A63 91.70 -12.05
A95 94.13 -13.02
CCTR_82601 90.11 -12.40
D65 -96.57 -12.68
NF-3_82601 -75.18 -10.35
NF-6 93.48 -12.14
NF-12 -99.86 -13.25
NF-15 -117.02 -15.33
NF-18 -100.74 -13.59
NF-20 -105.48 -13.94
NF-20B -102.22 -13.59
NF-20H1 -101.13 -13.58
NF-20H2 -102.16 -13.68
NF-33 n/a -14.37
NFM-2 -108.70 -13.96
NFP-1 -98.93 -13.30
NFP-2 99.51 -13.42
NFR-2 -96.76 -11.64
OM-20-3 n/a -11.67
OM-20-4 -84.58 -11.87
RC-1 -88.76 -12.83
RC-2 -95.41 -12.19
RC-3 -90.18 -11.72
RC-5 -92.64 -12.30
RC-6 -90.00 -11.19
RC-7 -93.77 -12.29
RC-8 -84.75 -10.96
RC-9 9243 -11.86
RC-10 -95.36 -8.67
RC-13 -87.78 1112
SC-1 -101.67 -13.27
SC-3 -98.49 -12.79
TWC_82601 -111.41 -15.07

Santa Cruz*

VL-0-1 -38.22 -5.43
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Table 4.3. Results of dripwater analyses from Reed's Cave and Santa Cruz samples

SamplelD 3D (%) 530 (%) VSMOW
VSMOW
VL-0-1a -36.46 -
VL-0-1b -35.24 -
VL-0-1¢ -38.46 -
VL-0-1d -35.82 -
VL-0-le -34.30 -
VL-0-1f -32.91 -

*only one oxygen analysis
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glacial age MWL with do = 0. Five samples with volumes less than 0.5 pL. may have

been fractionated during transfer of water from crushing cell to the zinc-filled pyrex tube.

4.3.2.2. Santa Cruz, CA

The 13 samples from the Santa Cruz speleothem give a mean 3D of -47 %o, with a
range from -73 to -23 %o (Table 4.2). The mean value for modern cave drips is 37 £1 %o
from five repeat analyses of drips from one site. We would expect to see a similar
average throughout the Holocene period. The full range of 51 %o for 8D values from
fluid inclusions is much higher than expected. 5'%0 values were calculated using the
global MWL and estimated local MWL. Two to three samples were run for each slice
due to the larger diameter central growth axis for this speleothem (Table 4.2, Figure
4.4¢). The difference between replicates done for 3 growth layers is 1%o, 9%o and 40%e..
This is also attributed to the problems described in the previous section, yet shows
evidence of good reproducibility. It reemphasizes the requirements for careful sample

cutting along the main axis of the growth layers.

4.3.2.3. Other sites

We also analyzed eight samples extracted from Rat's Nest Cave speleothem
8881020 and four samples from sample AF12 obtained from a cave in Jerusalem, Israel.
None of these samples yielded sufficient water for analysis. Samples from other caves n

Israel have been problematic due to small amounts of water (McGarry et al. 2002).
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4.3.3. Variation in 6D

The 8D results clearly show that extraction and measurement of fluid inclusion
water is very difficult. Preliminary results give some reproducible data and result in
calculated temperature shifts that can be correlated with other proxy records. Analysis of
small samples may also lead to unaccountable errors in 8D values.

Atmospheric circulation patterns control relative contributions of moisture
sources of different isotopic signatures to different regions (Charles et al. 1994, Nativ and
Riggio 1990). The isotopic compositions of storm tracks in the Black Hills are
determined by the relative contribution of Pacific and Gulf of Mexico air masses; the
position of these air masses differs seasonally as well over long-term periods. There
appears to be a good connection between the trajectory of these air masses and the
isotopic composition of precipitation.. Measured 3D values from fluid inclusions can
give information on how the position of these air masses may have been different in the
late Pleistocene although it may be difficult to distinguish these from temperature effects.
The seasonal bias in the isotopic composition of recharge feeding different drip sites is
likely controlled by some combination of both variables. More depleted values of 8D
may indicate a dominance of more depleted air masses as well as lower temperatures.

The 8D values for the Reed's Cave speleothems show a range of values less than
the estimated range for seasonal variation in 6‘80,,,,, (Figure 4.6). The average 6D value
for sample 20000 is consistently lower than for sample 99902, even during coeval periods
of growth. A previous paper (Serefiddin et al. 2002, Chapter 2) showed a similar

difference in average 5]8Oct values for these two samples and attributed this difference to
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seasonality of recharge of drip waters (Chapter 2). Sample 20000 was likely formed
from drips biased to winter precipitation (Chapter 2). This also explains the lower 8D
values. The range of 8D values for sample 20000 is -65 to -150 %o, more depleted than
range of 8D for sample 99902 of -40 to -129 %.. There appears to be a slight enrichment
of 10 %o in sample 20000 between 59 and 55 ka BP. This could indicate a short-term
increase in the influence of Gulf of Mexico storm tracks. There is a similar enrichment
of 8D values in sample 99902 beginning at about 57 ka BP. The §'*0y and 8D values for
these two speleothems agree at this point as well, which would explain the similar
calculated temperatures. There is also evidence of warming in the 8"C record at Crevice
Cave in Missouri at this time (Dorale et al. 1998). The chronology for the change in
99902 is less certain due to weaker age control and lower resolution resulting from
extremely slow growth rates over this interval.

Isotopic data from sample VR-1 in Vanishing River Cave, located on the central
California Coast, could provide proxy data for climate change on the eastern Pacific
margin. The 8D values ranging from -23 to -47 %o are within expected values for 6D
measured from precipitation samples (IAEA 2001). The modern average 6D from active
drip sites in Vanishing River cave is - 37 %o. The time period represented from the fluid
inclusion data is from 7.7 to 0.5 ka BP (Figure 4.7). If the temperature dependent
variation of 8D in precipitation is the main control on the isotopic composition of these
waters, these results can be interpreted as periods of temperatures colder and warmer than
present. However, it is also possible that some of this variation is due to the amount

effect (Rozanski et al. 1993). The amount effect is typically observed at sites between
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20° N and 20° S, but has been reported as far north as Israel (Bar-Matthews et al. 2000).
If the amount of precipitation is controlling the 8D composition of these waters, the more
depleted values represent heavier rainfall periods and thus there are periods of more and
less rainfall than modern during the Holocene. The 8D value of -23 %o at 7.7 ka BP
would indicate a period of decreased rainfall or warmer temperatures or a combination of
these effects. This is consistent with the current climate regime in central and southern
California that produces most of its rainfall during the winter. The 8D values decrease
with time, and dip below modern average 8D at 3.7 to 4.0 ka BP with an average 5D
value of -45 %o, indicating a period of cooler temperatures and/or increased rainfall.
Increased rainfall from a strengthening of El Nino events is seen in modern coral records
from the last 50 years in the western Pacific (Gagan et al. 1998). Marine sediment
records from the Santa Barbara Basin (Hendy and Kennett 1999) also support cooler
temperatures during this interval. On the other hand, pollen and lake level records in the
Sierra Nevada record decreases in effective moisture after 6 ka BP (Anderson 1990,

Thompson et al. 1993).

4.3.4. Paleotemperatures

Temperatures were calculated using the estimated 5'%0 of fluid inclusions
(6'®0g) and measured §8'%0, from the powders collected after crushing. The range of
temperatures calculated for Reed's Cave use the modern MWL and estimated glacial age
MWL relationship (Harmon and Schwarcz 1981). Table 4.4 shows temperatures

calculated for Reed's Cave with do = 0 (glacial age estimate) and do = 6.7 (modern).
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Temperatures that are less than zero and greater than modern are assumed incorrect. Itis
unlikely that samples in the glacial and cooler MIS 3 interglacial are greater than modern
temperatures. The range of acceptable temperatures is 0 to 8 °C using the modern MWL
and 1 to 11 °C using the glacial age MWL. The MWL relationship for the modern
central California Coast is not well constrained, so two separate values are used as well.
A lower dy is seen in coastal and marine IAEA sampling sites and is the basis for our
value of do =4 (Rozanski et al. 1993, Dansgaard 1969). Table 4.5 shows the
temperatures calculated for the reduced do and global MWL value of dp = 10. Using the
same criteria as for the Reed's Cave temperature estimates, range of acceptable
temperatures is 2 to 12 °C using the modern MWL and 0 to 11 °C using the modified age
MWL

We expected all temperatures from Reed's Cave samples 99902 and 20000 to be
lower than the modern value of 10 °C. Temperatures higher than modern or below zero
may be due to fractionation as a result of incomplete water recovery. Incomplete
recovery of water gave both positive and negative offsets in replicate samples. Samples
with very low yields, usually less than 0.5 pl, also gave negative offset of up to 40 %o in
analysis of capillary + Iceland spar (Table 4.1). This would lead to lower apparent
temperatures of deposition.

As noted above, the 8'°0y records from the coeval period of growth in samples
99902 and 20000 show an offset in average 504 and difference in magnitude of
isotopic variation (Figure 4.6). In a previous paper (Chapter 2 of this thesis) we show

how differences in seasonality and flow-paths of recharge can cause such differences.
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Minor evaporative effects can also cause an enrichment in record with respect to the
other, but because the deposits were formed in equilibrium (as proved by Hendy test), it
is unlikely that evaporative/kinetic fractionation has occurred. Paleotemperatures for
these records give similar values and similar direction of change (Figure 4.8).
Temperatures were calculated using both the global MWL relationship and the
modified glacial age MWL. The coeval part of the record shows a similar change in
temperature, but the magnitude of increase is higher for sample 20000. We observe a
temperature increase of 7 °C in sample 99902 and 8 °C in sample 20000 from 62 to 57 ka
BP (Table 4.4). After 57 ka BP temperatures decrease by 8 °C at ~ 54 ka BP. The
agreement in magnitude of temperature shift in the two coeval deposits is in striking
contrast to the difference in their §'¥04 records. The magnitude of this temperature shift
may, however, be somewhat exaggerated. For comparison, however, Anderson et al.
(2000) observed cooling of up to 10 °C in the Colorado Plateau at the LGM, suggesting
that temperature shifts of this magnitude may have occurred during the last glacial cycle.
The paleotemperature reconstruction for the Santa Cruz speleothem was expected
to show a much smaller temperature change during the Holocene at this climatically
moderated coastal location. It is not likely that temperatures would have deviated very
much from the modern mean annual temperature of 11 °C. However, temperatures
calculated from fluid inclusion-calcite pairs suggest a decrease of almost ~7 °C from 4.5
ka BP to 3.5 ka BP (Figure 4.9). Such a large decrease is not likely, although there is
evidence of cooling after 6 ka from marine sediments in the Santa Barbara Basin (Hendy

and Kennett 1999). The warmest temperatures which we obtained were calculated at ~ 8
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ka BP, at which time there is additional evidence for warming from the marine sediments
(Pisias 1978). Again, the direction of temperature appears to agree with other proxy

records, but the magnitude of change is problematic.

4.4 CONCLUSIONS

Variations in 8D values over time as preserved in speleothem fluid inclusions are
powerful recorders of past air mass composition and position and possibly of climate
change. Late Pleistocene deposits from Reed's Cave, South Dakota show consistent
depletion in *H in fluid inclusion waters. This is evidence of cooler temperatures and
increased precipitation that may be due to changes in atmospheric circulation from ice
sheet fluctuations or global ocean temperature gradients. Maximum 8D values and a
possible corresponding temperature increase in both Reed's Cave speleothems is seen at
57 ka BP. A trough in 8D values at 54 ka BP correlates with a cooling event in the
Mediterranean and in the Devil's Hole calcite record (Bar-Matthews et al. 1999,
Winograd et al. 1997). Sample VR-1 from central California indicates a general
Holocene cooling that began at least 8 ka BP and agrees well with Greenland ice core
records and marine sediments off the Hawaii coast (Bond et al. 1997, Lea et al. get date).
The decrease in temperature and/or increase in precipitation revealed by decrease in 8D
value in VR-1 appears to occur earlier than proxies from Santa Barbara basin that show a
Holocene thermal maximum between 9 and 6 ka BP (Pisias 1978, Hendy and Kennett

1999). There may be a lag between these two records or weaker dating control in the
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marine sediments, which may account for this offset. Although the 8D records from
Reed's Cave and Santa Cruz appear to be recording some component of global climate
change, it is more useful to apply them towards understanding local or regional climate.
Higher resolution records will be developed following more sample analyses and may
give better insight into local climates.

We have analyzed two coeval stalagmites from Reed's Cave whose 5'30,, values
differed by up to 3 %o. If they had been deposited from water of identical isotopic
composition, this would have implied a difference of at least 12 °C between their
temperature of deposition, even though they were formed only a few meters apart in the
same chamber. The analysis of fluid inclusions from these two deposits confirms there
was a corresponding difference in hydrogen isotopic composition of drip waters feeding
these deposits, which we assume to have been correlated to corresponding differences in
5'%0, and which was the reason for the difference in 5'%0, between the samples.

There is evidence from the paleotemperature calculations that there were
variations in the local relationship between 5'%0 and 8D (meteoric water line) during the
late Pleistocene. Subzero temperatures and extreme magnitude of temperature change are
calculated using the modern MWL for the Reed's Cave samples; these can only be
resolved if the local MWL was changing throughout the period of these records. It may
not be reasonable to use a constant MWL relationship for all fluid inclusion samples in
the Pleistocene. Assumptions about past MWL relationships must be made to calculate

§'80 values for included waters until the §'°0 of waters can be measured directly.
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We have also assumed that 8D values are preserved over time and it remains a
faithful record of 8D of paleoprecipitation. Unless alternative proxy records for absolute
paleotemperatures are developed to test these models, it will be difficult to ascertain the
accuracy of this assumption. The results do show promise because we see correlation
between direction of temperature change in coeval deposits and with other global proxy

records.
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CHAPTER FIVE. CONCLUSION - SPELEOTHEMS AS PALEOCLIMATE
PROXIES

5.1. OVERALL GOALS AND RESULTS

The goal of this work was to use existing and improved methods of analyzing
speleothems for paleoclimatic research. Recent advances in radiogenic and stable isotope
mass spectrometry allow the measurement of smaller sample sizes resulting in high
resolution proxy data. The data for five speleothems from Reed's Cave, South Dakota
were intended to give a record of climate change in central North America over the last
500,000 years, but lack of concordance between coeval samples in the caves revealed the
difficulty of interpreting stable isotopes in speleothem calcite. The primary focus of this
work is on the 1) improvement of extraction and measurement of 8D in speleothem fluid
inclusions., 2) investigation of intersample differences in 5'%0, for coeval periods of
growth, 3) investigating intersite differences in drip water composition and 4) detecting
sub-Milankovitch and millennial scale variation in 580 records and comparison of these
to other proxy records.

A new crushing cell design for the extraction of fluid inclusions has increased
water recovery to over 90%, but the ongoing problem of contamination has masked this
success. 1 hoped to use the new crushing cell design to provide high resolution data from

paleoprecipitation samples. The analyses of 8D in fluid inclusion water give results that
are difficult to interpret. The variations in 8D are important in their own right for

studying paleoclimate, but I also attempted to calculate absolute paleotemperatures. The
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temperature calculations showed changes that were larger than expected, but it is difficult
to determine if this due to inaccuracies from experimental error or problems with

estimating a MWL relationship for the past.

5.2. TOWARDS A BETTER UNDERSTANDING OF SPELEOTHEM ISOTOPE

RECORDS

Previous studies of speleothems have focused on many different geographical
areas with different types of climate, commonly using one speleothem sample from a
cave. These single isotope records have shown both good and poor correlation with the
more established marine sediment and ice core records. However, only recently have we
seen the analysis of coeval speleothems within a cave (Bar-Matthews et al. 1999, Wang
et al. 2001). The most probable reason for the absence of studies using coeval
speleothems is that discordant 5180, records were believed to be due to kinetic
fractionation in one of the speleothems. These intersample differences do not result in
temperature (calculated) differences because of differences in the isotopic composition of
fluid inclusion in these same growth layers. This suggests that kinetic fractionation may
not be occurring.

We have studied five speleothems from Reed's Cave, of which two grew during
the Wisconsin glacial period and three grew at different time slices between 550,000 and
150,000 years ago. The periods of growth which overlap for both sets of speleothems

shows a divergence in the 8'°0y, records (Figure 2.6, Figure 3.8). There are different
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competing mechanisms controlling the variation of §'®0., in speleothem calcite (from
equation 2.1, Chapter 2): 1) changing 5'%0 of seawater; 2) change in SIXOW with
temperature; and 3) the temperature-dependent fractionation between calcite-water.
From analyses of modern drip waters in the cave, we have discovered other factors that
can lead to differences in coeval deposits, which appear to be a result of local differences
in the long-term 5'%0 of drip waters feeding the speleothem. This is attributed to a
seasonal bias in the recharge of the drip site and is especially pronounced at a site like
Reed's Cave where there is a large seasonal range of 530 of precipitation.

The overall relationship between §'°Oq and temperature (y = d(6'04)/dT) can be

assigned to individual speleothems but not to the entire cave. The two Wisconsin age
samples have an offset in the average §'%0, and therefore in the value for y. Sample
99902 clearly showed a negative y. Sample 20000 is more difficult to interpret because it
covers only 12,000 years and shows large oscillations in 5'*0g over this time.
Comparing to modern 680, values, we would assign it a positive y because through most
of the record, which is during the colder Wisconsin interval, 5'80 is less than the
modern average of -11 %o. However, in part of the record §'%04 is greater than the
modern value, so it appears that y ~ 0. The offset indicates different sources for the drips,
and that 20000 is most likely forming from waters biased to winter precipitation. Its
higher growth rate suggests higher drip rates than at the site of 99902.

Three mid-Pleistocene speleothems, all forming between ~ 450 and 375 ka, also

have different y values. The offset between samples 99900 and 99901 is as high as 6 %o
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during maximum interglacial conditions but appears to be reduced during the glacials.
This is evidence that a bias towards winter precipitation gives more depleted 5%04
values for 99900. It also indicates that 580 for 99900 is being controlled by
temperature dependent fractionation and §'%0,, for 99901 is more strongly controlled by
temperature effects on §'%0 of precipitation. The Hendy tests in all speleothems show
that they were formed in equilibrium, so the local environmental factors must play a
strong role in controlling how §'30,, varies over time. The character of the local
infiltration site (and associated characteristics including topography and presence of
vegetation) of water combined with the flow path of recharge to the drip site tells us if the
speleothem is being formed from quickly infiltrating waters representative of one
particular season (the rainy season) or slowly percolating waters with a long residence
time that are well-mixed and therefore show no seasonal bias. Growth rate, trace element
and other proxy data may also be valuable for determining the controls on stable isotope

data.

5.3. PLEISTOCENE CLIMATE CHANGE IN CENTRAL NORTH AMERICA

This thesis focused on paleoclimate reconstructions in the Black Hills of South
Dakota. The marked absence of pre-Holocene records makes these data very important
for establishing some baseline information on paleoclimate in this area. The advance of
the Laurentide ice sheet over surrounding areas during the last glacial maximum removed

or disturbed Pleistocene-age lake deposits. Our records show that local climate was
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highly variable during the mid-Wisconsin, particularly during MIS 3. More importantly,
we found that the two deposits recorded climate in different ways. Although the 8% 04
records do not agree during their coeval period of growth, the paleotemperature
calculations from measurements of 8D in the fluid inclusions show similar change in and
magnitude of temperature change. Speleothem 20000 gives a higher resolution record of
climate over the 12,000 year interval of formation. It is sensitive to millennial-scale
climate change and is showing a longer-term trend as well. Speleothem 99902 records
slower growth in the early (pre 50,000 y) part of its growth, but as growth rate increases
it show large magnitude oscillations in §'%04 values. The growth rate of this speleothem
increases during a period of ice sheet expansion leading up to MIS 2, which is clearly
greater than the earlier MIS 4 glacial. This tells us that terrestrial proxy records are
highly sensitive to short-term local climate change but record long term change as well.
Comparisons with speleothems from Missouri and Soreq Cave prove this point. There
are also strong similarities between the ice cores records and the Wisconsin age samples
from Reed's Cave. A comparison of samples 99900 and 99901 showed high frequency
variability in the 8'*Oq equal to and greater than seen in the Devil's Hole thermal water
calcite 8'%0q record and European pollen records. The long-term trends match very well,
but the short-term oscillations differ at each site.

There is a strong indication that these deposits are not only responding to changes
in temperature, but changes in storm tracks and moisture availability. This is evident in
the mid-Pleistocene records as well. The older Reed's Cave speleothems show large

oscillations in 8'*0 between the interglacial and glacial maxima. If we smooth the
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records using the running average, we see isotope records with a shape much closer to the
SPECMAP record (Figure 3.11). The timing on the Reed's Cave records are offset from
SPECMAP, if we are looking at maxima and minima, but this is attributed to inaccuracies
in the dating method in such old deposits. Improved sampling of individual layers and
mass spectrometric techniques may solve these problems. Again, we do see that both
local and global climate change is being recorded in these deposits.

The value of the mid-Pleistocene records for understanding the MIS 11 problem is
not clear. There is evidence that MIS 11 is not as long and warm as previous workers
believed (Poore and Dowsett 2001, Oppo et al. 1998, Imbrie et al. 1993). However, we
show that it is a period of unstable climate in the mid-continent. It may be masking long-
term climate extremes that are revealed in the marine records. Loess records in China
and Russia also show that MIS 11 was not warmer than the MIS 5 interglacial. This
highlights the problems in comparing terrestrial with marine proxy records. In order to
calibrate global climate models we must have a better understanding of how different

proxies respond to various forcing mechanisms.

5.4. PROGRESS IN FLUID INCLUSION ANALYSES

Fluid inclusions and their associated 8D values are an important contribution to
speleothem research because it can be used as an independent proxy and to calculate
absolute paleotemperatures. The improvements in fluid inclusion water extraction
enabled us to use smaller sample sizes, but the measurement of such small samples is still

problematic. In the results that were able to reproduce, we measured expected dD values



that were more depleted than modern dripwaters, as expected for colder, glacial age
samples. However, the temperature calculations were questionable. The absolute
temperature change (decreasing towards LGM) measured within the Wisconsin glacial
period was over 10°C in Reed's Cave, much higher than would be expected.
Groundwater proxies from the Colorado Plateau showed similar, large magnitude
changes for an entire interglacial/glacial cycle, but it is not clear if such a large shift
could occur within MIS 3. This is probably explained by the assumptions made in
converting the 8D data to 8'%0,, data using the meteoric water line (MWL) relationship.
Because the MWL for the late Pleistocene is not exactly known, we used the values as
estimated by Jouzel et al. (1982) from ice core measurements. Glacial age precipitation
is believed to have a lower dg than modern. The measured local MWL for Reed's Cave is
5D = 8 8'%0 + 6.7, but using this value gives negative temperatures for our samples
(Table 4.4). We used a do =0 for our calculations and this gave us positive temperatures.
Surface waters must remain unfrozen to infiltrate into the aquifer and then the cave in
order for speleothem deposition to occur. Similar, high magnitude shifts in temperature in
a Holocene deposit from the central California Coast reflect similar problems. Large
temperature shifts of up to 8 °C are calculated within 2-3 ka from the speleothem 3D
data. Marine sites are moderated by ocean, so even less likely to be showing such large
changes in temperatures. The 8D results may be more valuable as a tracer of storm tracks

and shifts in seasonality of precipitation.
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5.5. FUTURE WORK

Global climate models that will be used to predict future climate rely on proxy
records for calibration. Currently, these models rely on the long-term marine and ice core
records. These records are valuable in their own right, but are obscuring localized
climate change, particularly in temperate, mid-continental areas. The influence of ice
sheets and topography on the isotopic composition of storm tracks cannot be estimated
from marine and high latitude data. Speleothems can be used to fill in the missing pieces
of the paleoclimate story, but the mechanisms controlling their isotopic composition need
to be better understood. This requires rigorous studies using multiple, preferably coeval
speleothems from each cave site to determine if the speleothems are recording local or
global climate, or both. It is also important to select cave sites that are located in areas
with little other proxy data, such is the case in the Black Hills. With the advance in mass
spectrometry for uranium-series dating, it is also possible to extend the range of dating
past 500 ka, giving absolutely dated deposits far beyond what was possible before. We
have presented data from central North America that provides new information about the
mid-Pleistocene.

The improved fluid inclusion water techniques presented in this thesis show great
promise but there are still some important issues that must be addressed before good
paleotemperature records can be developed. High precision continuous flow isotope ratio
mass spectrometers (CF-IRMS) using the chromium reaction method can measure
nanoliter quanities of water and are needed for fluid inclusion analyses of sub-microliter

size samples. The crushing cell that has been shown to recover over 90% of included
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water from the samples can be used on-line with the CF-IRMS. Until better

measurement of waters can be done, it is not clear if these 3D values being measured are

free of fractionation effects.
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