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ABSTRACT

Some calcium carbonate speleothems (secondary cave
deposits) can be shown to have been formed under conditions
of igsotopic equilibrium with their parent seepage waters.
Beéause cave'iemperatures are qgenerally a reflection of the
mean annual surface temperature above the cave and the
calcite-water fractionation.i; the most important fac?or
determining the oxygen isotopic composition of speleothems,
variations in the 180/160 ratio of speleothem calcite provide

a measure of past continental climate change.

Equilibrium deposits which were formed over- the
vr»tg

period 200,000 years B.P. to present, as determined b

230Th/234U dating of the speleothems, have been obtained

from caves in San Luis Potosi, Bermuda, Kentuéky, Iowa, and
Alberta. - Determination of D/H ratios of primary flu@d
inclusions permits inference of the 185,165 ratio of the
parent water, This in turn provides a means of estimating
the depositional Eemperaturé and has in general . shown that

the 18O content of speleothem calcite increase with-decreasing

temperature,
6180 vérgus time curves for 16 specimens om_

five sample sites show the following synchronous climate

fluctuations: major warm episodes from 195,000 to 160,000

years B.P., and at 125,000, 105,000, 80,000, 60,000 and 9,000

yéars B.P.; major cold periods from 160,000 to 105,000 and

55,000 to 10,000 years B,P., The thermal maximum at 105,000
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years B.P. is observed .in the four records which cover that
time interval, and in eacﬁ of the continental records is the
most intenée warm event in the past 200,000 years.

In general, thermal maxima in the speleothem
isotopic record are observed to correspond in time to the
high sea stands observed from raised coral reefs: thermal
minima in turn correlate well with periods of contihental
glaciation in North America. Interglacial temperatures for
the continental interior of Notrth America approach or equal
tﬁat at present, whereas temperatures during glacial stages
ware some 10°C legs than that at present.

Over the past 350,000 years quasiperiodic fluctua-
tions in the deposition of speleothems above 35° North
latitude and in the oxygen isotopic record of speiéotbems
throughout North America show a striking similarity to the
predicted insolation variations caused by periodic pertuba-
tions in the Earth's orbital elemeﬁts: A cause and effect

relationghip is 'suggested,
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CHAPTER 1

INTRODUCTION

Throughout the world the geoloaical record of the

Quaternary is characterized by episodic periods of warm and

cold climate. Historical records provide no evidence that
the present world climate is stable, but rather indicate
both long and short term secular variation in such important
climatic factors as mean air temperature, amount and distri-
bution of precipitation, lake and sea levels, and amount
and distribution of snow and ice cover. If, as most evidence
now suggests, the present climate is a short and unusually
warm episode in a continuing pattern of cyclic climatic
fluctuation, then the need for quantitative study of past
climate chanqge becomes especially urgent. Only at such
time as we fully understand past environmental conditions
and causés of climate change, as well as the dynamics and
behavior of our present environment, can we possibly hope to
effect some deqree of beneficial climate modification or
control. The research reported in this thesis is intended
as a sﬁail step in that direction.

Evidence for climate change in the past 300,000 years
is both qualitative and quantitative, and has been based
upon such diverse factors as (1) the existence of glacial
and periglacial features in areas of present temperate

climate (Clark, 1968; Kukla, 1970); (2) the former existence

A}
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of pluvial lakes in presently arid regions (Smith, 1968);

(3) changes in the pollen record of the continental interiors
(van der Hammen, 1961, 1971: Wriqht, 1971):; (4) past low
stands of sea level as indicated by submerged beaches,

stream valleys, eolian sands, caves, and terrestria; fauna
(Bretz, 1960; Upson et al., 1964;: Emery and Garrison, 1967);
(5) past high sea stands as indicated by the presence of
marine cnrals on elevated terraces (vVeeh, 1966; Mesolella

et al., 1969; James et al., 1971: Bloom et al., 1974):

(6) the presence of extinct, cold-climate fauna in areas of
present warm climate (Lundelius, 1967); (7) fluctuations 1in
the distribution patterns of invertebrate fauna (Coope and
Sands, 1966);: (8) changes in the rate of marine sedimentation
(Arrhenius, 1952; Broecker et al., 1958; Ericson and Wollin,
1970): (9) the existence of faunal zones in the marine fora-
miniferal record (Phleger et al., 1953: Ericson et al., 1961);
(10) changes in the chemical and mineralogical composition of
€elaaic marine sediments (Arrhenius, 1963; Olausson, 1965;
Bostrom, 1970;: Bonatti and Gartner, 1973):; (l11) changes in

the oxyaen isotopic caomposition of foraminifera in marine

<

pelagic sediments (Emiliani, 1955, 1966; Broecker and van
Donk, 1970; Shackleton and Opdyke, 1973); (12) statistical
analysis of micropaleontological variations in marine
pelagic sediments (Imbrie and Kipp, 1971: McIntyre et al.,
1972: Hecht, 1973; Sancetta et al., 1973): (13) oxygen

isotope variation in polar ice cores (Dansgaard et al., 1969,
™,

o
-
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1971; Epstein et al.,, 1970; Johnsen et al., 1972) and (14)
oxygen isotope variations in speleothems (Hendy and Wilson,
1968; Duplessy et al., 1970: Thompson et al., 1974),.

It is evident from this list that the most continuous
and quantitative (uaternary records obtained to date have
come from the marine environment. Correlation between the
marine and terrestrial records is difficult and uncertain
at best, and it is questionable to what extent oceanic paleo-
climate data can be directly extrapolated onto the
continents,

' Until recently the major problem in continental
paleoclimatoloqy lay in finding sufficiently continuous
sedimentary deposits which were widely distributed, which
contained a quantitative record of climate change, and which
could be dated over a long span of time. The continental™
surface is a sufficiently dynamic environment that long,
undisturbed sedimentary sequences of climatic éiqnificance
are not common, and when present, are seldom dateable outside
the range of 14C. Speleothems, the chemical sediments
deposited in caves, are one type of deposit which meets
these criteria. Carbonate speleothems are for;ed by the
precipitation of CaCO3 from groundwater percolating through
cavernous carbonate rock. Such deposits tend to be geogra-
phically widespread and are deposited slowly and continuously
over lona periods of time. Their isotopic compositions are

observed to reflect the climate conditions under which they



formed and they are usually well preserved for long periods
of time., Speleothems can be dated by both the 14C and
U-series methods and oxygen isotope profiles from individual
specimens are similar to those for foraminifera from deep-sea
sediment cores.

This study is an attempt to evaluate quantitatively
North American Quaternary paleoclimates and climate bhanges
for five areas of North America based upon oxygen isotope

230Th/234U

and chemical variations in speleothems dated by the
method. This work was inspired by the favorable results .
obtained by P. Thompson (1973) in a pilot study of a single
locality in West Virginia.

The objectives of the present study were fourfold:

(1) to combine speleothem age and oxvaen isotope data to
construct detailed paleoclimate curves for selected areas of
North America;

(2) to produce a generalized Late Pleistocene chronology
and paleoclimate record for continental North America and
evaluate this record in terms of a suggested cause:

(3) to determine if absolute speleothem depositional
temperatures could be determined from the stable isotopic
compositions of fluid inclusions and their host calc1te§,
and,

{(4) to test the possibility of using trace-element varia-
tions in speleothems as an indicator of past climate.

The cave environment and the formation of speleothems
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are reviewed in Chapter 2. Sample localities and descraptions

are presented in Chapter 3. Chapter 4 is a discussion of the
U-series dating methods and analytical technicues. Results
of the radiometric analyses are presented‘and discussed

here. In Chapter 5 the stable 1sotope geochemistrv of
speleothems 1s reviewed, analytical methods are presentea

and the factors influencina the isotopic composition of
speleothems are discussed and evaluated. Speleéthem oxyqen

isotope profiles and paleotemperatures are presented and

synthesized in Chapter 6. A composite picture of speleothem
paleoclimate record for the past 200,000 years is also
o~ presented here., Chapter 7 is a discussion of trace element
distribution theory, analytical methods and results. The
1 two chapters which follow, Chapters 8 and 9, present two
exarples which illustrate the applicability of speleothem
studies to the detailed study of the paleoclimate history of
two of the studv areas, Bermuda and Iowa. Chapter 10 is a
comparison of the North American speleothem record and other
paleoclimate records. A possible cause of the observed
paleoclimate records is reviewed and discussed in Chapter 11.
Chapter 12 summarizes the results of this study. The
analytical data are listed in the four appendices which

follow,

N\
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CHAPTEP 2

THE CAVE ENVIPONMENT AND THE FORMATION
OF SPELEOTHEMS

The cave environment 1s a dynamic one., Temperature,
humidityv, and air movement within caves show both temporal and
spatial variability. Because the rate of speleothem deposition
and the 1sotopic composition of speleothem calcite are substan-
tially determined by the cave climate, a short discussion of

cave meteoroloay is warranted.

2.1 The Cave Environment

Alr movements are present in almost all air-filled
caves. They may be vigorous and noticeable or so slight as to
be i1mperceptible. The primarv agents responsible for air
circulation in caves are (1) thermal conduction, (2) chanaes
in barometric pressure outside the cave, (3) entrainment of
air py flowinn water, (4) aravitational drainage, (5{
resonance of air in large chambers, and (6) changes 1in cave
volume as a result of floodina. The physics of air circula-
tion in caves has been reviewed in detail by Myers (1962),
Wiagley and Brown (1971), and Wialey (1976). In any particular
cave alr movements may be caused ;;imarily by a single
mechanism or by many mechanisms acting in concert. Regardless
of maanitude and cause, air movement is the single factor

most responsible for transmitting changes in the external

environment: into the cave.



Much Qf the literature on cave microclimates suggests
that temperature and hwuridity are effectively constant
(Davies, 1960;: Myers, .1962; Moore and Nicholas, 1964; Cropley,
1965). In reality, caves often experience sianificant chanqges
in both temperature and humidity depending on the rate of
exchanae of air between the cave and the external environ-
ment. Wigley and Brown (1971) have calculated that variations
in external temperature are proagressively damped in a nearly
exponential manner, approaching an equilibrium value toward
the interior of the cave (Figure 2-1)., The point at which
this equilibrium is reached is determined by the characteris-
tics of the cave and their effect on air flow through it,

Some of the critical factors are whether air flow 1s laminar
or turbulent, the dimensions of the cave passage, and the rate
of air flow through them. Past the zone of external influence
and at greater than 20 meters depth, cave temperatures tend to
approximate the mean annual surface temperature outside the
cave (Davies, 1960; Cropley, 1965). Specific studies
{Penault, 1961; Moore and Nicholas, 1964) have also shown

that cave temperatures decrease with increasing latitude and
elevation,

Outside the zone of entrance effects most caves into
which tnere is an appreciable input ;f groundwati?r seepage
are at or very near 100% relative humidity. Small changes
in humidity mayv occur because moisture may either condense
on or evaporate from the cave walls depending on the relative

temperature difference between the walls and the air’ mass.
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FIGURE 2-~1

Summer , winter, and transition season
temperature profiles for a hypothetical
cave as a function of relaxation length
(after Wigley and Brown, 1971)
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Thus, the microclimate at any particular location
within a cave will depend on the distance of that site from
the entrance, the altitude and depth of the cave, and tne
maagnitude of airflow through the cave. In general sites deep
within the interior of a cave should have a temperature just
at or slightly below the mean annual surface temperature
because cool-season air is more dense and therefore often
preferentially retained in a cave. In most instances this ‘
trapping effect operates against the effects of geothermal

heating.

2.2 The Formation of Speleothems

Speleothems are defined by Moore (1952) as "naturally
formed, unitary, coherent bodies of mineral matter which have
been deposited within a cave.". Carbonate speleothems, such
as the common stalactite and stalagmite forms, are derived

from the precipitation of CaCO3 from groundwater seepage into

limestone caves according to the reaction

ca’®™ + 2HCO,” o caco, + + H,0 + CO, + (2.1)
3 3 2 e

The various proéesses which cen result in precipitation of
carbonate speleothems are shown schematically in Fiagure 2-2.
These processes can be conveniently divided into three parts:
(1) the equilibration of surface recharge water with a CO2
reservoir (either the atmosphere or soil zone); (2) the
dissolution of carbonate rock during the passage of the water

from the bedrock over the cave, and (3) the entrv of seepage
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FIGURE 2-2 Schematic diagram of the processes leading
to the deposition of carbonate speleothems
in caves (after Hendvy, 1971)
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water into a cave, its equilibration with the cave atmosphere
and the resultant precipitation of a carbonate speleothem.
Details of thé\gpemical and/or isotppic changes occurring
during these three stages have been discussed by Trombe (1952),
Roques (1969), Hendy (1970, 1971), Thrailkill (1968),

Langmuir (1971) and Deines et al. (1973) and are only briefly

reviewed here.

Meteoric prgcipitation will be in equilibrium with
the atmospheric CO2 reservoir. Depending on its routing into
the carbonate rock, it may have opportunity to subsequently
re—-equilibrate with the soil zone CO2 reservoir., Once in the
carbonate bedrock, dissolution will occur either in prolonged
contact;w{£h or isolated from a CO2 agas phase. This will
determige the ultimate solutional capacity of the seepage
water. &pon entering a cave two reactions may become important:
the evaporation of water and the transfer of CO2 between the
solution and the cave atmosphere. Both of these processes
will tend to drive Equation 2.1 to the right causina super-
saturation of the solution and ultimately precipitation of a

CaCO3 speleothem.

In most cave passaqes, restricted from diréct contact
with the surface atmosphere and with no perceptible air
movement, the relative humidity is near 100% and thus evapora-
tion is not an important factor in speleothem deposition.

If the CO2 partial pressure of the solution is greater than

that of the cave atmosphere, the normal situation in most
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caves (Ek et al., 1968), then CO2 will be lost from the solu-

tion which, as a consequence, will cause deposition of a

carbonate speleothem.

2.3 The Morphology of Speleothems

The prolonaed deposition of calcium carbonate at a
particular cave site will result in the development of a
speleothem, the shape of which will be determined by gravita-
tional forces and flow rates. Conical ceiling deposits are

known as stalactites and columnar floor deposits as

stalggmgtes. Laminated floor or wall coatinas are called

flowstones.
Stalactites develop on cavern ceilings when seepage
waters are sufficiently saturated with calcium carbonate and

i

drip rates are sufficiently slow so as to permit precipita-

tion before the water drop falls to the cave floor. Continued

deposition results in a tubular stalactite the diameter of a
drop of water and generally consisting of a sinqgle crystal of
calcite oriented parallel to the direction of growth.

Larger, conical stalactites form when tubular stalactites
become blocked and the seepage waters are forced to flow

over the outer surface of the speleothem. Since most deposi-
A

tion occurs at the top of the stalactite, a downward tapering,

conical shape results. In this instance crystal growth is
perpendicular to the direction of growth, the result being a
radial structure comprised of wedge-shaped crystals (Moore,

1962).
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Stalagmites develop where seepage waters’drip from
the ceiling of a cave to the floor. When a drop of water
impacts upon the cave floor it spreads out radially. Because
precipitation of calcite is greatest at the center, the .
result is a disc-shaped deposit that thins toward its edges
(Franke, 1965). Continual deposition at a single site
results 1n continual vertical development until an eqdlllbrlum
form is reached. The crystal structure of stalagmites 1is
usually radial, consisting of cryvstals oriented perpengicular
to the surface of arowth. Because the majority of arowth is
in a single plane, stalaamites are commonly composed of larger
crystals than stalactites. Occasionally, stalagmites consis-
ting of a single crystal or a few very large crystals will
form when growth is slow and the parent solution has very few
impurities (Moore, 1962).

Flowstone deposité ;esult when seepage waters flow
down cave walls or over the floor of a cave. The result is a
thinly laminated, sheet-like deposit af calcite with crystals
oriented perpendicﬁlar to the direction of growth.

The internal morpholoay of these three types of
speleothems is characterized by a sequence of agrowth layers
comparable in appearance to annual growth rinas in trees or
varves in glacial lake sediments, but usuall’® representing
longer periods of time (Broecker et al., 1960; Hendy, 1970).

These aqrowth layers are often characterized by color banding

or differences in opacity. Their exact nature is complex,
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but thouaht in many 1nstances to be related to the inclusion

of fine-arained detrital material, the distribution of fluid

inclusions, differences in chemical composition, and/or surface

effects resultina from the periodic cessation of deposition.
The conditions of deposition of a speleothem are

ak often manifested in the appearanré of the specimen. Stalac-

tites deposited at a uniform rate as a result of continuous,

slow exsolution of CO. tend to be lonag and gently tapered

2

(Moore, 19f2), stalaamites slender and of a constant diameter

{Franke, 1965), and flowstones uniformly laminated. Such

-

deposits are commonly macrocrystalline calcite, with little
included detrital material, and usually contain abundant
o fluid inclusions. Chanages 1n growth rate will usually alter
both internal and external morpholoay: an increase in the
rate marked by narrowing of the speleothem and a thickening
of the internal arowth layers.
Microcrystalline, porous speleothems with randomly

oriented crystal structures are the result of deposition

under conditions of.evaporation or wvery rapid co, loss from
solution. Such deposits are commonly found in cave entrance
chambers and tend to be "chalky" and "earthy”" An appearance.

This type of deposit was avoided in the present study-.
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CHAPTER 3

DESCRIPTION OF THE FIELD AREAS AND SPELEOTHEM SAMPLES

3.1 Sample Localities

Durines the course of this study speleothem samples
were collected from ten areas of North America. These are:
(1) the Sierra de El Apra recion, San Luis Potosi, Mexico

(22°N, 99°W): (2) Comal and Williamson Countles, Texas,

U.S.A. (30°N, 97°W): (3) Bermuda (37°N, 65°30'W); (4) Mammoth

Cave Jational Park, Kentucky, U.S.A. (37°N, 86°W); (5)
Pulaski County, Kentucky, U.S.A. (37°N, 84°30'W); (6) Greenbrier
Cotinty, West Virginia, U.S.A. (39°N, 80°W): (7) Winnesheik

County, Iowa, U.S.A. (43°N, 92°W); (8) the Crowsnest Pass
area, Alberta-British Columbia, Canada (49°30'N, 114°30°'W);
(9) the Columbia Icefield area of Banff National Park,
Alberta, Canada (52°N, 117 W); (10) the South Nahanni
National Park and adjacent areas, Northwest Territories,
Canada (61°30'N, 125°W), The geographical location of these
;reas is shown in Fiqure 3-1 and data concerning theair
climates is listed in Tabl; 3-1. Precise cave locations are
not aqiven for purposes of conservation.

A total of 230 speleothem samples were collected
from 40 caves during the course of this study. Of.these, 8§
were analyzed and are described in detail in the sections

that follow. It is beyond the scope of this work to recapi-

tulate descriptions of the regional geology of the areas or
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FIGURE 3-1

North American localities sampled during
this study. Detailed descriptions of the
sites are aiven ’'in the text. The position
of the Laurentide Ice Sheet at 18,000

years B.P. is shown as given by Prest (1970)
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the caves sampled; specific points pertaininae to these matters
£
will be introduced in the text where necessarv.

3.1.1 The Sierra de El Abra Region, Mexieo

a
Y

The Sierra de Ll Abra, San Luis Potosi, Mexlico 1s an
elonaate, north-south trending mountain range that forms the
physiographic boundary between the coastal plain of central
Mexl1co and the high mountains of the Sierra Madre Oriental
to the west. The range extends for avout 90 xm from north of
Ciudad Mante to south of Ciudad Valles, varyinag in width from
about 1-10 km. The Sierra de El Apra 1s formed vy the out-
crop of the massive, very pure El1 Abra Limestone of Cretaceous
age. Tectonism associated with the Laramide Orogeny uplifted
the region and warped the Sierra de k1 Abra into an asyrmetric,
highlv jointed and fractured anticlinal structure. Water
moving throuah these fractures and fissures has formed complex
networks of caves and enlarged vertical fractures throughout
the range.

The climate of the reaion is hot with a dry wainter,
defined as Aw on the K8ppen classification scale. Soils 1in
the region are thin except in valley floors which subport a

~

dense tropical flora. This vegetation changes to thorny bush
and dense forest as elevation increases. Rainfall in the \
reacion is seasonally biased. During the rainy season (July-
September) about 100 cm of precipitation falls 1n the valleys

with slightly more at higher elevations. Surface runoff on

the exposed limestone of the Sierra de El Abra is minimal.
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Most precipitation sinks quickly into expanded joints and
fissures and moves 1in the subsurface to a few large springs
which drain the range. Lvaporation does, however, exceed
precipitation.

Nescriptions of the six fossi] speleotnems analyzed

are aiven in Table 3-2.

"i.1.2 Central Texas, U.S.A.

Tne central Texas studv areas of Williamson and Comal
Counties lie along the Balcones Fault Zone, a prominant
structural feature which trends nortneast-soutnwest through
the south-central portion of the state. <Etast of the fault
zone sediments are clastic and non-cavernous. West and
north of the fault, upthrown Lower Cretaceous carbonate strata
are exposed and are hiaghly cavernous. Regional dip 1s to the
southeast and cave development 1is either alona qip or follows
the strike of the fault zone.

The climate of the region is hot, semi-arid steppe.
Precipitation is slightly biased toward the summer months with
evaporation exceedina precipitation.

M

Description for the two fossil and seven modern
speleothems analyzed are given in Taole 3-2.

3.1.3 Bermuda

’Bermuda is a limestone-capped, volcanic sea mount
located some 1000 km off the southeastern coast of the

United States. The exposed carbonates are a mosaic of

Pleistocene carbonate deposits and paleosols. Caves are
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present in the older, more indurated carponate units and dre

y commonly flooded with sea water. Details of the Bermuda

geology are presented and discussed in Chapter 9 and will not

- ey

be repeated here.
The climate of Bermuda 1s temperate, warm and moist.
i
Lona-term records of temperature and precipitation snow that

the climate is rather constant throughout the year. There 1s,

however, a marked seasonality in such parameters as the

frequency and duration of precipitation, number of sunny days,

windspeed, and humidity. This results 1in an excess of preci-

pitation to potential evapotranspiration in winter and a

deficiency in summer. There is no surface runoff in Bermuda,

- surface waters being limited to ponds and marshes where topo-
graphy extends below the regional groundwiater level. The
infiltration capacitv of the soils and carbonates apparently
always exceeds the precipitation rate.

i Descriptions of the nine fossil and five modern

speleothems analyzed are given in Table 3-2.

3.1.4 South-Central Kentucky, U.S.A.

§ Two areas, Mammoth Cave National Park and Pulaski

!

County, were sampled from south-central Kentucky. They are
< described together here because of their aeogréphical

proximity and similaritv of geology and climate.

The classic North American karst of the Interior

Lowlands is developed in Mississippian limestones which out-

crop in central Kentucky and soythern Indiana. To the north

~
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the limestones are buried by Pleistocene glacial drift and

to the south are covered by Cretaceous and younger clastics
; of the Mississippi Embayment. The karst development 1in the
) i regqlon occurs on two d%stinct landforms, a low-relief sink-
E hole plain and a high-relief, dissected %lateau. Regional h
! dip is low and cave development is extensive due to the
fortuitous combination of stratigraphy and the presence of
an impermeable caprock which serves to separate recharge and
discharge areas.
The climate of the region is temperate, warm., Preci-
pitation is slightly biased toward winter months and is in

R excess of evaporation,

The nine fossil and eight modern speleothems analyzed °
Sl are described in Table 3-2. \\\\\w
1 “._/i

3.1.5 Greenbrier County, West Virginia, U.S.A.

| The Greenbrier County area of southeastern West
Virainia is a part of the karst belt of the Interior Plateau
which is formed in limestones of Mississippian age. The
. ' outcrop of the limestones is commonly along ridge flanks
and valley walls and in certain instances as plateau surfaces.
Cave development in the region is extensive,
The climate of the region is temperate, warm.,

S Precipitation is evenly distributed throughout the year and

is slightly in excess of yearly average evaporation.

.~

LA . Descriptions of the single fossil and two modern 1

speleothems analyzed are giwven in Table 3-2.
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3.1.6 Winneshqﬁk>QOun§yL_Iowa, U.S.A.

The Winnesheik County, lowa sample locality lies
within a restricted karst area in the Qpper Mississippi Valley
o° the Interior Lowlands. Cave development is limited to
hydrologically favorable situations where regional tiltina
and valley incision have exposed carbonate rocks of Lower
Paleozoic age. The karst area borders on the "Driftless
Area" of Iowa-Wisconsin-Illinois, and is mantled by a thin *
deposit of Nebraskan till, the only glacial cover present 1in
the area. Cavern development probably postdates this event,

The climate of the region is temperate, cold.
Precipitation is very sliahtly biased toward wintzr and just
equals annual average annual evaporation.

The nine fossil and seven modern speleothems analyzed

Il

are described in Table 3-2.

3.1.7 The_ Southern Rocky Mountain Areas,
Alberta-British Columbia, Canada

The two sample localities from southwestern Canada,
the Crowsnest Pass area of Alberta-British Columbia and thg
Columbia Icefield area of Banff National Park, Alberta, are
described together because of their geographical proximity
and similar climate.

The Crowsnest Pass area is located in the Front Range
of the Rocky Mountains in Paleozoic strata which have been
deformed into a series of west-dipping thrust sheets during

the Laramide Orogeny. The karst of this area is ancient
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although active development continues at present. Fragments
of phreatic caves are found in the highest mountain summits,
but few extensive cave systems exist due to dissection of
the hiagh limestone plateaus by glacial cirques and passes.
There was extensive cirque and valley glaciation during the
Wisconsinan, but no evidence has been found of previous
glaciations. The recession of the Wisconsinan ice pegan at
the‘Front Range about 12,000 years B.P. and was complete by
8,000 years B.P. (D.C. Ford, pers. comm.).

The Columbia Icefield site is located in the Main
Range of the Rocky Mountains in an area of massive Paleozoic
strata of low dip. The karst features here are relatively
youna, probably initiated during the last interalacial period.
The unique feature of this area is the proximitv of the karst
to the Columbia Icefield, the largest ice body in the Rocky
Mountains. It consists of a principal ice mass with narrow
tonques of highland ice extending north and west and valley
glaciers extendinqiradially outward. Castleguard Cave, from
which the speleothems from this area were collected, runs
under a portion of the southeast section of the Icefield
trending toward the center. The cave was formed as a drainage
route for glacial meltwater and much of the seepage water
presently enterinag the cave is probably of that origin. The
glacial historv of the area is not well known. There was a
comprehensive glaciation of the region during the Wisconsinan.

The central ice mass expanded and probably covered the area
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with 206{300 m of ice (D.C. Ford, pers. comm.). Deglaciation
probably began about 10,000 years B.P. and is not yet complete.
Some 500-2,000 m of recession of the Neoglacial fronts have
occurred in the past century.

The climate of these two areas is a cold, forest
climate with severe winters. There 1s a winter bias to
precipitation. Precipitation exceeds evaporation by about a
factor of two.

Descriptions of the six fossil and nine modern speleo-
thems analyzed are given. in Table 3-2.

3.1.8 The Nahanni_ Region, Northwest Territories,
Canada

The Nahanni region contains a karst terrain developed
in a hiqhly fractured synclinal zone of massive Devonian
carbonate strata. Caves in the area are qenerélly small,
isolated fragments of partially eroded more extensivefhet-
works, The presence of this unigue, subarctic karst is due
primarily to the fact that the reagion is presently undergoing
tectonic uplift and was not glaciated during the last three
alaciations,

The climate of the region is cold, subarctic with
severe winters. Frecipitation exceeds evaporation.

Descriptions of the ten fossil speleothems analyzed

are civen in T&ble 3-2. o

J
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CHAPTER 4

§
e e M . e A e et it iRt

o

URANIUM/fHORIUM GEOCHRONOLOGY OF SPELEOTHEMS

S

Any study of Quaternary paleoclimatology must, by

necessity, be constructed within a framework of absolute time,

PP S SR . i a4

The lack of widely acceptable taechniques for dating Cenozoic

deposits has led to the development of many exotic methods,

each fairly restricted to specific tvpes of geologic materials.

14

, P Youna orcanic materials can be dated by C decay or amino

acid racemization., Recent volcanic rocks and glasses can be

dated by measurements of fission tracks, U-series disequili-
brium, paleomaagnetism, or the thickness of hydration rinds.
Ages for terrestrial and marine sediments have been determined

by paleomagnetic stratigraphy. Marine pelaaic sediments,

corals, and speleothems have been dated by U-series disequili-
brium methods. Other technigues such as the U/He method,
thermoluminescence, and electron paramagnetic resonance are
presently being applied to the dating of Pleistocene materials.

230Th/2340 method was used to determine

In this study the
the aaes of calcite speleothems, but results from other methods

will be discussed where relevant,

4.1 Uranium and Thorium Geochemistry

S ——— . A — - —— . Wo——— o n— T . ot LA o oA——

v The Actinide Series contains those elements with
atomic numbers 89-103, all of which are radioactive, Only two

of the elements, U and Th, have sufficiently long-lived

N P R
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nuclides to occur in large quantities i1in nature. Shorter-
lived dauqghter products do, however, occur naturally in the
decav scheﬁes of the long-}ived U and Th isotopes.

Althouah chemically similar, certain of the Actinide
Series elements exhibit important differences. Most notably
are the many oxidation states of U (3+, 4+, 5+, 6+) and the
absence of the 3+ valence state of Th and Pa. Both U and Th
are present in fhe 4+ valence state in primary igneous
minerals. However, during weathering in oxidi?inq environments
U 1is readily oxidized to U6+ and combines with oxygen to form

the' uranyl ion, 0022+, which forms several soluble complexes

(Thurber, 1964). Because of its hiah ionic potential, Tt
ions are quickly absorbed or precipitated as insoluble hydroly-
sates when brought into solution. Thus there is a strong
depletion of Th with respect to U in ground waters as a
result of differential mobilizat{on during weathering of terres-
trial rocks (Figure 4-1). This is readily apparent in a
comparison of the crustal and oceanic U/Th ratios. The
crustal ratio of U to Th is about 1:4, wheféas the oceanic
ratio is areater than 200:1 (Koczy:, 1957).

Once present iﬁ the marine environment, U in agqueous
solution is subsequently coprecipitated with éarbonate
sediments, whereas Th is rapidly incorposated into ddtrital

oceanic sediments (Piciotto and Wilgain, 1954; Sackett, 1958).

Thus the averaqge marine limestone contains about 2 ppm U and




FIGURE 4-1 Idealized schematic diagram of the geochemical
behavior of U and Th durina weatherina,
transportation, and sedimentation in the P
surface and near-surface environments
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less than 0.1 ppm Th (Adams et al., 1959).

Following lithification, diagengsis, uplift, and sub-
: sequent exposure, U and Th may be remobilized. As before, U
tends to form soluble aqueous complexes and be transported in
solution, whereas Th, with its strona affinity for clay
minerals, is quickly removed from solution. During weathering

2340 being enriched

in aground waters with respect to its parent 238U. This 1is

processes U isotopes may be fractionated,

PR T

attributed to two factors: the change in oxidation state from

2380 to 2340 (Koide and Goldberg, 1963) and the increased

234 234U

mobility of the radioaenic daughter praducts Th and

5 ottt

which occupy radiation-damaged lattice sites as a result of

alpha recoil-induced displacement within the crystal lattice

FapT o e

(Ku, 1965; Kaufman et al., 1969; Kigoshi, 1971). This

234

enrichment of U in natural systems during weatherina was

first recognized by Cherdyastev (1955)., Later Thurber (1962,
2340/238

constant at 1,15+0,02, hut Isabaev et al.(196Q), Thurber

1964) demonstrated that the U ratio of the oceans is

(1964) , Kronfeld (1971) and Thompson et al. (1975) have
shown that the ratio for fresh waters is highly variable,
;“ ranging up to 12,2, although most measured values fall within
the range 1.1-3.0. | <1
Once in solution in ground waters within a carbonate
;; terrain, U is transported as the'very soluble anionic complex

(no,[c03]3)4'. Upon encountering a cave, U-bearing seepage

\ waters may become supersaturated with respect to calcite due
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to the exsolution of CO2 with the ultimate result being the

precipitation of a calcite speleothem containinag a finite

amount of U. The exact mechanism of U incorporation in the‘
. t speleothem calcite is not well understood. The degassing of

| CO, may cause dissociation of the uranvl carbonate ion to
; +
. UO,2 and CO,

the calcite lattice, or the whole uranyl 1on complex may ve

with the uranyl 1on subsequently incorporated into

directlv coprecipitated with the calcite. In either case,

%
. the secondary calcite speleothem forms a U-bearina, Th-free
. 234,238 . .
system with a u/ U ratio similar to that of the parent

water (Thorpnson et al., 1975). The concentration of U
incorporated into a calcite speleothem depends on many factors
includina tha U content of the parent solution, the extent

and rate of COZ exsolution durina deposition, and the geochem-
ical properties of the depositional envirecnment. U concentra-
tions in speleothems have been found to range from about

10 ppb to 100 ppm (Harmon et al., 1975).

4.2 Theory of ngiggggive Decay

- ae—

Radiometric methods for determining the age of
aeoloaical materials depend upon the spoQtaneous transmutation
of a certain amount of one unstable nuclide to another over a
fixed period of time. The decay product (daughter nuclide)
may itself be radioactive. This radioactive decay occurs at

- a fixed rate according to the general law
; i

N /dt = <At (4.1)
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where dNt/dt is the change in the number of atoms of a nuclide

over some time interval t and 1 is the radioactive decay con-

stant of that nuclide.
When the daughter nuclidi is initially absent from
the host material, the radioactivé‘decay of the parent

nuclide is given by the expression

N = N e At
o)

€ (4.2)

where No is the number of atoms of the parent at t = 0 and

Nt is the number of atoms of that nuclide at some time t

later. In this case the age of the deposit can be directly

determined from the relationship

At
d . WP(e P _ ~
Ny Ny (e 1) (4.3)

d
t

parent nuclides at time t and Ap is the decay constané of the

where N and NE are the respective amounts of daughter and
pagent nuclide.

If, however, the daughter nuclide is also radiocactive,
the additional factor of isotopic equilibrium must be con-
sidered. Should the parent be longer-lived than the daughter,

-~

i.e. Ad > Ap, then a state of isotopic equilibrium will
aventually, be reached such that the rate of decay of the
daughter is as rapid as its rate of formation from decay of
the parent, G§gen that the initial amounts of both the parent
and daughter present in the system are known and that the

parent is much longer-lived than the daughter, the age of the

.
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deposit can be determined from the expression
A -\t -1 ,t - Lt
d P P p d d d
= N -
Nt (x—d‘-::\_;)) ( O) (e e ) + (NO) (e } (4.4)

where Ng and Ng are the respective amounts of daughter and
parent nuclides initially present and g is the decay constant
of the daughter nuclide. If a system in a state of equilibrium
1s disturbed such that an isotopic fractionation occurs

between the parent and daughter nuclides, the subsequent

return to secular equilibrium can once again be used as a
radiometric clock to date the time of the event which caused

the disequilibrium,

230

4.3 The 2307y 234

U Method for Datina Speleothems

This method is based on the assumption that Th is not

incorporated into carbonate speleothems at the time of

230,

deposition, and that Th subsequently present in the

speleothem is precisely equal to that which has grown into

equilibrium with,.the U isotopes initially present, 230Th is

produced from the decay of 234U and its parent nuclides

234 238U

Th and , as shown in Figure 4-2, The rate at which

230Th is produced in a deposit in which Th was initially

absent is qiven by the expression derived by Kaufman (1964}
\

230 230" A “(Agan=pag)t
ity = SR ¢ (=2 (- gy (e 230 23
U

- 223072234 (o)
25?6 t 2335 t

)

(4.
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FIGURE 4-2 Uranium and thorium decay series, indicating
mode of decay and half-life for the nuclides
of the respective decay series
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230,, 234
where (2§2-) and t23§“] are the measured activity ratios
U

at time t, and 1\
230 234

230 and A234 are the respective decay constants

of Th and U. For a given set of these activity ratlos,
234
both «the aae and the initial U-isotope ratio, [238 can be

deterjined A graphical solution of Lquation 4.5 for various
234
u

valu€s of t and [239 ] has been constructed by Kaufman and

Broecker (19b5) Thls is shown in Fiaure 4-3. The nminor
effect of channes in the initial U isotope ratio on the younger

isochrons should be noted.

Should Th-bearing, detrital minerals be contained
within the carbonate host-or present in vugs as surface

coatings, the measured ace would be too hiah because of the

]
. . 2
presance of non-radiogenic 30

230,

Th is always accompanied by 232

)
Th (Tatsumoto and Goldberg,

1959), a rough correction for the detrital component can be

made usina the 230Th7232Th ratio observed in modern samples.

230 232Th ratio

230

Thus by subtracting the product of the
230

Th/

and the measured Th activity, the radiogenic Th can be

determined (Kaufman, 1964: Kaufman and Broecker, 1963).

This correction was only applied to two speleothems analyzed

in this study. s

2300 half-life of 75,200 years (Coreo et al.,

230Th/234

- The
1962) aives the U method a ranae of about 400 to
350,000 years depgnding on the type of matorial analyzed

(Thurber et al., 1965).

Th., Because this detrital -
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§

} o FIGURE 4-3 Graphical representation of the growt;h
of 230Th into equilibrium with 23‘30 in
é a closed,éy‘steu; initially containing no
% — 230py, (after Kaufman ané Broockor, 1963)
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4.4 The 23%y/%3% Method

234

Bacause natural waters arce commonly enriched in u,

carbonates precipitated from them are also so enriched. The

234

subsequent decay of the excess U atoms in the carbonate

host can be used to date the derosit until such time as

secular equilibrium between 2340 and 238U is reached, provided

no post-depositional migration of radioisotopes occurs. The
[ § ’

234

248,000 year half-life of the U decay (Flemina et al.,

1952) makes the range of the mothod ahout 5 x 10% to
1.5 x 106 ycars B.P., about threc-fourths of Pleistocene time,
The timg sinco deposition of a carbonate rock can thus be

datermined from the relationship

234 234 S WA
Uy, _ - Uyy o 234
([ﬁgggl)t 1 ((23364)0 1 ) (4.6)
. . 234u
provided that the initial activity:ratio, [233—10, and the
234 U -

presant activity ratio [ZSEE}t ara known,
U
That the initial U activity ratic can not bo directly
determined for demosits oldor than about 350,000 yecars

sovaraly limits the application of this method. Indirecct

234U/238

.ostimates of the initial U ratio for speleothems can

be made by comparison with nodern samploes and waters from

2340/238

, .
the same area assuming that the U ratio of scepage

a ‘ . .
waters has beon constant with time. Thompsen et al. (1975)

2340/238

have shawn that the U ratio of saepage waters ontering

a cave can vary siaqnificantly from one location to anothex

within a sinqle cave as well as from month to month at a
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single drip site. The average seipaqe water at a site has
also been found to differ substantially from that of the
speleothem which is being deposited from it, possibly due to
isotopic/ fractionation botween the different U species, some

of which are not coprecipitated with the speleothem calcite,.

231

4.5 The Pa/23SU Method

——— o e ———

The chemical behavior of Pa in aqueous solution is
very similar to that of Th so that spelecothems should also
form Pa free. Thus, the post-depositiohal accumulation of

231 235

Pa, the second daughter product in the U decay chain

(Figure 4-2) is aiven by the oexpression

231 - t
Pa - e 431 .
lzsga—lt {l-a ) 4.7
2319a ’
whare [235"‘1t is tho measured activity ratio and 2231 is
U
the decay constant of 2319a. The half-life of 231?& is

32,500 yoars (Ku, 1968) so that this method has a limit of

about 200,000 yaoars B.P,

235

The difficulty with the 23lPa/ U mothod .is that

235u only constitutes 0,.72% of natural U. Becausé of the

consequont low 235

u conccntraégbn of speleothems, this
mathed can only be applied to samples with a U concentration
of a fow ppm or aqreateor. This mothod was nat used in the

prascent study, -
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4.6 Tnalytical Methods

— - ———"

In order to determine accurately the 234U/238U or

230Th/2340 ratio of a speleothem, it is first necessary to
extract microgram quantities of radiochemically pure U and

Th from their carbonate host. This is accomplished in a
five-step process developed by P. Thompson (1973) and slightly
modified durinag the course of the present study. The extrac-
tion and purification techniaues, desianed to discriminate

acnainst both trace element and radiochemical contamination,

are illustrated schematically in Fiaure 4-4.

Between 20 and 100 a of speleothem calcite was chipped

from singla or multiple growth layers, was dissolved in

228 232

1,200 ml of 2N HN03. and maasured amounts of Th/ 9]

tracer and FOCL3 ware added. Samples not entirely soluble

wverc filtered and the insoluble residue, when present, was

i dried and weighed. Most samples wore entire&yﬂgﬁiuglgﬂgag

\

qave a colorless or slightly yellow colordd solution, e
Noxt, thae solution was brought to boilin&.and then )
. made alkaline by addition of about 200 ml concentrated

g; NHA(QH). which resultqd in the copracipitation of U and Th
with/Fe(Oﬂ)3‘ This pybcipitato was allaowed to settle and’

cool/, was washed with distilled wataer, was dissolved in

9N %;1, and Fa was romoved by ropeaﬁed ether extraction,

| . U was ﬁhgn soparated from Th by anion axchange in

- 9N HCY on Dowax 1-X8 rasin dn a chloride form and forodian

i ions romoved from the Th by anion exchanaa in 8N HNO3 usina

N P R A 7]




.Jw

|

&
\
\ \
' FIGURE 4-4 Schcm\atic flow diagram for the extraction,
purification, and alpha-particle assay of:
U and |Th
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the same resin in a nitrate form. U and Th ware then recovered

from their respective ion-exchange media by elution with

0.1N HCl.

After evaporatian to dryness and dissolution in
0.1N HNO,, solvent extractions were used to ultimately
sdsolate pure U and Th, Th was quantitatively transferred
from aqueous solution into 0.25M theonoyltrifluroacetone
(TTA) 'in benzenc at a pH of 1.2, whoreas U was transforred
inte the same medium at a pH of 3.5. The pure solutions of
v and Th in the TTA/benzenc wore avaporated onto stainless

éteol discs for radioactive countine.

4.7 Radioactive Countina

]

Alpha-particlo spectromotry was u§od to measure the
radioactivity of the chemically purified U and Th from each
spaleothom sample. The con&fquration of the equipment used
ta detact; measure, and rasolve the U and Th isotopas of
intorest is shown schgmatically in Figure 4-5.

The elements of detector thpory portaining to the
péesont study ha !bocn discussed by Thurbor (1964), For
prolaonaed lifo.{:::\q;licon surfacae-barrior detactors ware
usod'in a clean vacuum system. Tho proximity of the source
to the detector rasults in contamination of tho dotedtor by
alpha-particle receil nuclii thus necessitating poriodic
monitoring of the detector background.

Th& configuration of the spactromater system is

typical of that commonly uadd for hiah-regolution alpha-



v

FIGURE 4-5

Schematic diagram of the alpha-particle
spoctromator used in this study
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particle spoctrometry. The amplifiers provide a linear

signal which is within the input voltaase ranqe of the analyzer
system. A region of interest is expanded by the biased
amplifier to fill the capacity of the multichannel analyzer.
Under vacuum, the decay of the isotopes of interest,

232Th 23th' 228Th, 238U, 2340' and 232

, U produces alpha
particles which strike the biased surface-barrier semi-
conductor with a characteristic enerqy (Fiaure 4-6). This
siaﬂal is analvzed to produce a composito eneray spectrum,

A typical Th spectrum is illustratsa in Fiaure 4-7A. The
1N

peaks shown, from left to right, are 232Th, 23°Th, the
artificial tracer 228'I‘h, and its dauaghter products 224Ra;
21281. 22oRn, and lePo. Similarly, Figure 4-738 illustrates

a typical U spactrum. ‘The peaks shown, from right to laft,

aro 238U, 2350, 2340, tho artificial ttacor 232

224Ra 2125&, 220

U, and

216

dauwghter nuclides Rn, and Po., Poak

14
amplitudes are related to the concentration of each isotope
prasent: thus backaround corracted paak ratios are a direct

moasure of activity ratios.

4.8 Data Proceasinm

The Th and U igotope spactra accumulated in the mutti-
channel analyzar were punchod onto paper tapes to poermit
computor procassina. Two programs wore udod, ona to plot
and sum tho total number of counts in each peak and anothor
to compute isotope ratios, U concontrations, ages, and statis-

tical orrora. This sccond proaram was used aftor the total
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Alpha-particle oneraies of isotopes in the-

U and Th dacav serieca. The lonath of the S
horizontal bar indicatas the porcent of
monoenoraic alpha particles emitted from

oach isotopo ‘
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number aof counts.in the U and Th spoctra had been subdivided
into individual poaks’and isotope count rates calculatod
following tha procedure of P, Thompson (1973).
The iso&opc ratios qivon\in this thosis are exprossed
: as activity raties, i.e, the ratio of the number of disinti-
grations recoxrded por unit time for ona isotope compared with
’ that measured for a second isotope., In all cases isotope

activities waere corrected for background and chemical yileld

bafore activity ratioca ware calculated.

. ‘ 4.8.1 Yiald Dotorminations

Yield datorminations, néeossary bacause chemically
scparated U and Th isotopo activities wore boing measured,

| . wara mrade using a zae*rh/232

U kracar of known activity. The

% _ . tracer uacd in this study and that of P, ?howpaen (1%33).
Thom@aon‘ot al. (19?74, 1975, 197%6), and Harmon ot al. {13735)

| was obtaified from eho Radiochemical Centra, Amcraham. Enqland.

Initially of w aativiw. the ‘tracar was fmqt:xenatod a\mm

initial uti and some 223Th lodt from solution (P. Themgaen.

1975). This nqoossitatqd poriedic counting of thq tracar to

mendtor ita qrowth back into oguilidbzium, ‘J.‘M.s vas accon=

plished by ddxoet cvaparation of cbite_ tracer ents a stainloas

étﬁelA5§ae and cogﬁtiuq with a high-rosolution dotocter (Ortoc

&edol 023-150-100) ¢ In this way rosolutien of the peoakas dua

\ . “'.‘«—4; 232 {22%& ang 424, waa obtained. Dy assundng agquilibrium
. 224
~ ﬁ

Ra, or it t;hgf““pgakg mrq of the .a.zzm hgight indicating |

-~
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no Rn loas, 22QRn and 21699, the 2320 activity can be dotar-

mined and the 238Th/2320 ratio computed. All tracer ratios
waera observed to fall aleng the predicted growth curve and at
the time of this writing, the tracer had returned to a state
of isotopic aquilibrium,

Chamical viclds for U ranqed from 2-75% with a mean
value of 42\, compa:od with Th yielda which varied from
4-78% with a mean of 35%, In gencral, U yields ware 5-10%
araater than Th yiolds, but this was by no maans always the
case. In soeveral instances Th yields wore 25-304 q:aator.than
U ylolda and vice 33332. No reason has been found to explain
;ither vory high yields (»65%) or very low yiolds (<15%).
In ho Qago whorae eithar U or Th yield was leas than 10¢ were

age’ calculations made. _ - )

4,.8.2 Backgg§u§§ and_Beadont Corractions

' The chemicala used dn the U/Th soparation and purdfi-
cation wore :Qagontiurgao and distilled water kas dolonizod
hafore uaq\- Rdaqonh hlarks wora praéa:oa during hhqlinigial
stages of tho atuﬁy;rbut'werq disconﬁin“ud when'ng U ex, Th Lt
activite in oxcoss of that of tha aoneral background waa m
nlank stainloas atcol dises woxe cownted once” eveéx
txa uoaka to nonitor dotoctor contaminatien. The results ot.

. a sories of blank determinations made durding the indtial .
- atagqs o! the eeudy are aivon {n Toble 4-1. The eontinval

aeaumnlatien ot nlphn&part&a&o :ch&l autivity en the ae:actor

. " ' . : \\'
L3 .
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TABLE 4-1 Summarv of reagent blank and backaround
analysis Soptembor 1973-Dogamber 1973
(counts por minute)
Sampla 238 234 232 232, 230,,
Number Dato U v u th Th
Bp-1" 9/10/173 049  .060  .180 049 .060
®
RU=1 9/10/73 .080 ,060  ,182 048 063
BD-2 9/24/73 .054  ,062  ,182 054 062
Bh=3 10/9/73 . ,055 066 (186  ,055 Q66
RE=2 10/9/13 054  .067 .184  .08S 064
BD=4 10425/73 .07 Q69 .19  ,0S7 069
BD=S 11/1/73 060 074 (194 060 072
BD=6 117184733 . ,061 074 198 .06l 074
RB=3 11/13/73 ¢ .060 072 .200 062 074
Bn=7 11/30/73 063  ,079 ,202 ,063 079
RD-8 12/12/13 (064,081 204 064 =48l
BD=9 12423473 .066  ,082 207 066 .082
RB-4 - .082

< 13/23/73 083 207 (068 082
. 4

IR W AR L E L T RY o S LR SR DR ISR G LR, A et RO WA A WAL e AR SN L ELW AR L % A

-BD = Blank Disec -
RB = Roagont Blank

S8

.182

186
.188

191
194

.198
.198

.202
204

.207
.208
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from the short-livod gaughters of the artificial tracor is
clearly seen, This build-up has continued at about the same

rata throughout the study.

4.9 Error, Accuracy, and Precision

-

The problem of error, accuracy, and precision of the

23°'1‘h/234u nethod for speleoothem aae datina has ueothrbated
in datail by P, Thompsen (1973). - )
Errors in the prepiéiqn and accuracy of a 230‘l‘h/234

age detormination can be the result of four factors:

(1) analytical arror: (2) atatiatigai counting errors: (3)

‘pdssible poadt-dapositional micaration of U or Th in or out
df a spoloothom sampla, and (4) an initial copta@inati&g of
a. spalqothem with detrital Th,

Analytical arrora arg meat eommonly due to contamina-
tion of samplﬁa or roagoats in the laboratary, cross-

contamination of samplas durihé ﬁrepazatipn. or incomplote

romoval of radiochemicals from the ion-axchange resins, ~—

Uparadinag tho quality of the reagants and tho establishmont
of a soparato labozatory facility botween tho h;ﬁg of tho
complotion of the work raportod 45, P. Thompaen (1973) and

the initiation of the prosont atudy, togaethor with earésul
1aharate:y procedurgs, and malintenance of a-uiean lnhuraggxy
onvironmnnt hnve»min&miaed errors of thia kind.

" Bocauao rad&aac:ive decay ia a .atatistical phcnamnnen.

orrora in praeiaign arq dua to thoe fact that the actiwity of

L3
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a radioactive nuclide can only be detormined within limits
which dapend on tha numbar of disintoarations measured, If
the counting time is short, with respect to tho half-life of
the nuclide, then the standard dewviation for an activity
measurement i3 equal to /X if x is large. Brrors arc propa-
qated when parforming mathematical operations on disintegra-
tion rates:; thug orrors in activity raties are largeor than
thost for individual acthivities. Tho standard deviation

for tho detormination of an isotopic activity ratio is

approximatad by tha axprossion

q

o c§)<\/ 2+ B - (= ). (4.8)
The orrors quoted in thig study are defined in torms of ane
sténdard doviation indicating that there is a 66% probability
that the truc value falls with the ilo lim%ta raported,

The accuracy and procisjon of isotope ratioa and U
- concentration moasurements dotnxminéd uaing tho McMastor
‘ Univoraity laboratory ovor the past savon yoars are demen=
: atrated in Table 4-2. Four analyses of a standard granite by |

P, Thompaon (i973) @ava -an average U c&neéntraeion of

"'34.9t§.2 ppn, which ia comparable Qith the value of ,
23.4$0.19 ppm roported by Rosholt ot al. (1970). Repeated
anélxam of a hcmaqeniaog\ éqcieethem Qpecimn indicate a
high donrcaxbskp:octaidn in'hctk iaotogo ratie mnaanéﬁmnnta
and U cocqntration detorminations. For tho 10 datarninitions

£

L

g .
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TABLE 4-2 Analysis of a carbonate standard RHN and
~ standard granite G-1
. 234, 230 230
Run Th Th U cone.
No,  Date ‘m R (zaq, 1 ‘m‘m (ppm)
Carbonato RHN (thia study)
1 5/72 1.021.02 1.044.02 104 4.9
2 5/172 1.02:.02 1.06%.02 143 4.8
3 5/72 1.01:.02 1.09¢.02 130 5.1
4 8/73 1.02:.02 1.08:.02 137 4.9
S 12473 1.01:.0% 1,07:.01 72 5.1
6 2/74 1.02:.0) 1.02¢.01 218 3.1
; 5/73 1.03:.02 0.99s.02 43 5.9
8 8/74 1.08%.02 1.03:.02 102 5.4
9 - 12/N4 1.00£.01. 1.04:.01 91 5.2
10 2/715 1.02:.01° 1.09s.01 sy 4,8
] 1,02 1.05 141 2.1
¢ 0,013 - 0,051 . 90 - 0.33
{334 ] . tno'rh) t} cone.
23?‘ 23?‘ (pgm)
3 ' . ' Granita G=l* (P ‘rt\empson. 19?3)
61 _ 1.0, - xs.n
62 ? £ L‘Qll‘;.oa - . 30\\0'
63 . L0201 1.03£,035 208
64 0.985:.02 . 0.98:.04 23,0
R e 1.0Y T 2_.9 \/)
¢. ¥.018 - - 8.2

k. G Nt SRS A tt\h‘-‘l\&-"‘ L

-.-“-uusm‘“wus-s‘\-‘ .nk LN W L s\‘ G T N, + A

. *c‘mxxita amnpm G=1 pmv&dcd by J.N. Reahelt, uu.x.&.& N
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2340/2380 ratios average 1.02+,013, 23Q'l‘h/234

1.05&,051, 230pp 232

U ratios averagqe
Th ratiog avarage 141:9%0, and U
concentrations 5.120,33 ppn.

laotope ratios and U concentrations can be measured
with a precision of 1-5% and 5-20%, respectivaely. Thusg,
resultinag age determinations should be accurate within 0.5
to 2.5% if 50-100 microarams of U are oxtracted from a (
apelogthem sample. At tha prosoent time 0.03 ppn is the \\\\\
lowest U concontration for which an age detormihation of

reasonable pracision has beon dotermined,

4,10 Critoria_ for Spolecothom Age Degprminattéhs
\

Bxtensive atudy of socondary carbomated ﬁy Thurbor

ot al. (196S), Kanfman and Broocker (1963), and Raufman at al.
(1971). and of spcelcothena by P. Thompson (1973) have

indicated that such materials ean be roliably dated by

U-sorios mothods only if cortain eritoria axe mot. “those
aroe: | i
(1} autﬁietent U muat bo prosont in the aampla to allow
»fe: aeen:ahe determination of aetiv&ty raties in
reasenabxe cguntinq timoa; . ’
(2} ne loas or aain a: radioisotopes by,thepsamglc can
have eedu::qd'sined tho tine of aaéoaihienr
(3! tho initial ta@tegie stata of the apacinon at thq
tine of dagaattiea nuat bo knemae o



(4) the isotopic discequilibrium ratios must oxhibit a
prograssion toward socular cquilibrium with timo and
be consiatont with stratieraphic relationships:

($) there should bo no ovidence of contamination of the
samplo by detrital Th at the time of deposition:

(6) tho sample should show no evidenco of rocryatalliaatio&:

(7) the resultant aqe doterminationa should agroe with

. accs datarmined by othar methoda, and

(8) for the 2?40/233

U method, U-igotopa ratios muat bo
congtant with time. . '
For the 23°Th/2340 nmothed it is, in moat casos, posaible-
to porform exporimontal tosts to dqtermine how wall spoeific

samplea meot thase requirementa. U concentrationa can be

PEEN

- dotormined by direcct measurement, Lvidonce of teeryatglliza:
tion can usuwally bo gcon from micreacope oxamination. The
. initial iaotopic stato of the systom can bo_inforred from the
analysis of modeen doposits from the same nga: Th contamina=
tion at the time of dqpesiéiqn is indicated by low axawhzzfawh
ratioa (<20} and in semaltpstanecs Qan ko eexreated.fog. ag
deaeriﬂéd by K§§tman and Dreockor (1965}, Progroasion.of
jaotope ratics toward aqauiar équilibrivn can be scon ie .

-
L 4

] ‘ aévqxailanalyaea'ate porforned for one apocimen, Concordant

14 3§Qth234

] aqQe hy.gwc diff&zant‘matheda (a.¢. “°C and

| 23}»§7235Q and zsnwhx23¢&) strongly suagqoat that tho-aygtom |

g or

>

] has rcm&%ndg eloacd te'paat-dcgan&ttehal radieisotepe migratien.
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-

It is, howover, not posgible to make'nll of these

234u/238

chacksg for the U mothod., The initial U-lsotopo ratio

can not bo directly detarmined for g@ccim@ns oldor than aboug
350,000 vears. It is difficult to follow a progression
toward equilibrium over the short poriod of arowth of most
gpalocothemy, and significant secular variations in initial
U=igsotopo ratios durine the growth of a single spoleothem

have been obgorvod,

4.11 Somo Previoua Spoleothem Rogults

[ W WY

Rogholt and Antal (1962} firat attompted to dato
aspaloothoma by uranium sories dlacquilibrium methods.
Analyaing soveral Europaan stalagnitea thoy found very low
uranium concantrations and ovidence éf post-dopouaitional
leachina which led thuﬁ to“conelude that guch dopoaits were
not acceétable for 23QTh[234U or 231§a/333u agqe datina,

Chordynatev ot al. (1963) werc tho -firat actually
to date azpaleothom material utiliiing uraniun-gorios methods, -
Working with stalactitoa and travortines from a Ruasian
cave, thoy found qeed agrocmant botweon 33°Th/334v and

2319a/235u'aq98, concluding that apoloothem matorials ware

vory duitablo dopoaita for dating tho lato. Ploistoceno,

VQriatiena waro, hewovor, obaarvad in 434238y ot a atnede

nito avox Ienq pcrteﬁa of time as well.aa trqm rogion to”

. rﬁqson. .o - ’ '

.8 .
o Fornaca«Rinaldi (1968) analyzed apoleocthem from the
\ .



ontrance padaagces of sovoral Italian caves for thair

234U/238

ratios, assuming a U ratio of unity, If tho initial

2§4U/Z3BU ratio of theae deposits was in fact near unity,
the resnltiﬂ§ orror ih agaes would not be greoat bocaugse the

N
gamplos dated wore less than 50,000 yeoars old, If, however,

234

the samples contained a largo initial oxcess of sV, high

230Th/2380 aqoé would rosult fram the incorrect assumption.
It was alaso shown in thia work that no detrital Th was
coprocipitatod with U in several of the apoleoothomg analyzed,
Other samples with Th attributable to dotrital phases presont
in the speleothom wore considered to be unsuitable for
dating. ‘ -

Duplassy ot gT: (1970, 1971) attempted to data a
columnar atalagmite from the Ardeche Province of gouthorn

#300/23% ratios from top

France uaine U-gsories mathodsa,
to bottom of tho sample ware obasarved to oxhiﬁih a atoady
incroase toward secular cquilibrium and yiolded agou of
92,000-124,000 yaars B.P. lowaver, 234u/23y ratios ata not

show a ayatematic proarassion toward cquilibrium: thus, the
2340{33&0 nothod was qonaidored unsuitable for dating
gpaleothema., . .

Spalding and Matthawe (1972) have daternined the age
for a submorged atalaqmita.ﬁrem Gran& bDahama laland by both
thailéc and a30'1‘!\/2“!1 natheda. Goed prqciaien was chtainod

wsing bath metheda, the formor gqiving an aqd of 21,9004600

_yoara B.P. for tho stalagmite, while the lagtor gave an age

A

%

230Th/238

65
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22,0004£33%0 yecars B.P. Similar agreemont betwoon 14

230Th/234

C and

U agoga has beon obtainod for a fallen stalactite from
14

a submerqed “blue hole“ off tho coast of Belize, Tho.” C
N (
aqo detormined waa 10,220440 (L. Land, pora. comm,)} which

430,839, a0 of 10,300£200

comparexl wolllwith/;ha
(Harmon ot‘al.. 1978) .

6. Thomp&cn (1973) has analyzed a stalaamito from
134U/238U

U methodg., Uoth racioa wore obsorved to show a

Blanchard Sprinqa Caveo, Arkanaaa using both tho

and 23°Th/234

gystomatic prorresaion toward cqullfhrium. with the oxeop-

tion of throo of ton 230234
234;,,238 214,,,238

U values and two of ton
U1 valuog, u/

wore uged to caloulate U ages of up to 800,000 years,

U ratioa of modorn drip watory

Dogpite tho danaer of assuming a constant initial 234U/238
ratio throughout the porioed over which’the~apaleothom wayg
dopoaitod, and ignhoring difforoncos in the measurod
334Wnav ratio of soveral drip sltoa withia tho cave fron
which the spocimen was collocted, thay gonclude hhht tho
2346(2380 mahhad ig the more au&tablo of tho two mothoda for
aqe dating apaleothema, o \ . ‘
Fianally, P, Thenpseon (19?3) haa extonalvaly analyazed
a nunbor of apalcnthumu from Canada, Maxico, and Wost Vvirginila.

In all throo arcas he fouwnd that tho 23Q‘l‘h/zuu mathed aave

. eonaiatont aéaa'betweon 4,000-300,000 yoars B.P,, but that

the as‘ufasan mathed. gould not be waod bocause indtial ratios

ware variable, aélvalaasu agaa agracd wall with ZSOWhIaa‘

(

) ~
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acod in tho fow cagos where the comparison was made. ‘\>
/
. J/
~—

Thus, it appears that spoloothoms are sultable

matorial for aae dating by the 330Th/aadu method if care i»

taken to select only pure, macrocryatalline calcite samples

which have ne dotrital contamination and show no siqng of

poast=depouitional altaration, Chardynstav et al, (196%)

211pa/’2l‘3

and P, Thompgon (1971) have ahown that the U mathod

can be used when U concentrations are suffiofently areat to

s
allow for the accurate countina of ¢l

a4, 23

of spoleoothems, oxcaept in the fow cages where it mioht be

Pa. [t does ™Mot appear
that the U mothod will find application to the dating
ugoed to axtend adoes of deposits for whioh portions can be

datod by another matiod.

4,12 Spoloothom U Concontrations, Isotope Ratios, and Agey
Rédiomotrie analvsis was porformed on 30 gpeleothenm
gpecimons from the 10 karst areas shown in Flaure 2-1, A

total of 94. separate samplas were analysed for b congentrations,

23, 230, 230,
and tzyggl. l2313~1. and (ggg:hl faotope ratios with ages

i\
caloulated fram Hguation 4,59 'The rasults are;giv«n in

Appendix I,

4.12.1 U Congontrations ‘

U concontrationa for tho 94 apeleothom analyses ranged #
hfrem,0.03;93.4 pprt, with ,a moan valge of 9.3 ppm} The distri-
but#@n af thase U valuos i@ ahown in Flgure 4-0, Tho data of .

P. Thompsaon (19?53 hava baen shown for comparison, A loghormal

N



FIGURE 4-8

Distribution of speleothem U concentrations

in this study (A) and that of P, Thompson
(1973)
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distribution about the mean and median is observed from
Firure 4-8. Just over 80% of the values fall within a range
of 0.5-8.0 ppm, The distribution of the data of P. Thompson
(1973) also shows a tendency toward a loanormal distribution
of the 11 lowest values; a set of analyses from a sinale
specimen of very low U concentration are not considered.
Specimens from areas in the cordillera of western North
America havé the highest U concentrations (mean = 9.5 ppm),
whereas those from the carbonate islands of the Gulf of
Mexiéo and the Western Atlantic have the lowest U abundances
(mean = 0.53 ppm). Speleothems from the Appalachian and the
Interior Plateau areas of North America generally have inter-p
mediate U concentrations (mean = 4.3 ppm). A comparison of
the general stratigraphy of these regions suaggests that this
difference in speleothem U abundance may bear a direct rela-
tion to the presence or absence of organic-rich shales in the
strata overlying the cavernous carbonates; i.e. speleothems
from areas with extensive overlying black shales exhibiting
the higher U concentrations,.

Adams et al. (1959) have observed that the average
U concentration of shales is 3.7%0.5 ppm, as compared with
an average of 2.2+0.1 ppm for cafbonates, and Bloxham (1964)‘
has shown that the .y abunéance of shales in;reases with the
organic carbon content. The Kentucky data illustrate this
point. Seven speleothem analyses from the Mammoth-Flint

Ridae Cave System in Mammoth Cave National: Park, an extensive

!
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area of limestone overlain by thin shales and massive sand-
stones, have an average U abundance of 1.6 ppm (range 0,25-5.3
ppm) . In,conffast, 5 speleothem analyses from Richardson's
Cave in Pulaski County, an area some 100 km to the east,
of carbonates overlain by thick black‘éhales and thin sand-
stones (Ewers, 1969), have an average U concentration of
11.8 ;pm (range 6.9-43 ppm).

Secular variations in U concentration are observed
for most of the speleothems for which.multiple age determ@na-
tions were made (Fiqure 4-9), .In certain instances, for
example samples 74014 and 75604, the range of the variation
is small, but in other casés, for example, 74015 and 74019,
the range of this fluctuation is in excess of a factor of ten.
This could be indicative of post-depositional U leaching or

230, 234

aséimilation, but the concordant nature of the
ages suqggests that a change in the geochemical nature of the
weathering envir&nment or the regional climate may have been
the factor responsible for these large-scale fluctuations,
Warm climates should.favor higher U concentrations, since U
is transported in solution primarily as the anionic carbonate
17
biotic activity and thus CO2 partial pressure of soil and

complex (UO,[CO During periods of warm climate, soil

ground water recharge should be highep; sulting in an
increase of U in solution. Such a climate effect could ™
however , be counteracted by a negative temperature dependence

of the uranium-carbonate complex distribution coefficient, or



FIGURE 4-9 Secular variations in U concentration 4&f
14 speleothem specimens ¢
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FIGURE 4-10 Secular variations in initial U isotope
ratios for 15 spelecsthem specimens
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FIGURE 4-11 Initial U isotope ratios as a function of
U. concentration for the speleothem
samples from the San Luis Potosi, Bermuda,
Iowa, and Northwest Territory localities
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by an apparent dilution caused by increased speleothem arowth
rates durinn periods of warm climate. At present the small
amount of data available and thpAlimited knowledaqe of the
factors dééerminina the distribution of U between seepaaqe

water and speleothem calcite prohibit a more detailed analysis

of this data.

4.12.2 U-Isotope Ratios

Rosholt et al, (1965) have shown that weathering in
an oxidizirfq environment favors U isotope fractionation,
whereas weathering in a reducing environment does not. Thus,

U isotope ratios in carbonate ground waters should be at

least in part determined by the control of soil zone organic

activity on the Eh and pH of speleothem depositing waters,
Durina episodes of warm climate, soil zone biotic activity

and COZ production will be greatest. Thus reducina é;nditions
should prevail in the soil zone resulting in low Eh and pH
waters which would, in turn, give rise to little U isotope
fractionation during leaching from carbonate or other rock.
During periods of cold climate reduced organic activity should
result in soil zone conditions changing from reducing to
oxidizisa, thus causing higher U isotope ratios in carbonate
around waters and the speleothems precipitated from them.
Considered over the long term, however, U isotope ratios at

a sinqle site should aradually chanage as the extent and
composition of soil and bedrock above the cave are continually

modified by solution and erosion., The progressive depletion
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of 2340 in soil and parent carbonate rock by selective

leachina from radiation damaged crystal sites should thus

LS

3
2340/238U ratios.

result in a long term decrease in
Similar reasoning would alsc suagest that the U
concentration in a speleothem should show an inverse corre-

234U/238

lation with the initial U ratio at the time of

deposition, since the effect of selective leaching isg less
important as U of near unity isotope ratio is dissolved.
3
Initial U isotope ratios have been plotted as a

230Th/234U age in Figqure 4-10,

function of the calculated
Secular variations are observed in nearly every specimen for
which there are three or more analyses. No consigtent trends
between specimens from the same cave, specimens from the
same reagion, or specimens from different regions are
apparent. Ceortain specimens, for example 73036 and 74019,
show striking trends toward lower initial U ratios with
younger age, as compared with other specimens, for example
72040, in which initial U ratios increase with younger age.
Some specimens, for example 71042 and 72041, show virtually
no secular variation in initial U isotope ratio,

U concentrations for the San Luis Potosi, Bermuda, .
Iowa, and Northwest Territories sample locatiéns have been
plotted against initial U isotope ratios in Figure 4-11.
A very aeneral negative correlation between U concentrations

and initial U isotope ratios at each site is noted. The

more strikine tendency, howeveJ, is for certain individual
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speleothems to maintain nearly constant U concentrations

and initial U ratios throuqh time, a marked contrasgﬁ;o the
extremely variablé behavior of other specimens (e.q. Mexico
samples 71003 and 72040 as compared with Iowa samples 74015
and 74019 and Bermuda sample 73036). d N

It is not possible at this timé to attribute Q;ahly
variable U contents and U isotopic ratios to post-depositional
assimilation or leaching processes, since not only will the
amounts an® types of soll and rock cover, climates and
climate changes, and the characteristics of carbonate solutjon
vary from region to-reaion, but litholoaies, soil and rock
volume exposed to leaching, catchment areas for individual
caves and specific drip sites, and regional climate are‘all
continually changinag with time. The combination of these
factors, each varvina in space and time, will determine the
U content and 11 isotopic composition of a particular speleo-
them and thus make comparisons and generalizations most

difficult.

In view of such secular variations in initial

&
234U/238U ratios, the prospects for speleothem datina by the

234U/23BU method are not promising. The method may, however, .
find limited application in extendinas the ages of deposits

for which portions can be dated by another method, and for

234U 238

which the / U ratios over several qrowth layers are

" observed to be constant.
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4.13 Speleothem Growth Rates

The potential for the dissolution of carbonate rock
is agenerally greater for warm climates than cold (Harmon
et al., 1972). Thus, speleothem arowth rates should be greater
in warm climates than cold. In previous studies, P. Thompson
(1973) , Thompson et al. (1976) and Harmon et al. (1975)
have used a linear measure (heiqht in em/1,000 vyears) to
characterize speleothem growth rates. Since the height/volume
relationship of a speleothem is variable in time, a more
appropriate measure of qrowth rate is the volume of speleo-
them deposited per unit t{%e.

Volumetric growth rates for the stalagmites analyzed
;n this study and that of P. Thompson (1973) have been
computed. In each case the volume of stalagmite was
determined.between successive points for which age determina-
tions had been made treating each segment aé if it werea
cylinder of constant diameter. The data, shown in Figure 4-12,
indicate that speleothem growth rates are highly variable
differinn by as much as a factor of four within individual
specimens, and by as much as a factor of seven for different
specimens deposited in the same region over the same period
of time. The qood interregional agreement observed in
Figure 4-12 amongst the samples from San Luis Potosi
(71003, 71019 and 72040) and the interregional agreement
between the San Luis Potosi-Iowa and West Virginia-Bermuda

samples, suagests a climatic influence.

<



FIGURE 4-12 Secular variations in volumetric growth é
rates for speleothems for which three
or more ages were determined
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4.14 Paleoclimate Significance of Speleothem Age
bistribution ‘ “

The deposition of speleothems in caves is dependent
on a variety of geolorical, hydroloagical, chemical, and
climatic factors which act in concert to provide a carbonate-
pearina water to a speleothem drip site. A chanae in any
sinale factor can cause cessation of deposition at a single
site, but regional cessations of speleotnem deposition are
most likely due to the prolonged effects of cold climate.
Periods of severely cold climate, which can result in glacial
surface ice cover, perialacial frozen around, decreased
piotic activity, and decreased rainfall, will all result in
a decreased rate of speleothem deposition on a regional
scale., It is only when multiple cessations of deposition are
observed that speleothem aae distributions can be interpreted
in terms of sionificant paleoclimate variations.

This type of analysis 1is only suitable in an area
where a sianificant difference in glacial/interalacial cli-
mates can be expected and serves as a useful additioﬁal
paleoclimate indicator in areas where oxynaen isogope data is
lackina. Such a situation exists for the cordillera of
Western Canada. A total of 33 aaes have peen determined for
20 speleothem specimens from Nahanni National Park, N.W.T.,
from Banff National Park, Alberta, and from the Crows Nest

Pass area, Alberta-B.C. Onlv two of the specimens were suit-

able for oxyaen isotope analysis: these will be discnssed in

I
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Chapter 6. The remaining 18 specimens, 7 of which were
analyzed by P, Thompson (1973), were only suitable for aage
analvsis, in that they either exhibit kinetic isotope frac-
tionation or arowth rates were too slow to nermit construction
of detailed 62 profiles. The distrivbution of the aae data for
these 12 specimens is shown in Figure 4-13. Four of the
specimens, MS, CT, a6V, and 72030 show textural evidence
for a period of interrupted arowth and/or erosion between
275 to 240 Ka, indicating a major cold event during this
time. The aeneral lack of ages from 175 to 145 Ka, 80 to 65
Ka, and 55 to 5 Ka, also suqggests that cold climate conditions
also prevailed at these times. The oxyagen isotope data
presented earlier support this picture of late Pleistocene
climate chanae.

Certain care must be exercised in the assignment of
an absolute glacial chronoloay based upon episodic speleothem
deposition. 1In certain instances, however, speleothem aqes
may provide the only quantitative paleoclimate data for a
specific area. This is certainly true of a majority of the
westernﬁéhnadian cordillera where the aareement of the
younger portions of the chronology with the North American
oxyaen isotope record {(Chapter 6) lend confidence in the

interpretation of a major cold episode from 275 to 240 Ka.



FIGURE 4-13

Periods of speleothem deposition (solid bars)
and no deposition (dashed bars) for speleothem
samples from Canada. Question marks indicate
that the time of the initiation or cessation

of deposition is not known, The shaded zones
indicate times of reduced speleothem deposition
and inferred regional cold climate.

TI, TII, and TIIX are the three terminations
of the marine foraminiferal record of Broecker
and Van Donk (1970).

\J
BI, BII, BIII, BIV, and BV indicate the ages
assigned to the first five Barbados raised
coral terraces (Mesolella et al., 1969;
Bloom et al., 1975). :
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CHAPTER 5

¢

STABLE ISOTOPE GEQCHEMISTRY OF SPELEOTHEMS

5.1 Introduction

Variations in the stable isotopic composition of the
light elements are due to slight differences in the physical
and chemical behavior of the various isotopic species in
natural substances. Any such variations in the isotopic
abundance ratios not due to radioactive processes is described
as isotopic fractionation. There are two general types of

isotopic fractionation which will be considered here:

equilibrium exchange and kinetic fractionation.

5.2 Equilibrium Isotopic Exchange
At thermodynamic equilibrium, isotopic exchange
between two compounds is a result of small differences in
mass deperident properties of the different isotopic species
of Qn element . The essential condition for equilibrium
isotopic exchange is a reversible chemical or physical
reaction which is independent of rate or path. A typiéal

equilibfgum exchange reaction can be described by a general

equation of the form

xX + le = xX + yY

h 1 (5.1)

h

[POT—

[

P pe—— e
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where X and Y are two molecules having a certain element as
a common constituent and the subscripts 1 and h denote the
light and heavy isotope, respectively. The standard free
eneray for this isotopic exchange reaction is given by the

relationship
AGT = -RT ln [-——. / . 2] = -RT 1lnK (5.2)

where a is the acﬁivity of a specific molecule and K 1is the
equilibrium constant for the reaction. Because free eneraies
for isotopic e§chanqe reactions are very near zero, equilibrium
constants are close to unity.

The experimentally determined quantity, the overall
ratio of isotopes of an element in one compound compared to
that same ratio in a second compound, is defined as the
fractionaﬁion factor (Urey, 1947). This fractionation factor,

a, is related to the equilibrium constant, K, as follows:

(5.3)

where n is the number of exchangeable atoms in the particular

-

reaction. For example, in the calcite-water exchanqge reaction

1/3CaC1603 + Hzlso = 1/3CaC1803 + 32160 (5.4)

n=]l and thus a=K.

™

s
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Because the thermodynamic properties of molecules are
related to their mass-dependent vibrational frequencies,
equilibrium constants for isotopic exchanae reactions can be
determined from partition function ratios. Urey (1947)
calculated equilibrium constants for many such reactions and
predicted a aneneral temperature dependence of the equilipbrium
constant such that at high temperatures Kml/Tz, whereas at
low temperaturecs Kvl/T, Subsequent calculations oy McCrea
(1350) , Bottinrca (1968), and O'Neil et al. (1969) verified
this temperature dependence and noted the very linear behaviocr

offthe calcite-water exchanage over a wide range of temperature

(Fiqure 5-1).

5.3 Kinetic Isotope Fractionation

A second type of 1isotopic fractionation occurs durina
unidirectional chemical and physical processes. Such kinetic
isotnpic fractionations are the result of mass-dependent
nroperties of the components of a dvnamic system and are
dependent on both rate an- vath.

‘The theory of non-equilibrium isotopic fractionation
for such nrocesses as diffusion, absorption, and evaporation,
has been treated by Bigeleisen and Maver (1947), who showed
that the extent of isotopic fractionation is aenerally

areater for kinetic processes than for equilibrium reactions.

84



FIGURE 5-1

Theoretical isotope fractionation between
calcite and water as a function of
temperature (after O'Neil et al., 1969)

3

N MiEe s

{



Temperature (°C)

500 200 100

25

85

H i !

301

25

15

108 T72 (°K)

16



T g

86

>.4 Jotation
In this thnesi1s 1sotopic fractionations will be given
1n terms of the relative deviation between a sample and a

reference standard in parts per thousand (°/,,) such that

R§§mglgrf~R§p§pdarg

8 = 1000 (5.5)
X Rstan!ard
where R is the particvlar isotope ratio of i1nterest and
sample
R is that same ratio in a reference standard. Thus,
standard

i} positive éy values indicate enrichment of the heavy isotope
N *

with respect to the standard and vice versa.

One convenience of this notation 1s that, to a good

approximation,

- 3
6)( - (SY = Axy « 107 1n axy (5.6)

: For purposes of convenience, the followina additional

notation is adopted for this thesis:

18 _ 0
6 OCaCO3 éc ! !
13 _ C
8" Ceaco. = ¢ -
3
6180H 0 = 68// ; for all bulk water
2 ) samples (cave
) Seepaae, precipitation,
- D etc.)
GDH o 6, v )
2
18 - 0 §
8 Oflurd inclusion H,0 - 6fi'
_ D
6Dfluid inclusion H,0 - éfi'
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Unless otherwise stated, § values for calcite will always be
aiven relative to the PDB standard of Craiaq (1957) and ¢
values for waters will be aiven relative to the SMOW standard

of Craia (1961).

5.5 Analytical Techniques

Techniaques for the determination of staple 1sotope
ratios of carbonates and water are well establis?sd and, as
a result, small differences in isotope ratios between a
sample and a standard can be determined to a hiah dearee of
accuracv and precision.

Speleothem samples were sectioned perpendicular to
the arowth axis to maximize exposure of internal lamination.
samples of 15-30 mo for oxyaen and carbon 1sotopic analysis
were drilled out of 3 mm diameter holes alona axial profiles.
Tne mineraloaic composition of random samples was determined
by x-ray diffraction or by comparison of refractive index
acainst an irmmersion ion of index 1.662. All samples were
found to be calcite. Isotope ratio measurements were made
on C02 aas liberated from the reaction of CaCO3 with aged
100% phosphoric acid under vacuum at 25°C followinea the
procedure of McCrea (1950).

Oxygen 1sotope ratios of meteoric precipitation,
cave seepaade, and sprina waters were measured on C02 aas
equilibrated with 2 ml of water at a pH of 4 at 25°C for

about 60 hours, following the procedure recommended by

87
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Epstein and Mayeda (19513) .
Speleothem fluid inclusion waters were recovered from

1-3 a of calcite, .praviously found to have been deposited

{ o~ -

. s oy
under conditions jof 1sotopic €quilibxfum, crushed 1in sealed
sections of copper truve under vacuum, as described by
Schwarcz et al. (1976). Hydrogen 1sotope ratios were

measured on purified i, liperated by tne reaction of U.5-3 ma

2

water with metallic uranium at 800°C, following the procedure

of diaeleisen et al. (1952) and Friedman (1953). c
Relative 1sotopic abundance ratios were measured

on a qas-source mass spectrometer by direct comparison with

a reference standard. The carbon and oxygen isotope analyses

were performed on a 6"-93°, dounle-collectina mass spectrometer

of the type described bv Nier (1947), as modified by McKXinney

et al. (1951). A dual aas inlet system provides a rapid

comparison between sample and standard gas. Conditions of

the inlet svste~ are such that gas flow to the source is

viscous, tnus preventina isotopic fractionation (Brunnee

and Voshace, 1964). Ion currents of tae different masses

are measured by means of a double-collector system after

ionization of the aas by electron bombardment, high-voltaae

acceleration, and deflection in an electronmnaqnetic field.

Ion bear intensitv ratios are a direct measure of isotopic

anundance ratios.

The raw data for carbon and oxyqgen have peen corrected
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for the instrumental effects described by Deines (1970).
secause the measured masses do not exactly equal the
180/160 13C/12

and C ratios, respective corrections for tne

170 and 13C contrivutions te the mass 45 and 46 1lon peams
were made follawinae the method of Craia (l19cla). Conversion
of raw mass ratios to "permil” wvalues 1in the "delta”
notation of Crata (1957), relative to eitner tne PDb or SMOw
standards, was made usina tne formulae derived by Schwarcz

(1971), and modified for a chanae in the CO,-ii,0 oxygen

2
1sotopic exchange at 25°C from 1.0407 to 1.0412 (O'Nell,
pers. comm, to k.P. Schwarcz).

ilydroaen 1sotope analysls was performed on aaseous
hydroagen on modified Nier-type mass spectrometers of the type
described by Friedman (1953). Because’no local facility was
availaple for the hydrogen isotopic analysis, the D/H ratios
reported 1n this thesis were analyzed at several different
laboratories. Sincer&mappreclation is expressed to
Dr. J.R. O'Neil (U.S. Geological Survey, Menlo Park),
Dr. S. Epstein (California Institute of Technoloay),
Dr. I. Friedman (U.S. Geoloagical Survey, Denver),
NDr. J. Grey and Dr. P. Thompson (University of Alberta), and
Dr. R. Brown (Atowic Energv Commission, Canada) for
providina the DB/H measurements.

The stable isotope data for the speleothem calcites,

meteoric precipitation, cave seepage waters, and spring

waters analyzed are listed in Appendices II and IV.
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5.6 Accuracy, Precision, and Analytical Error

Durina the course of this study, raw 62, ég, and

58 values were related to either the PDB or SMOW scales by
direct comparison with a secondary standard whose 1isotopic
composition was accurately defined. This procedure was
necessary because of day-to-day instapilities 1n the mass
spectrometer system, Thus a secondary standard was run

daily and all speleothem or water analyses were corrected

for the observed deviation of tne secondary standard, NBs-20,
from 1ts accepted value. The results of 130 individual
analyses of the 8 different NBS-20 preparations are given

in Table 5-1., The need for the double standard system is

obvious. Measured values for NBS-20 (62 = -4,14°/,, and
52 = -1.06°/,,) for oxygen ranaed from as heavy as -3.34°/,,

to as licht as -6.21°/,, and for carvon ranaed from -0.03°/,,
to -2.34°/,,. Mean values ani standard deviations for oxyqgen
and carbon were -4.51+0.50°/,, and -1.16+0.45°/,,,
respectively. These data indicate a machine bias which gives
results that consistently are light (-v.35°/,, for oxygen

and -0.10°/,, for carbon), but- the hiaghly variable daily
deviation prohibits use of a single workina standard.

Similar results were obtained by running separate preparations
of tne working standard, GCS, against itself and from a
tertiarv standard, RHN (Table 5-1).

An indication of the accuracy and precision of both



TABLE 5-1

Actual value

Carbonate (°/,, PLB)
1
standard 50 5C
— - - C- c_
NBS-20 -4.14 ~1.06
GCS 0 -
PHN unknown
Actual value
Water (°/0oSMOW)
standard
60
— [ERE - o - - w — .
SMOW 0
SLAP -55.40
ABS-1 -7.89
NBS-la -24.27

No.
of
analyses

130
22
19

No.
of
analyses

s W N

Replicate and duplicate analyses

15 carbonate (samec cas-different

davs)

Y carvonates
prep-ration)

13 waters
preparation)

(same samnle-different

{same sarple-different

Averaae & standar
of measured value

50
C

-4.51+0.50 -
-0.56+0.56
-18.53:0.54 -

Averane & standar
of measured value

-0.09

-52 .24
-7.84+0 24
-23.0320.63

Averaae Aé?
(ffpo)

0.15+0.09
0.31+0.26

0.31+0.30

4 flurd inclusion waters (same sample-

different preparation)

1

91

Analyses of isotopic standards and results
of replicate and duplicate analyses

-

d deviation
s (°/,, PDB)

c

1.16+0,45

7.04+0.48

d deviation
(°/60 SMNOW)

Average Aog
(%/00)

0.24:x0.20

Averaae ASD.
fi
WATY

4.1+3.0

D e

P
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carhonate and water analyses is also seen from Table >-1,
replicate analyseg of the same aas aave a precision of
+0.1°/,, for carbonate oxvaen, 1t0.2°/,, for carvonate carbon,
and +0.25°/,, for water oxyaen. DNuplicate preparations of

the same samole were sliahtly worse,

5.7 Temperature Dependence of the Calcite-Water Exchanae
Tne temperature dependence of equilibrium 1sotopic

exchanae 1n the system (aCO_-i

3 2O has been intensively studied

since Urey (1947) first suggested that tne paleotemperatures
of tne ancient oceans could ve es}imated pv the oxyaen
1s$£ope distripution between seawater and calcium carbonate
precipitated from it. decause biogenic precipitation of
calcium carponate in the marine environment is a relatively
slow process, Urey et al. (1951) araqued that oxyagen 1isotope

equilibrium oetween sea water and the CaCn, was likely.

3
Suvsequent support for this idea has come from the close
acreement between the CaCO3-H20 1sotoplc fractionation
ooserved 1in natural systems and those derived from calcula-
tions or determined in laboratory experiments (McCrea, 1950-
clavton and Epsteain, 1950: O'Neil et al., 1969;: Tarutani et al.,
1969) .

The first so called "carbonate paleotemperature
scale" was developed by Epstein et al. (1951) pbased upon

controlled bioloaical precipitation of calcium carbonate at

low temperatures. Correcting for minor experimental errors,
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Epstein et al. (1953) found the empirical relationship between

18

. . 16 . .
temperature and the calcium carbonate 0/7 70 ratio to pe

O

)+ 0.14 (6972
C

T (°C) = 16.5 - 4.3 (& c) . (5.9)

Crala (1965) made corrections for certaln mass spectrometer
effects and took into account the isotopic corposition of the
water from which the carponate had been precipitated to arrive

at the modified equation

v ) - - 0, - O, O _ &O 2 -
r (°C) 16.9 4.2 (éc 6C ) + 0.13 (60 ) (5.10)

J

where the auantity (62' - 68') 1s the difference 1n 1sotopic
composition between CO2 extracted from the calcite and C02

equilibrated with the water. As such

o, _ - o) -

6c 10.25 + 1.01 6c (5.11)
and

o, o) -

Sw 40.7 + 1.04 6w (5.12)

where both 62 and 68 are expressed relative to SMOW.

More recently, O'Neil et al. (1969) studied the
oxyaen isotopic fractionation for a series of divalent metal
carbonate-water systems. Their experiments were based larqgely
on hinh-temperature data with one low-temperature point at
25°C. They found the calcite-water fractionation to be

best described by the linear relationship

105 1n @ = 2.78 (10%77%) - 3.39 (5.13)
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Shackleton (1973) has put this equation 1n the same form as

Lquation 5.10 py expansion about 16.9°C to aive

o,

o N o, L0, 2
I ?; 16,9 - 4 .38 (6C - 6w 3°")

) + 0.10 (52' (5.14)

bguations 5.14 and 5.10 give similar results in the tempera-
ture ranae 15-25°C, put diverae significantly at lower
temperatures,

In liacht of this disagreement within a portion of the
temperature ranae of interest to this study, it seemed
approoriate to investigate the temperature dependence of

CaCOB-Hzo isotopic fractionation in the cave environment.

This involved the measurement of 180/160 ratios for actively
arowine soda-straw stalactites and associated drip waters
within each reacion, calculation of an averaqe & for that
reainn, and derivation of a composite acw—temperature
relationship. The technique offered several advantaaes over
the methods used in previous studies. Soda-straw stalactites
form from the slow precipitation of CaCO3 from supersaturated
solutions and thus avoid the bioloqgical effects associated
with the reaeneration of invertebrate shells at known,
controlled termperatures (Epstein et al., 1951, 1953) or the

recoaqnized kinetic effects associated with inoraanic preci-

pitation of CaCoO, from saturated bicarbonate solutions at

3
controlled tempq{gtnres (McCrea, 1950; O'Neil et al., 1969;
/

Tarutani et al), 1969) .

. -
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Because cave drip waters can be subject™ to significant
temporal variations (see section 5.11), it was decided that
an averaging of calcite and water 6180 values within each
locality would provide more meaningful and more realistic
results than could be obtained from individual stalactite-
water pairs collected at a single point in time. The six
areas sampled were selected to provide both a wide range of
depositional temperatures (1.5-22°C) and some degree of over-
lap in temperature ranges. In each area the tips of several
different active soda-straw stalactites and the associated .
drip waters were collected over a period of 26 months from
June 1972 to August 1974. The samples.were collected from
cave sites of optimal microclimate (high humidity, no dis-
cernable air circulation, etc.), where it was likely that
there was equilibrium between the calcite stalactite and its
parent water, and where fossil speleothem material had
previously been found to have been deposited under equilibrium
conditions. .

Analytical results are given in Table 5-2. Individual
62, 68, and measured temperature at the site of collection
were averaged to obtain a single value of @ and temperature
for each region. These results are shownﬁ;n Fiqure 5-2. The
error limits shown were assigned on the basis of the 1lg
errors determined for the mean calcite and water 180/160

ratios and temperatures,
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TABLE 5-2 Low temperature fractionations between
calcite and water
Sample 5o S S Temp! 1406072 1400
number PDB SMOW SMOW (°C) In a
TEXAS
S$S002/W002 -4.07 26.66 -3.41
SS005/W006 -4.81 25.90 -4.06
SS029/W053 -3.51 27.24 -2.33
SS003/- -3.41 27.34 -
$S001/-~ ~3.84 26.90 -
SS004/- -4.29 26.44 -
SS006/- -3.79 26.95 -
-/W001 - - -3.92
< -/W009 - - -3.84
-/W008 - - -3.88
-/W004 - - -4.39
-/W005 - - -4,46
-/W0S7 - - -2.06
-/W003 - - -2.76
-/W007 - - -2.77
x and o -3.96%.48 26.78+.48 -3.44+.83 20.0 11.634 29.874
BERMUDA
55026 /W046 -2.45 28.334 -1.31
SS027/W047 ~2.52 28.26 -1.94
S$S028/- -4.34 26.39 -
SS040/- -2.27 28.52 -
SS042/- -4.52 26.00 -
1/ ~2.95 27.82 -2.28
-/W048 - - -2.07
-/W049 - - -2.57
-/W050 - - -1.92
-/W051 - - -2.41
~/W052 - - -0.79
~/W172 - - -2.85
~-/W175 - - -2,52
x and © ~3.17¢1.0 27.59+1.0 2.07t.62 21.0 11.555 29.288
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Table 5-2/continued

KENTUCKY

$S010,/W026
$S009/W018
$S011/W019
SS016,/W032
SS017/W034
$5008/-
SS012/-
SS014/-
-/W023
- /W030
-/W147

X and g

WEST VIRGINIA

SS044/W189

SS043/W190

NC 3t?

NC 3b?

NC 12

NC 22

LW 12
-/W143
~-/W1l44

x and g

I0WA

§5032/W162
SS033/W163
SS034/W164
S5036 /W166
SS035/-
§$S037/-
55038/~
~/W167
-/W168
-/W139
~/W140
-/W1l41
-/W142

x and o

-5.31 25.39 -5.29
-4.78 25.932 -5.23
-5.17 25.53 -4.99
-6,04 24.63 -6.48
~4.44 26.28 -4.97
-4.16 26.57 -
-5.25 25.45 -
-4.08 26.65 -
- - -5.29
- - -5.22
- - -6.48
-4.90+.67 25.81+.67 -5.59+.61
-6.26 24 .41 -8.24
-6.39 24,283 -6.96
-7.817 22.75 )
-7.80 22.82 ) -3.08
-8.11 22.50 -9.49
-8.09 22.52 -8.83
-7.73 22.89 -9.19
- - -10.07
- - -7.61
-7.46+.79 23.15:.79 -8.68+1.0
-6.55 24,11 -7.40
-6.38 24 .28 -7.10
-5.83 24:85 -7.81
-7.24 23.40 -8.13
-6.37 24,29 -
-6.94 23.71 -
-6.47 24.19 -8.00
- - -7.10
- - -7.03
- - -7.40
- - -8.60
- - -7.91
- - -7.75
-6.54+ .45 24.10+.47 -7.77+.48

14

10,

.0

8

12.518

12,391

9.5% 12.470

97

31.088

31.604

31.615




Table 5-2/continued

ALBERTA

SS031/W117
SS018/W035
S$5022/W042
SS019/-
$S020/-
$5021/-
$5023/-
SS024/-
$S025/~
SS030/-
-/W105
-/W106
-/W107
-/W109
-/W184
-/W127

x and o

-14.61 15,799 -19.04
-12.55 17.923 -15.38
-15.82 14.552 -18.13
-11.68 18,829 -
-13.25 17.211 -~
-11.50 19,005 -
-17.23 13.108 -
-17.78 12.541 -
-17.58 12,747 -
-11.20 19.324 -
- - -18.69
- - -21.12
- - -17.05
- - -16.28
- - -19.80
- - -18.12
-14.32:2.6 16.10+2.6 -18.18+1.8

1.5

13.283

98

34.339

mean annual regional temperature
data from Thompson et al. (1975)

average of data from Gross (1964)

* data from Koch and Case (1974)
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*FIGURE 5-2

Measured oxygen isotope fractionation for
speleothem calcite and water as a function
of temperature.
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Several experimental studies conducted over a wide
range of temperature (Clayton, 1959; O'Neil and Epstein, 1966;
Northrup and Clayton, 1966; O'Neil and Taylor, 1967; Lfoyd,
1968 and O'Neil et al., 1969) have shown that the fractionation

of oxygen isotopes between solids and water can be represented

by a linear expression of the form

Ina = AT % + B (5.15)

where A and B are constants and T is the absolute temperature.
The results of the speleothem calcite-water measure-
ments have been fitted to a least-squares straight line

éivng the relationship:

1000 1n a_ . = 2.55 (10877%) - 1.60 (5.16)

This result is compared to that determined from the‘data of
Epstein et al. (1953) and that given by O'Neil et al. (1969)
in Fiqure 5-3, corrected for the recent change in the COZ—HZO
fractionation factor at 25°C from 1.0407 to 1.0412. The
three curves show excellent agreement in the temperature range
initially studied by Epstein et al. (1953), but diverge signi-
ficantly in the figh temperature regions studied by O'Neil \
et al. (1969) and the low temperatures investigated in this
study.

Because O'Neil et al. (1969) demonstrated equilibrium

in their high temperature experiments above 200°C, and because

the low temperature precipitation of calcite in the caves

e D B bt e
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FIGURE 5-3

Comparison of various estimates of the temperature
dependence of the calcite-water oxygen isotope
fractionation.

&




O Uj ¢!

35

33

31

29

27

25

23

I 101
Temperature (°C)
50 40 30 25 20 15 10 5 0
T T T T T TYTTIr11r 111,
II'
|
1
This Study
”>~
[ COCO3_H20 _
L .. —
o O'Neil et al (1969)
_.'-/'
s N
I 4
/7
/
ré
d 1 \ 1 \ . L L
10 I 12 13-



102

studied is observed to occur under conditions of isotopic
equilibrium, these two sets of data have been combined to
determine a refined "paleotemperature” equation over the
temperature range O—SSOZC. The individual data and the resul-
tant least-squares best-fit line to the data are shown in

Figure 5-4. This gives a temperature dependence for the

calcite-water oxygen isotope fractionation of

103 1n 6w = 2.80 (10%772) - 2.85 | (5.17)

All isotopic temperatures given in this thesis were calculated

using Equation 5,17,

5.8 The Cave Environment and Paleoclimate Studies

Several studies, notably those of Galimov et al. (1965),
Hendy and Wilson (1968), Duplessy et al. (1970, 1971) and
Thompson et al. (1974, 1976) have attempted to use variations
in the isotopic composition of speleothems as an indicator
of past climate change. It is not possible, however, to make
any inferences about the relationship betweén speleothem
isotopic composition and climate unless it can be shown that
the speleothem carbonate was deposited under conditions of
isotopic equilibrium.

It is important to note that the cave climate is the
primary factor determining whether or not carbonate deposition
is an equilibrium or kinetic process., Conditions of strong
air flow, evaporatioﬁ, low humidity, and temperature fluctua-

tion tend to cause a kinetic isotope fractionation and thus



a »
FIGURE 5-4 Oxygen isotope fractionation between calcite
and water as a function of temperature as
determined from a combination of the data
of O'Neil et al. (1969) with that of this
study.
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Y

render speleothems unsuitable for paleoclimate studies, With
this in mind, the speleothems analyzed in this study were
collected from the deep interiors of caves at sites at least
15 m below the land surface, and where no flowing water or
cave streams were present. Whenever possible, sites of
restricted access,.hiqh speleothem density, imperceptible

air flow, and constant temperature were chésen. Columnar

stalagmites were preferred to flowstones and stalactites.

5.9 Isotope Fractionation in Speleothems

5.9.1 Criteria for the Recognition of Equilibrium
Deposition

The very stable climatic conditions which prevail in

the deep interiors of most caves led early workers to suspect
that speleothem deposition might occur under conditions of
isotopic equilibrium and therefore suggest that isotopic
variations in speleothems might be representative of changes
in past climate.

Initial attempts by Galimov et al. (1965), Labeyrie
et al. (1967), Fornaca-Finaldi et al. (1968) and Duplessy
et al. (1969) to evaluate the carbon and oxygen isotope
variations expected in calcite speleothems deposited under
equilibrium conditions met with mixed success and contradic-
tory results. Much of the apparent dispute of these workers
was resolved by/Hendy (1969) who theoretically evaluated the
isotope effecty associated with the various processes of
calcite deposition in caves. He recognized three mechanisms

Y
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for speleothem formation: (1) precipitation due to the slow

outgassing of CO, from solution; (2) precipitation caused by

2
the rapid loss of CO2 from solution, and (3) precipitation
resulting from evaporation. Only the first of these three
processes was found to occur under conditions of isotopié
equilibrium in normal circumstances. The other two were
found to cause a fractionation of both C and 0 isotopes.
Later Hendy (1971) further developed this theory and outlined
a laboratory method for recognizing speleothems formed as a
result of these various conditions.

*

Non-equilibrium processes were found to cause a

13

correlated change in the‘180/160 and C/lzc ratios along a

single growth layer due to simultaneous enrichment of both
heavy isotopqs. Hendy determined that 62 and 52 values of
calcite speléothems formed through evaporation would be

related in a manner such that

0]
b v -2 (5.18)
//
where Ag and Ag are the respective chan93§/iﬂ the 13C/12C and

180/160 ratios between two points alogg/a growth layer. A

kinetic loss of CO, was found to result in the deposition of\\

calcite with O and C isotopes related in a manner such that

AY

A v -4 c (5.19)

antidis and Enhalt (1970) have measured such

0

(Ac, Ag) relationships for CaCO3 deposits formed under
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laboratory conditions causing kinetic %sotope effects, Their
simulations, which may be criticized for the fast deposition
rates used, resulted in deposits which exhibited correlated

0 and C isotope dep}etion or enrichment along growth layers,
while axial profiles across growth layers showed no correla-
tion between 52 and 52. Duplessy et al, (1970, 1971) have
used this latter condition as evidence for equilibrium
deposition, Fantidis and Enhalt attributed their results

to a kinetic isotope fractionation which occurred during the

reactions

H + HCO;, — CO, + H,0 (5.20)

and

Hco; = co, + OH~ (5.21)

and the rapid loss of co, from solution.

Hendy (1971) argues convincingly that a lack of corre-
lation between 62 and 62 together with a constant value of
62 along a sinagle growth layer, are almost certain evidence
of equilibrium deposition. It is these two criteria which
have been used in this study to differentiate speleothems
formed under conditions of isotopic equilibrium from those
whose isotopic composition was kinetically fractionated during

deposition.

5 b
¥

;

-

106

Ay e

s

P g G g




e a  arE e

107

5.9.2 Evidence for Equilibrium Deposition

Evidence that modern speleothems can form under
conditions of isotopic equilibrium has been presented by
Thompson et al. (1976). Modern speleothems forming in a
cave in West Virginia were found to have a uniform oxygen
isotope™composition and exhibited a fractionation wit@i
respect to drip waters entering the cave indicative of a
temperature of deposition of 10,6+0.5°C according to the
modified O'Neil et al. (1969) "paleotemperature" equation (Eq.5-13).
This was in excellent agreement with the measured cave tem- .
perature of 10.9°C. A stalactite-stalagmite pair that were
actively growing were also found to have identical isotopic
compositions. Similar results were obtained from the modern
stalactites analyzed during the course of this study. A
tptal of 19 soda-straw stalactite/water pairs were analyzed
for the oxygen isotopic compositions. In all cases the depo-
sitional temperatures calculated from the O'Neil et al.
"paleotemperature"” equation were within 2°C of the measured -
cave temperatures.

Ancient speleothems were selected for isotopic analysis
basg@ upon a favorable morphology and the expected length,
quality, and importance of the 62 profile to be measured.

Six of the 26 speleothem specimens initially selected were
rejected because they were either tgo old for an age of

deposition to be determined or because they had been subjected
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to post-depositional radioisotope migration. An additional

3 specimens were rejected because strong enrichment of both
18O and l3C along the arowth layers analyzed was found indi-
catinag a kinetic isotope fractionation during deposition.

) Oxygen and carbon isotope ratios measured for growth
layers from the remaining 17 equilibrium specimens are listed

180/160 ratios along a single

in Appendix II. In all cases
growth layer were found to be constant within #0,2°/,, with
no correlation noted between 62 and 62. Data for 3 typical
equilibrium specimens, 71042, 73039, and 74019, are compared

with that for the 3 kinetically fractionated specimens,

-
"

71003, 72040, and 73051, in Fiqure 5-5,.

As a consequence of the temperature dependence of
Ao and the equivalence of cave seepage and meteoric precipi-
tation 68 at a single site, conditions of equilibrium deposi-
tion should result in speleothem within a sinale cave or
local are;aexhibiting similar Gg-time profiles. This is the
most convincing evidence for equilibrium deposition, since
it is most unlikeiy that two or more kinetically fractionated
speleothems would show long-term synchroniety in 62-time
profiles,

In two of the five areas studied, fortuitous sampling

resulted in overlapping 52—time profiles for two or more

specimens. Figqure 5-6 is a plot of 62 versus age for pertinent

portions of the Bermuda and Iowa records. In Bermuda

specimeng 73036 and 73039, both from the main chamber of
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FIGURE 5-5 Comparison between 6%-6% and Gg-distance

lationships alona individual growth
layexs of kinetically fractionated and

>
equilfBrfﬁﬁ speleothems.
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Crystal Cave, grew simultaneously over the period 195 to
160 Ka and exhibit sympathetic ég—time profiles. That the

two records do not agree point for point is due to a combina-

tion of analytical error in both determinations of 230Th 234U

ages and 180/160 ratios and the spacing of sample points on

/

the two specimens. For the most part, 73039 was sampled

at 0.5-1.0 cm intervals, whereas 73036 was sampled every

1-3 em. More closel§ spaced sampling would more than likely
brinag the two records into better agreement., Although not
shown in Figure 5-6, an excellent agreement among the 52
profiles o¢ Bermuda samples 73036, 75002, and 75004 was also
observed over the time perfod 114 to 108 Ka, when all three
specimens record a strong 18O enrichment, A similar agreement
in Gg—time profiles is exhibited by lowa specimens 74014,
74015, and 74019 which were collected from sites distributed
over some 500 m Qf passage in Coldwater Cave. Here, 74019
agrew continuously over the period 80 to 8 Ka. The other two
samples, which qrew over- shorter portions of that time,
exhibit almost point for point correspondence with contem-
poraneous portions of the 74019 record.

This agqreement in contemporaneous 62—time profiles
from Bermuda and Iowa speleothems observed to be equilibrium
deposits and similar concordances observed by Hendy and Wilson
(1988) for several New Zealand staiactites, certainly places
more confidence on the single, unduplicated records from San

Luis Potosi, Kentucky, and Alberta.
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Concordant oc-txme profiles and three Iowa
speleothems ~(top) and two Bermuda
speleothems (bottom). Two or more age
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5.10 Factors Influencing 62 and 68

Provided deposition occurs under conditions of

180/160

isotopic equilibrium, secular variations in the
ratios of calcite speleothems, such as those shown in

Figure 5-63 can be interpreted within a context of tempera-
ture variation only if the effects of climatic change on.

both 52 and 68 are known.

At least four climate-related effects can cause .
variations in 62 and 68 and thus influence q__,. These are:
(1) the temperature dependence of the calcite-water fraction-
ation (Epstein et al., 1951, 1953; O'Neil et al,.,, 1969),
discussed in section 5.7; (2) the effect of change in air

180/160 ratio of meteoric precipitation 4

temperature on the
(Dansgaard, 1961, 1964); (3) the effect of the growth of
continental glaciers during periods of cold climate on the

isotopic composition of the ocean reservoir, and (4) changes

in storm tracks and atmospheric and oceanic circulation.

5.10.1 The Isotopic Composition of Precipitation

The isotopic composition of meteoric precipitation is
determined by that of the source water and the conditions
under which evaporation and condensation ocsur. Dansgaard
has observed that this gvaporation—condensation cycle results

in an 1

8O depleted vapor component which Epstein (1956)
s
explained in terms of a multi-stage distillation from an

oceanic reservoir of constant isotopic composition (Epstein

/"".
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and Mayeda, 1953). In a later paper, Dansgaard (1964)
developed a model which related 180/160 ratios to the temper-
ature gradient between the tropical oceans and the point of
precipitation, Basinéﬂhis observations on data from the
International Atomic Energy Agency (IAEA) World Precipitation
Survey, he found that the isobaric cooling of water vapor at
20°C produced precipitation in the North Atlantic maritime
and Greenland polar reaions which was progressively depleted
in 180 by 0.7°/,o/°C. This figure has been widely accepted
as representative of the ﬁg—temperature dependence of meteoric
precipitation. :

This model does not, however, appear to be strictly
valid for the continental reqions of North America investigated
in this study. Calculated temperature effects for IAEA North
American stations at six interior continental sites, one

sub-tropical marine coastal site, and one temperate oceanic

_ site, together with that observed from Kentucky in this study,

are given in Table 5-3. In all cases, ég/dT is less than
0.7°/..,/°C, and in Bermuda is so small as to be negligible.
The valuqs of 0.1-0,4°/,,/°C determined for these sites are in
oxcellent agreement with the value of 0.30°/,,/°C calculated
for Chicago precipitation by Stuiver (1968), the valua of
0.28°/,./°C measured for West Virginia precipitation

(P. Thompson, 1973), and the value of 0.38°/,,/°C measurod

for Kentucky preocipitation (Fiqure 5-7). Estimates of ancient

pracipitation follow a similar pattern. Stulver (1968)

Tt SO
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TABLE 5-3 6°~temperature effect for eight North
erican IAEA precipitation sites
(Data from IAEA World Precipitation
Survey, 1969, 1970)

114

Location Latigude Lonc%&ude Ts-Tw 585- 8w 58/dT
Chicago, Ill. 41°47" 87°47' 18.5 7.3 0.39
Edmonton, Alta. 53°34" 113°31" 19.3 7.6 0.39
Fort Smith, N W.T. 60° 111°58" 23.4 4.0 0.17
Whitehorse, Yukon 60°43" 125°04" 16.9 3.1 0.18
Bermuda 32°37" 64°68" 6.9 0.06 0.01
Waco, Texas 31°62" 97°22! 13.0 1.3 0.30
Flagstaff, Ariz. 35°12° 111°39! 16.9 5.6 0.33
Veracruz, Mexicj 19°20" 96°13" 5.7 1.7 0.30

A
ra

/

Ts = average summer temperature (May=-October)

Z

= average winter temperature (November-April)

8 = averaqe 68 of summer precipitation

$

£E0%Z0

w = averaga 68 of wintor precipitation

0 0 o)
cw/d'r = (dws - GWS)/(Ts—'I‘w)

o



FIGURE 5-7

Relationship between oxygen isotopic composition
of meteoric precipitation and temperature at
Mammoth Cave National Park, Kentucky for the
period 8/72 to 9/73
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studied the oxygen and carbon isotopic compositions of molluscs
and marls from the Great Lakes region and concluded that a
small change of only 1°/,, in 63 of precipitation had occurred
despite the large temperature variations of the last 11,000
years,

Because the difference in the isotopic composition (
of precipitation from the source area to a particular site is
dependent on the temperature difference between source,K and
site, not absolute temperature, a universal value of GS/dT
is not expected for continental precipitation., Although
the magnitude of the effect is observed to vary betwecen
0.1 and 0.4°/,,/°C for the éeven continental sites, it is
important to note that GS/dT is always greater than zero.

In Bermuda an insignificant 68 temperature dependence was
observed.

In general, meteoric procipitation will be depleted

0 with increasing ground e}evation, with progrossive

distance poleward from the cquétor, and with increasing dis-
tance inland from the oceans. Winter snows will be depleted
in 184 with respect to summer rains, and the average 180/160
ratio of precipitation will have a positiye corralation with

maan annual temperature,

5.10.2 The Ice Volume Effoct

Dansgaard (1964), Dansgaard ot al, (19§é&, and Epstain

at al. (1970) have shown that polar, contine@tal glacliers aro

i
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some 30°/,., depleted in 18

0 with respect to the average ocean
water. Therefore, 68 of sea water must increase during times
of cold climate and continental glacier growth as isotopically
light water is removed from the oceans to form glacier ice.
Conversely, the oceans should become isotopically lighter
during periods of warm climate due to dilution by glacie;
maltwater,

The change in 58 of sea water resulting from the
change from glacial to interglacial conditions, can be

180/160 ratio of modern

estimated from a knowledge of the
and ancient glacier ice, the present and past extent of
qlacier_thickness and extent, and the present volume and
isotopic composition of the oceans. Emiliani (1955) made
such a calculation and arrived at a figure of 0.4°/,, for

the differenco in 68 of tho oceans between the last glacial
and present interglacial stages. Tho magnitude of this
figure has been criticized by Craig (1965) who usod current
estimates of the oxtont and isotopic composition of the
present glacial coverage to arrivé\pt a figure of 1,6°/,,.,
and by Olausson (1965) who usead difébrent theorotical reason-
ing to estimate the value to bo 1.1°/,,. ﬁoro recently,
Shackleton (1967) used the difforence in the isotopic com-
position between bonthonic and planktonic foraminifera to
proposae a value of 1.6°/,,, while Imbrie et al, (1973) used

«
multivariate statistical analysis of foraminiferal faunal

asscmblagqes and consequant ostimatos of surface ocean



température to propose a difference of 1.8°/4,. Other
estimates by Dansgaard and Tauber (1969), van Donk and
Mathieu (1969), and Duplessy et al. (1Y69) are very near
1°/00-

The corresponding temperature change at temperate
latitudes from the preéent interqlacial to that for the last
glacial maximum is cited by Emiliani (1971) to be of the -
order of 6-83C. Accepting a value for the isotopic change
for the oceans over this period of between 1.0 and 1.5°%/q.,
results in a value for the ice volume effect of the order
of 0.1 to 0.2°/,,. This value of d§0/AT must be considered
a maximum, as it ié likely that surface temperatures at
somo of the cave sites studied probably varied more than

6-8°C during the last glacial maximum,

5.10.3 Other Effects

Changes in storm tracks and changes in the atmospheric

and/or oceanic circulation pattarns could also affect the
oxygon isotopic composition of meteoric precipitation at
continental sites. At present insufficiant data exist to

prodict the effect of such changes on 68.

5.10.4 Discussion

From the foregqoing discussion it is ovident that the
: N

rolationship botween 62 of spdloothem calcite and temporature
must reprosant a balanco betweon the negative temporatura

dopandonce of a

ow and tho competing positive and negative
/
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temperature effects on continental precipitation. The
magnitude of these latter effects is likely to vary through,
both space and time. The resultant value of ddg/dT could,
therefore, at a particular site and at a specific time, be
aither positive, negative, or zero.

Hendy and Wilson (1968) proposed that the O w
temperature dependence was predominant and thus implied that
the sense of the 52 variatiofRs measured in several New Zealand
speleothems could be used as a first-order indicator of
surface taemperature change. Thompson et al. (1376) have

N

confirmed the predominance of the & o temperaturc dependence

for West Virginia speleothems based upon the similarity in
52 of modern deposits and that observed in ancient speleothems
deposited during woll-known warm periods, and the tendency
of those spoleothems to bocome enriched in 180 during cold
periods,

Duplessy ot Ql, (1969) took a contrary viewpoint
and attributed 62 variations measured for an ancient spalco-
them for the Ardeche province of France to raprosant the
effoct of tomparaturc chango on the isotopic composition of
precipitation.

Givan theo LI tcmporaturé affoct of -0,28°%°/,,/°C
and the net effact of tamporatura on pracipitation (the
precipitation effect less the ice volume offect) of +0.1 to
+0.2°/,0/°C (FPigure 5-8), it scoms likely that most spalco-

theams from continontal aroas of North Amorica will oxhibit a
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FIGURE 5-8 Schematic synthesis of the factors leading to change in

R R s

62 of spaleothem calcite with temperature. Each line shows
618

o e T il =

the change in 0 of successively procipitated calcite
aliquots due to the indicated effect aiono. The net effect
will be the sum of the partial effoctas.

It should be recognized that this is not the only possible
interpraotation of the isotope effects on speleothem calcite.
The ice-volume effect should be constant over the wdﬁd at a
given point in time and ona could use the marine benthic

i foraniniferal record to corract for this effect if thgre

ware good agreement on a chronology for that recorxrd. Alepo,

tho precipitation effoct is a function of chengea in the
equator to pola temperature gradieant and this measures the
difforence in temperature botween tha cave site and source
of precipitation. This change should be small for Bermuda
and Texas, but significant for the aiteé nearer the 31acial(

mar‘é?s.

Bacauze tho magnituda of those offocts are not well known at

presont thay wore not considered in this atudy. Rather the
fluid inclusion analyses wera uged to directly eatimate the
offect of temporature change on the oxygen isotopic compos—

ition of the speleothea célcita,
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negative Gg-temperature dependence,

5.11 Speleothem Fluid Inclusions and Paleotemperature
Determinations

Paleotemperatures can be determined for speleothems
only when the oxygen isotopic composition of both the calcite
and the parent water are known. Fortunately, most speleothems
contain liquid-filled inclusions comprising from 0,01-0,1 wt. %
of the speleothem, These inclusions are commonly submilli-
meter, isolated, elongated cavities in a subparallel alignment
oriented perpendicular to the spoleothem growth axis.

Growth layers visible on a macroscopic scale are frequently
manifestations of this alignment of fluid inclusions (Land,
pers. comm.). The fluid trapped in these inclusions is

presumably a sample of\the water from which the speleotham

was deposited., Because the fluid in the ipclusion may have

undergone a post-depositional oxygon isotop xchange with
the host calcite, the possibility exists that tho‘inclusions
ara not unaltored aamplesaof the parent wator,

Howover, unless the inclusion has leaked, the D/H
ratio of tho oriaginal water in the inclusion should be pre-
sarved because hydrogen is not present in the host calcito,
This D/H ratio can then bo used to infer the original
185,165 ratio of the inclusion water providing: (1) a
consistant, woll-~dofined rolationship beotweoen 68 and 68

of procipitation; (2) the spelcothem calcite was doposited

from socapago wator with tho same isotopic composition as
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the local precipitation, and (3) the inclusion water was an
unbiased sample of the water from which the speleothem was
deposited.

-

Vi These conditions being met, the 180/160 ratio of

<

the parent water could be determined from an analysis of the
D/H ratio of the fluid inclusion. This, together with the™,
180/160 ratio of the speleothem calcite would permit calcula-
tion of Go 2nd thus a temperature of deposition. From

determination of several 6%1—52 pairs for a single spoecimen,

dég/dT can be determined for a specific time interval and

P S

thus rolative temperature variation assigned to that

BN particular 62 profile, .
N 5.11.1 The 6°-5° Relationshi
e W P

Craig (1961) and Dansgaard (1964) have shown that the
oxygen and hydrogon 1isotopic composition of meteoric precipi-
tation are relatod in a manner best deacribed by the

relationship

0

D
Gw = 86w + 10 (5.22)

which Dansgaard (1964) demonstrated could be explained in
torms of a singlo-stage, Rayloigh distillation process at
congstant tomperature. Kinotic effacts can altor both the
slopo and intercept of Equation 5.22§’such processes gcn;rally
affocting the 180/160 ratio more thaﬁ the D/H ratio. This

raolationship has also beon shown to ba valid for glacial ice

‘:"w
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FIGURE 5-9 , D/H and 180/160 relationships for eight North

American sitas. Tho data points shown are mean
valuos for data from this study,. that of

P. Thompson (1973), and the IAEA world
procipitation survey for 1962-1965 (IAEA, 1969,
1970) - k4 '
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FIGURE 5-10

D/H and 180/160 rolationahip for cavae seopaqe
and aprina waters in study arcas. S$Soasona
data from the Mammoth Cave National Park,
Kontucky site arac shown in the insert,
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daposited on the Greenland and Antarctic ice caps throughout
tho late Pleistoceno (Dansgaard et al,, 1969; Epsatoin et al.,
1970; Johnson ot al., 1972). Therofore, Equation 5,22 can

be prosu:%d to also have been valid in non-glaciated conti-

nontal artas during that poriod.

. 0_.D
5.11.2 Tho ¢ -§  Rolationship for Cave Scopage Wators
18

Because tho 0/160 ratlos of fluid incluaions were not
measured directly, it was nocessary to onsure that the
63—68 ralationship for cave scopagao wators was that described
by Equation 5,22, Isotopic fractionation in tho soil zono .
due to ovaporation or soll zone or bedrock' minoral-wator
isotope axchanga could causo modification of this rolation-
ship and result in incorrect paiaotamporaturc calculations,
D/H and 180/160 ratios woro daetormined for metooric
procipitation, cave drip wators, and ground water discharge
in the sovon areas studied, Theso data, togethor with the
Wast Virginla cave drip watar data of P, Thompson (1973),
and tha procipitation data for the study arcas givan by the
IAEA World Procipitation Survey for 1962-1965, are shown
in Picures 5-9 and 5-10,
Tha praoipitation data clustor about a line defined

by the relationship

a0 w g as®
e B.46w + 1.1 . (5.?3)

PN >

A
wharaaa the ocave socaopage and spring watar data are bont
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described by the relationship

D 0
sg = 8.18)

W + 10.3 . (5.24)

Daviations of individual points or qroups of data from the

D-GO rolationship moat probably reflact soasonal biases

6‘0)\\1

arisina from limited sampling ovor a short poriod of time,
This point will be discussed in dotail in the following

saction,

5.,11.3 Seagsonal Effocta

pansqaard (1964) has observed that continontal proaci-
s

pitation exhibits seasonal offecté such that the alope of
Equation 5,22 is groater for wintor snows than for summor
raina. The Iowa, Wost Virginia, and Kentucky data in\

D o} \
ralationship toward lightor 63 valuoa, aro all wintor samples,

Fiquros 5-9 and 5«10, which fall off tho §

A portion of tha soagonal data collected for the Mammoth
cave National Park, Kentucky araa, from 8/72 to 9/73 are
shown in tho inagert in Figure 5-10, Thase data ropreoaont
an oven scasonal distribution and fall vory close to tha
68 L 868 + 10 line, Zanpt for tho five winter cavo drip‘
aamplos, N

Tha Bermuda procipitation and cave drip wator
-aamplea both lie off tho 63;68 rolationahip toward hoavioer
68 values along a lino of lowor ulopa.ﬁ Danagaard (1964)
haa shown that this offoet is tha result of a singlo-gtago

condongation of yapor formed from tho rapid avaporation of
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gsoa wator at approximately 20°C. Procipitation data compiled
for Bormuda from 1962-1965 (IAEA, 1969, 1970) indicate that

the exprosaion

Ly

$ = 6,058 + 4.2 (3.25)

boat describes that situation. Thus, Equation 5,25 was usod
instoad of Equation 5,22 to ostimate §8 of fluid inclusion
watera in the Bormuda spoloothems studied.

Thompaon et al. (1975) have also obsorved that pro-
cipitation and cave drip wators in West Virginia are subject
to scasonal variations and, furthermoreo, that modern speleoo-

N
180/160 ratios compatible with

thoms aro forﬁing with
deposition from summor (May-Octobor) drip waters., Thoir
conclusiond wore based upon a comparison of windar and
summor wators collected ovor a vary short time intarval,
' A further study of possibla soasonal offects was

made in six of the study arcaa. Summor and wintor drip
wators and precipitation wero collacted and 180/160'ratios
| canpared with those for aoctively growing soda-atraw atalac-
titos in Alborta, Kentucky, Bermuda, Igwa, and Toxas. Thase
data are compared with tho data of Thompson ot al, (1976)
and other Wost Virginia data colleocted an‘part of this study
in Table 5-4, In only throo of thao arocas, Kentucky, Wost
Virginia, and Bofmuda wore tha data sufficiont to pgim{t a

full comparison botween wintor and summor wators.

In Kantucky tha avorage valuos of gummar and wintor
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pracipitation diffor by 2°/,,, a aignificant soasonal effect.
éavo drip waters, howover, oxhibit only a 0.30°/,, soasonal
difforonce. Tho yQﬂﬁiy averagos of precipitation and cave
drip wator, respocti;ely, diffor. by legs than 0.,10°/,,,
although precipitation is subject to much more seasonal

variation than drip waters, The 68

value calcd?zted for the
drip water in equilibrium with modeorn calcite forming in the
cavos today diffors by 0,25°/,, from the mean annual drip
wator, and lies woll within one standard doviation of the
maan value of eithor seopage water or precipitation,

Weat Virginia procipitation oxhibits a much stiongor

soagonal offect: wintor 130/l6

0 ratlios are soma 5°/.,
lightor than summor values., Cave drip wators show a blas
toward summor procipitation, but have wintor and summeor
means which ditfgr by less than 0,10°/,,. As in Kentucky,
wintor drip watars show considerably moxo variation than
summor watera. Haro tho average yearly procipitation dooﬁ,
howevor, diffor gignificantly from the yearly average cave
drip watar, Tho 68 drip wator that would be in aquilibrium
with modorn aspolcothema is 0.50°/,, lightor than the obaorved
yoarly avarago of elthor of tho goaasonal moana, but again
differs from thosc moana by loqa than ono atandard deviation,
‘ Tho aituation in Bormuda ia somewhat differant than
that in the two continental localitics just described, in
that tha climate ia rather constant throughout tho yoar

(Mackay, 1987). This acsounts for tho noarly identiocal

o A i oS 0074

PR
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180/160 ratios of wintor and summor procipitation. A gomo-

what largeor soasonal variation is obasorved for cave drip
wators than for rains (0,35°/,o v8. 0.05°/,,). This may

be in part an artifact due to difforont slze samplo popu-
lationa and may be in part due to the-fact that potential
ovapotrangpiration is some 50% greater in summer than winter
(Mackey, 1957), causina summor drip waters to be élightly
fractionated with respect to wintor waters, This probably

explains tho slight 18

0 enrichment of €he yearly average

cave drip wator with respect to yearly average pracipitation,
As is tho case in the two preocoding sitas, tho calculated
cquilibrium drip water is glightly heavier than the measured
moan annual drip water, but within the l¢ limits of both
soasonal means, )

Tha Alborta data prosont a vory similar picturoe whon
account is takon for tho faot that avorage annual preoipi-
tation is strongly biasod toward wintor procipitation
(Danaqaard, 1964), Tho moan scasonal drip watar is noarly
2°/,, hoavier than tho moan procipitation, bdcause a majority
of tho potontial ground wator recharge ls dorivod from anow-
molt and glacior meltwator. ULittle scasonal variation is
obsorved in tho cave acopage wators and the calculatod 63
for oquilibrium drip wators igs in oxcollent agreocemant with
tha obsorved valuoa of tho yoarly avorage drip wator.

In Toxas aummor prdoipitatioﬁ is slightly onriched in

18o with rospaot to wintor prooipitation, with tho moan

S a0
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summor drip wator biasod as oxpected toward summor procipita-
tion. The calculated equilibrium 68 value for cave scopago
wator is identical with that measured for summor drip waters.
In Iowa only wintor waters worae aamplod and thus no
geasonal comparisons are pousible. It is interesting to
noto, howover, that in Iowa the 68 value for tho drip water
in equilibrium with modern speleothem calcito la oxactly
that moasured for tho wintor drip watorﬂ.
' Two qonoral tronds aroe ovident from the data in
Table 5-4, Cave drip wators aro, with tho oxcaption of tha
Alborta data, slightly biasoed toward summer procipitation,
The drip waters thomsolves, howovor, show an insignifiocant
soasonal variation and the moan annual drip waters are in
oquilibrium with tho spoleothem calcite prooipitating from

them,

5.11.,4 Short-Torm Effocts

To assoss tho magnitude and importance of short-torm
variations in 68, soapaga watars at a single aito in Groeat
Onyx Cavo, Mammoth Cavo National Park, Kentuoky and meteoric
pracipitation at the surface site abave the cave, were
periodically sampled from PFebruary to November 1973, The
cave sito was chosen becauso it was tho shalloweat of tho
cavas sampled in this study, and ‘'wags in an aroa whore an
imparmeable caprock had beon removed by orosion,.

Pracipitation in tho raogion is obasocrved to bo fairly

D
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evonly distributed throughéut the year (Fallox, 1969Y). May
through Seoptember, the period when the majority of the

aamples wore coll d, haa many thunderstorms. During this

-
N ~

time both tho amount and disﬁ;ibution of procipitation is
highly variable, Heoss (1974) calculated that tho coofticient
of variation for rainfall during the summer thundorstorm
poriod was more than 40%,

Tho analytical data are givén in Table 5-5 and shown
in Piqure 5-11 for the two sites from February to July 1973,
The July to November data aro too widaly spaced to pormit
a dotailed comparison, Tho procipitation rocord is that
measured by Hass (1975), Procipitation l‘80/]'60 ratioa for
tho five month poeriod are obgorved to vary ovor a wido
rango, =14,16 to =1.,01°/q0 (X = -6.61°/44, CV = 54.9), aa
comparediwith tho scopage wators which show a much ama%&or
variation, =7.78 to -4.50°/,, (x = =5,94°/,,, CV = 13,8),
Tho mean value for the seopague wators is the same as that
observed for tho other Kentucky sitas sampled (aca Table 5-6),
Although motecoric preqibitation oxhibits a much laréar
ccofficiant of variation (CV = 100 x/0) than doas tho saapage
wator, the waightod moan lion within 0,5°/,, of the moan
poopago wator and is woll within the 10 limits., “This damping
of proolipitation oxtromea is duo both to mixing in the
hydrologio asyatem above tho cave, and the fact that the
gtorms whioh have tho moat axtromo 180/160 ratios ara gonerally

not the moat intonse., Storm evontsg of asufficiont duration or

A n et gyt S

oy Hiarbian P

o

-~

¥
o P LAy T 546, IO 305y (RN O

o

Raareadiid

Ay



- PR

e

2e e,

. 3 A
» > . O SN

$ o Tren

© o e p———— sy g AT WSS e s

e

b -~ b .‘\ v _ i]..\s....& - e e e e T S S R it i AN L P S 1 L LT
4 ,/
o~y N\
—t
L
(YLET) SSOF TOIJs .
e I Ly°c t1 A1 AD
€V 57 pojubrem z ze'e o
$9¢ 1G¢ AD - rd 2o ¥6-6- X
~ €z £9°¢ c - I8° - £2/8/9 vOTH™,
_ _ - a_ - ot * G- €L/L/92 toIn
14 99 = - 18°s-  €L/L/ET zoim
6°TT - 9Z°Z- eL/L/s L60R - 16° 6~ €L/L/9 ToT™
8°6S - 86°€- £L/L/22 960M - iL° G- €L/L/st 131
9°¢€T - Z6°6-  EL/L/ST s6oMm - zZ6"s<~  €L/L/01 6662
0°9¢ - €9°9- €L/9/L2 vEQH - ceE "S- £€L/9/92 t0In
6°2C - 89°Z- £L/9/% y80% - ¥9°9- €L/9/1T oLCS
£y - £9°8- £L/S/0¢ £30m - £E1° 9~ £€L/39/S €90%
vy 8z~ YL~ €1/c/s2 zZeom 9¢ - s1°9- |, €L/c/82 2963
€01 - EE"¥- EL/v/¢ce 1802 - z0°¢- €L/c/6 £30%
G €T - GL E-  E€L/v/ET c80Y . 9z-" 0S°¥- €L/s/1 99¢M
L°G - 69°71~ £L/%/6 6LG% - €8 L- £L/%/9C c9c™
0°6 - 9T "Y1~ cEL/%/82 SL0M - 6T° 9 €L/%/61 ¥90m
6°%T 8y- Le (- EL/5/% LLEOM vE- Ly G- €EL/5/2 £90%
Z°0 - 9¢ " [L- £L/E/%2 L0 - oYy G~ sL/¥/E z90%
g8°¢T 69- 69°01- £L/g/61 SLOM r4d % ¥0° 9 teL/e/62 19¢e=
£°€1 A 10°1- €L/E/1T YL0M™ rd c9° 9~ sL/E/61 096
€ 97 gy- 8¥° L~ €L/E/L £L08 9y~ ZET L~ €EL/E/TY 6Sex
Z°s - 9y 8- €EL/e/2 ZLom 6E- Z29°9- gL/c/8 25¢x
) L MOIIYIIdIDOTEd DTEG3LTn SHAIYM TOUSTIS ZAYD
(=) (MO%S °°/,) .4 (2CTHS °°/)
sITEe3UuTRX - ” Jjep \ IacE=nu » F 3 ajep Iany
Junozy a¥ o? uoI3daTTos a1d=es a? o? YOT3ISIT (0D atré==g
£L61 Ainp-yoaew poOTIad a9yl 103 ‘Axonjuay ‘xIed TPUOTIBR 3JAPD YIOSLRK OT
s1o3em abedaas aaed pur worTieltdicaid OTI093TE JO TOTIITSOL=oO o1doj08Y c—-¢ FIGYL




T

N

FIGURE 8«11 Compariaon of the oxygen iaotopic composition
of metooric procipitation and cava soepage
watar in Groat Unyx Cave, Mammoth Cave
National Payk, Kontuck{ from February to
Auguat 1973, The procipitation data is from
Heas (1974)
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intonsity and oxtreme igotopic composition are diroctly
obgsorvable in tho cavé socopago watar record, ‘Tha time lag
batwaen thoso atorms .and the corrosponding shift in 68

of tho cava soopago wator indicatos a ground wator rosidonce
timo of ono to two woeks, with a slightly shortor racovery
timo. The duration of thogse storm cvonts ia thus insufficlent
to havo any offoct on tho isotopic compoaition of spaleothem
calelito,

$.11.9 The Relationship Botwecen Seopage wators
. palaothicm Flu nelusiona o

It spoloothem fluid inclusion watara are unblased o

ganploa of the scopago wator from which tho spolcothom was

180/16

formed, tho 0 ratio of such watorsa in modorn spolco-

thema should bo tho samo as that for prosont sogpago wators
in tho gava, Thompaon ot ai. (1976) hava detnrminodbch
valuos forx four médﬁ:n apalecothens from Wast Virginia. Tho
- avorageo cgi valuo measured was -3.88°/,,, in axcollent -
agrocment with the yoarly avaexage %Ftp watox 63 valuo of
“9,67%/,, (Tabla 8=4),. , ‘
5.11.6 Diacuaanien T
From tho praccding diacusaieon ‘it is acon that tho

four atipulatod conditions fox tlutd;inaluaien palootompora=
ture analyaia havo boon catisficd. It was domenstrated that
ava noogaqa'waEQha hava tha aam§ b/t ratio and lB@/lse
vatios aas lecal motég:&c praoipitation and that 63 was

\"‘ v ‘ »
L
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rolated to 68 in the mannor proacribod for metooxic wators,
Spoloothem f£luid inclusion wators are soon to‘bo unbiased
sampleos of tha yearly avoraqe cave seopage wator, and modorn
spoloothoma aroe obgserved to havo 62 valuoo compatiblo with
oquilibrium deposition from the averagod annual drip water
at a particular,aito. This indicatos that ghort-torm and
sqoasonal variations in 68 have little, if any, influence on

Fluid inclusions in magrocrystalline, caloite spalao-
thoma aro ontrapped in auch a mannar that proeoludoa post-
dopoaitional loakagoe or oxchange with modexrn drip wators,

It would aldo bo dosirable to onsuxe that the fluid
inclusion wator in modern speloothoms 48 of tho samo isotople
compogition aa that of the avaraga a?ip wataor, §poloothem -
growth ratoa (scotion 4,11) aro commonly 10-100 cm3/103
ycara and ehuﬁ the roquired 1-5 gm of tho outaxr surfacoe of
a spoloothom would roproacnt at loast a faw 6entu:icg of
growth, Conaidaerable variations in 63 may have ceeuxreé
'durtng-thla poriod of timo. |

Thua, provided that fluid inelusiona ard pnly‘éakon
from dpe;éoehema ghown to bo cqutltbrium dopoaita, tha
" agounption (that no iaoteople fractionation ot_tho pafﬁnt_'
acapaiyo has oecurred prior to ontrapmont io §rebably valda.

L~
. - 4/
-
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CHAPLER 6

18

4”7 PROFILES, PALEOTEMPLRATURLS, AND THE SPELUQTHLM

PALEOCLIMATE RECORD

6.1 Introduction (

Oxygon igotopo and 430y, 4234y chronologde ‘data wera
obtained for 1Y calciéq spolaothoma, 16 of whicﬁ woro.founé to
bo equilibrium dopoaité. Fluid inclusion paleotemparaturos
have beon catimated for 27 uamploé from 6 of theaa aﬁecimana.
The stable iaoéapo and palootomporature data have Boan combinod

wiéh tha chronologic data to construct palcoclimato profilas.

Timo @calaa for cach individual record ware dorived from two

230Th/234

or more U ago dotorminations por apecimen, one at

tha top, ona at tha base, and whore pogssiblo at a numbor of

equally spacad into:mcdiatn'pointu. Congtant, linoar growth

ratoa (incraaee in holqht par unit timo) were assumed botwoan
the dntoa heriaen&ﬂ i

4

N
o

Oxygon isotopa-adgo prefilcn hava boan aenatzuebcd for
16 apalaathoma from § of thu North Amar&caﬂ a&toa: (1) Tha
ale:ra do Bl Abra rogien, San Luia Patea& Masico} (a)
Hamxlhen Daxrdsh, narmuﬁa; (N Mammqth Cava Naexanal Paxk,

- KRobtucky, 0 8udat (4) no:hhcaau winnoaheik county, tawa.

u.8. A¢. and (3) Dangt Nahtanax Park, Albu:ea; eauaaa.
\

-
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It has boon shown proviously that tha 16 gpoleotham
spoolmons woro dopositod undor conditions of ilsotopio cquili-
brium, DBoecause cave tomporatures roflect mean annual surfade
alr tomporature abovo tho cave (Wigley, 1976) and tho tompor-
aturo depondence of tho caloite~wator fractionation ia the
factor most strongly influencing the lsotoplc composition of
spaloothem caloito, cg variations provide an ocptimato of
aurfaco olimate history at a qiven sito,

The 16 oxygon isotope profiles thus record climate
variation over continontal North Aharica and Bermuda for tho
paat 200,000 yoears. Tha Bormuda rocord is moat conmplote in
that tho 7 apolcothaomd samplod proﬁido a rogord ovor 83% of
that intorval. Rocords from the continontal aitea are. frag-
montal with individual apacimens covoring from 2-30% of tha
past 200,000 yoars, but with ag!f&uinne ovarlap tﬁat any
particulary timo aogﬁent ia éovcxcd by rocoxda £rom two to
fiva difforont spoloothoma,

\

6.2.1 Tho Alborta Rogord

Two Gg-tima profilaas wore obtained from Caatloguard
Cava, bBanff National Park, Albarca; Daagripticna of thosa
apocimona, 73009 and 73010, aro givon in Tabla 32 and
_ analytical data aro péaaqnecd in giquxa G-, i

8pocdman 73010, a portien of a large, partially aroded
t&ewaténo.maaa; was dopoaited i:@m'lssqgs Ka. It rogords -

an‘osﬁanéca eeld optoeéo'szaﬁ l35-1G§‘&a. intorpuptad by
I’/,’ l °

. /
[

/
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FIGURE 6=1

Oxygon and carbon isotopic variations along
_ tho aqrowth axes of Alborta aspeloothom
apocimons 73009 and 73010, 3%y ago
detorminationa for tho shadod growth banda
indicato tho timo control for oach spocimon,

~—



73010

6'3¢
J «2 = 0 |
| ] 1 ||
)
i8¢
[y e
<20 I <« ~T -1
680
6%
3 B < -0 |
- I {
. L i . i
<20 «I9 <18 -~I7 -«I@

ot :

140




141

ghort-1livod poriocds of warmor oclimate at 143 and 122 Ka,
Following the moat intensc portion of tho 112 Ka cold event,
a major warm pariod is rocorded at 104 Ka., It, in turn, was
followed by a cooling trond up to 9§ Ka,

Spocdimen 73009 iy a small gtalagmito whioh grow from
about 3-1 Ka and records a minor cooling event ovor that

poriod.

,0.2.2 Tho lowa Racord

Fiva apalcothoms wore analyzed from Coldwator Cave,
Winnesheik County, Iowa and proviég a detailaed palecoolimato
rocord oveyr tho‘pariad 79«8 Ka. Samplo dasariptiong are
given in Table 3-2 and tho analytical data aro shown in
Fiauro 6-2,

8talagmito 74019 qrow continuously from 80-8 Ka,
whilae tho other four spacimons ¢graw over lessor portions of
that intorval. Daopoaition of 74019 bogan at 80 Ka on a
‘eooling trond which roachod a maximum at 68 Ka. Thf? ovant

"waa followed by a majoxr warm poried at 60 Ka, during which
time caleito liahtor than that forminag in tho cave at presant
' was daposited, Tha poried 60-12 Ka 43 a major cold d¢pisodo
intorrupted at 40, 20, 23 and 14 Ka by porioda of mildor
elimato, .Spéqim@n.?AOLS avorlaps tho 74019 rocord from

34+20 Ka. Growth of 74019 culminatos on a cooling trond at

7 Ka, aftor racording a socond major warm avant at 10 Ka,
‘which da alué obaorvad in the ovorlapping racords of 74014
and ‘74016 which grow avar tho rnaaoaﬁ&\m baﬂcda 22«4 Ka and



FIGURE 6-2

\

Oxygan and carbon igotopic variations along
the growth axce of Iawa dpaleothem apoodmans
74014, 74018, 74016, anad 74019, 3% 2%y
aga datarminations for the shaded qrowth
layora indicate the time control for oaoW
apocimon.
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9.6 Ka., Tho Iowa palooalimato rocord onda on a cooling trond
from 9= Ka. Although actively growing specimona were
colieotod, no isotopa rocord has yot baen obtained fxom thosa

samplos, N

6,2,3 The Kentucky Recard . s

The Kontuoky spolcothom record was obtained from a
stalagmite from Great Onyx Cavo, Mammoth Cave National Park,
Kontucky., Dogoription of tho spooimen L& given in Table 3-2
and analytical data are ahown in Pigure 6-3.

Tho aspacimon, the middlo soction of a larger, unrecovered
stalagmito, grow continuously ovor tho poriod 200-90 Ka, \
Warm olimato acndlt;Zha aro rooorded from 195-«163 Ka, followod
by a major cold ovent at 163 Ka., A period of intormodiate
climate followod from 160-123 Ka. Major warm ovente ocour at
125 and 108 Ka, aach followod by cold poricds approximately
10,000 yoars 4n duration. ©Tho 1038 Ka event rocords tho
warmest olimato “in Kcneucky‘during the poriod 200~100 Ka,

6.2.4 who"uoymuda Rocord

govon paleoociimate racordes waro obtained from bormuda.
The racord providaa by thoga apaloothems covars a majority
of tho paat 200,000 yoars and &e'tho mogt complate rocord
cbéatned from the  fiva ardaa invogtiqatod. Oamplo doaarip-
tions aro aivon in Tablo 3«2 and analytical data ard shown
in Plgurao 6-4, .

“Damplos 73036 and 73039 both eommongod growth at 198 Ka,

h



FIQURE 6-3

%

.Oxygon and carbon isotopia variations alonag

tho arowth axis of Kantuoky spuloothem 72041,
230Th/234u ago dotorminations for the shadoed
arowth layore indicato tho timo control for
thig spacimon,
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FIGURE 6-4

Oxygen and carbon variations along the growth
axes of Bermuda speleothems 73018, 73036, 73039,
75001, 75002, 75003, and 75004. 2307n/234%y

age determinations for the shaded growth layers

indicate the time control for each specimen,.

-
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the former growing continuously until about 160 Ka, and the
latter until 150 Ka. Deposition of these two samples began
during a time of warm climate with 62 values comparable to
that of modern speleothems in Bermuda, although the lowered
sea level which permitted the speleothems to grow suggest a
slightly cooler global climate. A cooling trend is recorded
at 190 Ka leading into a major warm event at 185 Ka, at whiéh
time a(very 18o-depleted calcite was deposited. The period
180-165 Ka is marked by cooler, more stable conditions which
preceded a major cold event at 160 Ka. A 12,000 year period
of mild conditions similar to those from 180-165 Ka follows
ending on a strong warming trend at 150 ga. 0
A gap of some 15,000 years follows for which time no
record has been obtained. Growth of specimen 75004 commenced
at 128 Ka and was continuous through to 100 Ka. The rapid
growth rate of 75004 (10-50 cm3/103 yr) has resulted in this
record being the most detailed of the seven Bermuda 62
profiles. Deposition of this specimen began on a warming
trend which reacthed a maximum at about 125 Ka. Following
this short-lived warm period, a major cold period occurred
fzom\{go—llo Ka, the maximum intensity recorded at about
112 Ka by deposition of the most 18, enriched calcite of
the past 200,000 years. This intense cold period is followed
only 3,000 years later by a major warm event from 107-104 Ka

during which time calcite some 3°/,, lighter than during

the preceding cold event was deposited. Three speleothems,

Q '
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the overgrowth on 73036, 75002, and 75004 all record the cold
event between 115 and 110 Ka, and two of these three, 75002
and 75004, also record the warm period which followed.

A period of intermediate, oscillatory climate similar
to that observed 180-165 Ka commences at 97 Ka and continues
until 50 Ka. The initial cool and succeeding warm events are
recorded by overlapping initial portions of the 73023 profile
and the terminal segments of the 75002 and 75004 records.

The remainder of this generally cool period is recorded by
flowstone specimen 73023, The'qrowth rate of this specimen
was so slow that only ; very generalized record with no fine
structure was obtained. Warmer periods within the cool
period, from 97-50 Ka, are recorded at 82 and 70 Ka, with a
more intense warm event at 60 Ka. This latter event equals
that observed in the 75004 record at 120 Ka.

A second gap in the Bermuda record occurs from 50-40 Ka,
when deposition of 75001 commenced. Specimens 75001 and 75003
indicate very cold conditions over the period 40-17 Ka,
similar in intensity to that observed in specimens 73036 and

73039 at 160 Ka. This major cold period was interrupted by

milder conditions at 39 and 24 Ka. No record for the past

17,000 years was obtained for Bermuda.

)

6.2.5 The San Luis Potosi Record

Oxygen isotope profiles were obtained from two

stalagmites from the Sierra de El Abra, San Luis Potosi,
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Mexico. Specimen 71019 was deposited over the period 24-17 Ka

and 71042 from 108-50 Ka. Descriptions of these samples are

given in Table 3-2 and analytical data are shown in Figure 6-5.
At this site an apparently positive vafLe for dag/dT

of 9.05°/°° was determined from four fluid inclusion measure-

mékts from sample 71042 (section 6.3). This figure/may be

180-enrichment of

valid and thus indicate that in this case
speleothem calcite is associated with warm climate conditions.
It should be noted, however, that surface evaporation rates

in this region are hiéh (Table 3-1)., Potential eVapétrans—
piration greatly exceeds precipitation and sqils are thin over
the caves investigated. This could result in an isotopic
fractionation, and thus cave seepage waters would not be
representative samples of local meteoric precipitafion. This
would in turn invalidate the assumption éhat speleothem fluid

180/160 ratios,

inclusion D/H ratios can be used to infer
and the result wéuld be erroneous temperature determinations.
Because the fluid inclusion daEa from the six other
specimens analyzed in this study and that of Thompson et al.
(1976) have given negative ddg/dT values, and the small

number of analyses from which the anomolous figure is based,

_ the 62 data for this site have been interpreted as if ddg/dT

were negative. The agreement observed between the two San
Luis Potosi 62 records and contemporaneous 62 from the other

areas investigated strongly suggests that this assumption is

valid.

e S S, LR g AT A L E B S st

B I T PV NP

S P RS ] B



T et

L M R

FIGURE 6-5

Oxyagen and carbon variations alona the growth ]
axes of San Luls Potosi speleothems 71019 and
71042, 230Th/234U age determinations for the
shaded growth bands indicate the time control
for each specimen.
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Specimen 71019 is the middle section of a larger
stalaqmiteawhich was not recovered. It records a warm period
from 24-20 Ka between two colder periods. Stalagmite 71042
began growing during the latter stages of a major warm period

from 108-100 Ka. From 100-82 Ka a period of general colder

e
climate occurs with several minor warm-cold fluctuations.

A warming trend begins at 82 Ka reaching a peak at 78 Ka,

well below that of the 108 Ka event., Cold conditions are
again recorded over the period 74-62 Ka. The cold minima

at 65 Ka is followed by a second major warming trend at 61 Ka.
This warm period lasts some 6 Ka reaching a maximum at 59 Ka.
Following a rapid cooling trend at 57 Ka cold climate
conditions again prevail from 57-50 Ka, at which time deposi-

tion of 71042 ceased.

6.2.6 Time and Temperature Resolutian

The precision with which ages can be determined for
individual speleothems is dependent on their U concentration

and the a-particle counting statistics. If 50 ugq or more U

is extracted from a sample, lo estimates for age determinations

-

derived from the a-particle counts obtained agree well with
the variation in isotope activity ratios obtained from
replicate analyses (Table 4-1). As shown in Fiqure 6-6, lg
counting errors increase with age,

In absolute termé, the precision of the speleothem

230 234

Th/ U time scales presented here is equivalent to that

Nt ety e e D e -

»

S e e sl st

’“”“m—

. «
Yo mEon v, v

N
P PR OO



151

230 231 230

Th/ Pa dated deep-sea cores on 234

claimed for Th/ U

‘dated corals,

-

The potential resolution of the speleothem isotopic
record is, however, much better than that possible for the
deep-sea sediment records which are homogenized by bioturba-
tion to depths equivalent to 2,000 to 5,000 years (Imbrie and
Kipp, 1971). Speleothem growth rates are observed to range
from 10-400 cm3/1000 years, and thus 1-2 mg samples of
calcite could be removed from individual growth layers repre-
senting only a few years of growth, Because cave temperaturg
approximate the mean annual surface temperature above the
cave and respond to climate fluctuations with ; lag time of
no more than a few years (Wigley, 1975), and because no post-
depositional isotope exchange or mixing occurs in speleothems,
resolution of very short-lived climate events is possible.

The correct time placement of 62 data points between
dated horizons depends on the validity of the assumption of
constant growth rates between dated points. It has previously

been shown in section 4.11 that speleothem growth rates can

‘be highly variable. Erratic changes in the rate of acecumu-

lation could significantly disturb the time placement of the
individual data points. The error in age assiqgnment resulting
from growth rate variations should be no more than 2,000 years,
if age determinations are spaced at intervals of 25,000 years
or less, as is the case for the Iowa, Bermuda, and San Luis

Potosi records in Figure 6-6.
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6.2.7 The Speleothem North American Paleoclimate
Record

The 62 profiles for the various speleothems from the
five regions studied have been combined to derive a single
generalized Gg—time curve for each region. The resultant
curves, together with that for West Virginia of Thompson et
al. (1974, 1976), are shown in Fiqure 6-6. Interpreting
lighter 62 values to indicate warmer climate conditions, and
considering the six curves collectively rather than placing
emphasis on any single record, prominent periods of thermal
maxima and minima throughout North America are obvious from’
Figure 6-6., Differences in the exact placement of contem-
poraneous events are due both to statistical errors in the
age determinations and the differential response of the six
areas to major climate changes. To facilitate comparison of
the six records, the major periods of 180-enrichment are
correlated by solid vertiqgﬂ lines. The age uncertainty of
10,000 years for the older portions of the records is
comparable to the spacing between successive minima: conse-
quently it is possible that the records are miscorrelated by
one peak past 150 Ka, With the sampling density used in
this study, the "wave forms" of the six climate records are
not sufficiently distinctive to permit recognition of common
climatic "signals" without also using absolute age determina-
tions to confirm the correlation. 2

i

Although the major climatic events obseryed in the six
\
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FIGURE 6-6

>~

Variations in the 180/160 ratio of calcite
speleothems from six areas of North America
over the past 200,000 years, The curves were
visually fitted to data points uniformly

distributed throughout the measured intervals.

230Th 234

/ U age
control for each composite record.

Vertical arrows indicate
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records shown in Fiqure 6-6 can in most instances be inter-
correlated, the precise wave form is highly variablé’from
one record to another for a number of reasons., The number

and magnitude of the events recorded can vary from one region
L

to another because they represent surface temperature fluctua-

tions. 5uch fluctuations can result from local or regional
climatic disturbances, in particular advances and retreats of
individual glacier lobes. Such effects will certainiy be
prpnounced in the isotopic record of areas adjacent to the
aglaclier fronts, e.a. Iowa; less distinct in more distant
areas, e.q. Kentucky; and probably not at all apparent in
far distant areas, for example Bermuda and Mexico. The
relative influences of chanaes in 68 and Oy OB the 180/160
ratio of speleothem calcite can also vary in both space and
time. .

Prominent periods of thermal maxima are observed from
195-185 Ka, 180-165 Ka, 110-100 Ka, and at 60 and 8 Ka. The

distinct warm event at 105%#5 Ka is recorded in all five of

the records which cover that period of time, and, in four

of these five records, it is the most intense event recorded.

Less intense short-lived warm episodes are observed at 145,
125, 80, 35, 22, and 12 Ka.

Major periods of thermal minima occur from 165-110 Ka,
100-65 Ka, and 55-10 Ka. These events are in general two
to three times the duration of the intervening periods of

3
thermal maxima, Distinct, more intense minima are observed
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2

at 165, 115, 70, 40, 30, 20, and 10 Ka,

Long-term secular trends in the speleothem paleoclimate
record, if present, are difficult to discern because of the
short 200,000 year time span covered. There do, however,
appear to be some consistent patterns. The end of the penulti-
mate glaciation is marked by a rapid warming into the last
interglacial period, followed by a more gradual overall
deterioration of climate leading into the beginning of the
last qlaciaéion. However, neither the onset of the preceding
glacial period nor the end of the last glaciation display *
this pattern. Short-lived warm and cold episodes are
reqularly spaced at about lOTOOO year intervals within both
major cold periods.  Their wave form is symmetric, temperature
rise and fall occurring at about the same rate.

The cumulative impression of the six curves is that
during the pést 200,000 years North America has experienced
three major warm episodes separated by two longer cold
periods. These warm/cold pairs occur on approximately
100,000 year cycles, with the cold episodes two to three
times the duration of the warm periods. Presumably the cold
periods represent the classical glacial stages recognized
}n the geologic record of continental North America, and the
warm periods the interglacials. Minor warm and cold fluctua-
tions within the major events thus would be indicative of

individual glacial stades and interstadials.
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6.2.8 Fluid Inclusion Paleotemperatures

As pointed out in section 5.10, variations in 62 due
to climate change represent the net balance between the

temperature dependence of « the "glacier effect" on 68

cw'’

of the oceans, and the effect of temperature on 58 of

meteoric precipitation. That is to say, ,‘
Q (@) L. .
0 aacw adwocean aéwpreCLpltatlon
ds?) = (——)dT + (—————)4dT + ( )dT  (6.1)
¢ daT aT dT

As the relative magnitude of these effects is likely to vary
in both space and time, 62 variations can only be used as an
indicator of relative temperature change when it can be shown
that dég/dT is significantly different from zero and when its
sign, if not its magnitude, are known.

D/H ratios were determined for 27 fluid inclusion

18

waters together with O/l§0 ratios for their host calcites.

These data are given in Appendix V. The measured calcite

1

and the calculated fluid inclusion 80/160 ratios from the

three sites sampled have been plotted versus the computed
paleotemperature in Figure 6-7. Linear reqression relation-
ships of 62 and égi as a function of temperature are given
in Table 6-1.

With the exception of the Mexico specimen 71042,
speleothem Gg values are observed to decrease significantly

with increasing temperature, the relative magnitude varying

only slichtly from site to si%& (-0.06 to -0.12°/,,/°C).
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FIGURE 6-7

18O/l6o—temperature relationships for fluid
inclusions and host calcites for speleothems
from Bermuda, Kentucky, and San Luis Potosi.
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These data further support the earlier contention that the
dominant climatic effects of 63 are the combined change of
Ay with temperature and the change in 68 of the oceans in
response to the qrowth of continental glaciers. Similar
results were obtained by Thompson et al. (1975).

The net teméZrature effect on 58 is observed to be
between 0.12 and 0.29°/,./°C, which is compatible with the
estimates for modern precipitation made in section 5.10, but
some 60% less than the often quoted figure of 0.7°/,,/°C of
Dansaaard (1964). 1If, as suaqgested, the waters from which
speleothems are precipitated are in fact representative of
the annual average precipitation at those sites, then the
2-4°/,, total variation observed in 58 over the past 200,000
years is strikingly .small considering the climate changes

-

which have occurred during this time. i

The 27 isotopic paleotemperatures computed from fluid
inclusion analysis of speleothems 71042, 72041, 73036, 75001,
75003, and 75004 have been plotted against time in Figure 6-8.
Although a direct comparison between the paleotemperature
data and the speleothem 62 profiles is difficult because far
fewer fluid inclusion samples were analyzed, the two paleo-
climate records are in general agreement. In addition, the
Kentucky and Bermuda paleotemperature records exhibit a
strong deqree of internal consistency. Both records indicate

that climatic conditions were similar to those at present

from 180-170 Ka and at short intervals within the period
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FIGURE 6-8

Speleothem fluid inclusion isotopic paleotemperatures
versus age for specimens 71042, 72041, 73036, 75001,
75003, and 75004.
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120-100 Ka. Bermuda paleotemperatures exceed those at
present during the former warm period, and those in Kentucky
exceed those at present during the latter episode. Cold-
climate conditions in both Bermuda and Kentucky occur over
the period 150-120 Ka, with temperatures within 5°C of
freezing at both sites 140-130 Ka.

The San Luis Potosi record, although very incaomplete
and of guestionable validity, sugagests cold-climate conditions
over the period 95-55 Ka with a warminag trend approaching
conditions at present at 53 Ka. The two single Bermuda
analyses from specimens 75001 and 75003 record a cooling
trend from 35-30 Ka, temperatures again dropping to wit%f;rﬁw
a few deagrees of freezing, j

Absolute paleotemperature ranges for Bermuda, #entucky,//)

and San Luis Potosi are 19°C, 13°C, and 10°C, respec ibéiy.

The San Luis Potosi fiqure becomes 15°C when adjusted the

P i Ped

preéént regional mean temperature, which was not approach
in the sparse speleothem data. These data compare well with
the temperature range of 14°C observed in West Virginia by
Thompson et al. (1976)2‘but are far in excess of the 6-8°C
range estimated by many others for the difference between
the present temperatures and those at the last glacial
maximum for temperate latitudes (Table 6-2).

The paleotemperatures for Kentucky and West Virginia
(Thompson et al., 1976) are certainly reasonable considering

the positions of the glacial fronts (Figure 2-1), with respect
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to the sample localities during the ultimate and penultimate
glaciations. Both regions approach near freezing tempera-
tures (Kentucky, 3.6°C at 149 Ka; West Virginia, 0.2°C ét
70-60 Ka) during periods of maximum glacial extent in North
America, and record paleotemperatures which are equal to or
just exceed those at present during periods of interglacial
conditions.

The Bermuda and San Luis Potosi temperature fluctua-
tions are, on the other hand, more than twice that estimated

for the Caribbean and Gulf of Mexico during tne past 200,000

B e e S

years (Emiliani, 1955, 1966; Hecht, 1973; Imbrie et al., 1973).

Bermuda paleotemperatures do, however, approach and reach
accepted interglacial temperatures.

McIntyre et al, (1972) have applied multivariate
statistical techniques to planktonic faunal assemblacges in
14 Atlantic cores, in order to map the migration of the
southern limit of polar waters in the North Atlantic Ocean
in response to continental glaciation., During thi past
200,000 years polar waters were found to have moved signifi-
cantly southward at 160-135 Ka and at 30-15 Ka, in excellent
agreement with the speleothem 62 record shown in Figure 6-6.
This southern mioration of polar waters resulted in surface
ocean temperatures in the North Atlantic some 8-10°C lower
than at present, but only caused a maximum lowering of
Caribbean surface water temperatures by 3-5°C (Hecht, 1973).

This stands in strong contrast to the 19°C air temperature
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fluctuations determined from the Bermuda speleothem fluié
inclusion data.

There are no analytical reasons to doubt the validity
of these very low isotopic paleotemperatures, providina the
assumptions behind them are correct, but in the case of
Bermuda they may be unrealistic. It will be noted from
Appendix V that all paleotemperatures in excess of 10°C

lower than present result from either very heavy 62 values,

very light égi values, or a combination of these factors. As
Bermuda meteoric precipitation at present deviates from the
(SDO

w—éw relationship of Equation 5.22, it is possible that the
present relationship was modified, thus causing an incorrect
(@] D

£i from the measured 6fi‘

that present storm tracks and precipitation patterns were

estimation of § It is also possible
altered during glacial periods such that there may have been
a seasonal bias to precipitation. The former seems the most
likely explanation if the paleotemperatures are, in fact,
incorrect. As there are at present no other estimates for
air temperatures in Bermuda during glacial periods, this

remains to be shown.

6.2.9 The Rate of Climate Change

Of major concern to both climatologists and Quaternary
geologists is the question: "how rapidly can climate change?”.
Although the data in Figures 6-6 and 6-7 were purposely
collected at rather widely spaced intervals, some aspects of

them are relevant to this question.
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A striking feature of both figures is the rapidity of
climate change. Variations in 62 in excess of 2°/,, and/or

temperature fluctuations in excess of 10°C are observed to

occur within the space of 3,000-5,000 years. Both interstadial

and interglacial events begin very rapidly, the transition
from thermal maxima to thermal minima occurring in as little
as 2,000 years (e.q. the Bermuda record from 112-110 Ka).
Using the 62 to temperature conversion estimate derived from
Figure 5-8, warming trends are found to take place at a
maximum rate of 15°C/1000 years, whereas cooling rates are
slightly less, about 10°C/1000 years.

Several other studies have also provided evidence for
such rapid rates of climate change. Wahl and Bryson (1975)
have observed that the decrease in North Atlantic surface
water temperature from the 1951-1955 pentade to the 1968-1972
pentade is fully one-sixth the total amplitude of the change
from the last glacial maximum to present, as indicated by
the faunal data of McIntyre et al. (1972). These authors
also note that the northern edge of the African monsoon has
also drifted southward about one-sixth of the total shift
of the last glacial maximum during this time.

Mercer (1969) has reviewed/;;idence for interruption
of the last glaciation, known in the European sequence as
the Younaer Dryas Stade between the Bglling and Allerdd
Interstadials, and concludes that temperature variations up

to 6°C over the course of 2,000 years were probable. The
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Allergd warming episode is a global event, seen in the North
American record as the Two Creeks retreat of only a few
centuries duration (Dansgaard et al., 1971), whereas the
melting of é%e continental ice sheets and the accompanying
rise in sea levels took some 8,000 years.

An event of even greater magnitude and shorter
duration than the Younger Dryas Stade is seen in several
paleoclimate records at about 90 Ka. Here, within a century,
Dansgaard et al. (1972) have observed the change from an
interglacial climate comparable to that at present to a full
glacial climate. A similar event is recorded in the speleo-
them record of Duplessy et al. (1969, 1970) from southern
France, in the paleofaunal distribution record in numerous
Gulf of Mexico sediment cores (Kennett and Huddlestun, 1972),
and in the Macedonian pollen record of van der Hammen (1971)
as the strong cooling episode after the Emian glacial event,

Steinen et al. (1973) found brown micritic crusts
formed in a subaerial environment in a Barbados bore hole
at a depth of 32 m below sea level, They developed on the
upper portions of a reef complex dated at 125 Ka and were
themselves overlain by beach deposits formed during the
initial stages of a high sea stand dated at 105 Ka
elsewhere in Barbados. Based upon calculated uplift rates,
these authors calculate that the presence of the micritic
crusts at -32 m suggests that sea level was depressed about

-71 m sometime between the period 120-105 Ka, as the reswflt
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of an intense continental glaciation during this time. This
conclusion is consistent with the paleotemperature data
from specimen 75004 and. the 52 profiles for specimens 73036,
75002, and 75004, which éil reeora an\i§£ense cold event

at 113-110 Ka.
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CHAPTER 7

TRACE ELEMENT GEOCHEMISTRY OF SPELEOTHEMS

7.1 Trace Element Distribution Theory

If a small amount of a solid phase is precipitated
from a solution saturated with respect to that phase, the
concentration of any trace element present in the solid phase
can be directly related to the concentration of that same

element in the solution through the relationship

msolid mliquid
( te ) = { KSOlld ) te ) (7.1)
mSO 1 te mIlq,Ula
X X

where mteis the total number of moles of the trace element,

m is the total number of moles of the major cation in the

solid

host solid, and Kte

is the distribution coefficient for
the trace element between the liquid and solid phases,
provided that surface equilibrium is maintained between the
solution and the precipitated solid during the precipitation
process., If the distribution coefficient is not unity, then
the element in question will be preferentially enriched in
fither the so0lid or liquid phase as precipitation proceeds.
Several experimental studies have investigated the

distribution of trace elements in carbonate minerals.

Holland et al. (1963, 1964a, 1964b) and Kinsman and Holland
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(1969) found that the distribution coefficient of Sr2+ in

calcite and aragonite decreases linearly with temperature.
Similar experimeétal studies by Bodine et al. (1965) for Mn2+
in calcite and by Tsusue and Holland (i966) for Zn2+ in
calcite also show a negative distribution coefficient tempera-
ture dependence., Katz et al. (1972), however, found that the
distribution coefficient of Sr2+ during the replacement of
aragonite by calcite is almost independent of temperature.
This situation is probably not of concern here because all

of the speleothems studied are believed to have been initially

precipitated as calcite. Field evidence supports these
2+

P N CR TN

experimental data. Weber (1973) has observed that the Sr
concentration of the skeletal carbonate of any particular
genus of coral decreases with increasing water temperature.
Divalent metal cations commonly occur in speleothems
in caoncentrations dictated by that of the leached parent
rock. Thus, it should be possible to use fluctuations in
the trace element content of a speleothem as a monitor of
climate change, assuming a source of constant tracg element
composition and provided the temperature dependence of the'
distribution coefficient is of sufficient magnitude to damp

out other second-order effects,

7.2 Previous Speleothem Results

Data relating to the trace element composition of 4t

spaealeothems are sparse. Holland et al. (1964) reported Sr
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concentrations for several calcite and aragonite stalactites
and pool crusts and a few associated waters from a cave in
Virginia., Sr concentrations were observed to range from
19-103 ppm for pure calcites, and up to 345 ppm for a pure
aragonite. Calcite/aragonite mixtures were found to have
intermediate concentrations. They concluded that the Sr
content of a precipitated CaCO3 speleothem was dependent on
the mineralogy of the precipitates and the Sr/Ca ratio of
the parent water. The negative temperature dependence of
the distribution coefficient was also noted.

White and Sweet (1970) briefly reported that differ-
ences in the luminescence of calcite and aragonite speleothems
could be related to the presence of certain trace elements,
White and Van Gundy (1971) observed £hat the reflectance
spectra for colored calcite and aragonite speleothems are
those expected from transition metal ions. Color of a speleo-
them appears to be very much related to the amount and kinds
of trace elements present (Harmon, 1973). In specimen 6900i,
a dark black stalagmite from the Canadian Rocky Mountains,
optical emission spectrographic analysis revealed the presence
of Mg, Fe, Mn, Ni, Cu, 2n, and Sn.

Because carbonate ground waters often contain trace
amounts of other, non-divalent cations as a result of acid-
leaching of clay minerals in the soil zone, it may be possible
to use the presence of such elements as K, Ng, Al, and Si to

infer something about the conditions of deposition. Because
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such elements do not form stable carbonates, they will not be

coprecipitated with CaCO, speleothems under equilibrium

3
conditions. If, however, speleothem deposition were to occur
as a result of evaporation, these elements would be included
in the CaCO3 deposit., Thus, trace element analysis may

provide another possible method for determining whether or

not speleothem deposition was an equilibrium process.

7.3 Analytical Methods

Samples of approximately 1 g were drilled from the
faces of slabbed speleothems’ and dissolved in 10 ml 1:1
perchloric acid in teflon beakers. After evaporation to
dryness the residues were again dissolved in 10 ml of 1:1
perchloric acid, 10 ml of approximately 2 M NaCl added, and
the solution diluted to 200 ml with distilled, deionized
water. The solution was then analyzed for Mg, Sr, Fe, Mn,
Zn, and Cu on a Perkin-Elmer Model 303 Atomic Absorption
Spectrophotometer by comparison with carbonate rock standards
of known composition.

In all runs selected standards were run as masked
unknowns to test the accuracy of the analysis. In all cases

less than 5% difference was observed between the measured

concentration of a particular element and the actual abundance

of that element in the standard.

7.4 Variations in the Trace Element Compositions of
Speleothems

Secular variations in the chemical composition of
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speleothems have been directly observed from a detailed
analysis of two stalagmite specimens and indirectly obtained
as a part of the absolute age determinations. These latter-
data_ have previously been discussed in Chapter 4. Two
stalagmite specimens were sampled to determine the concentra-
tions of Mg, Sr, Fe, Mn, 2n, and in one case Cu. The data
are given in Appendix III, Experimental studies raised the
possibility that secular variations in the divalent metal
abundance in calcite might occur as a direct result of the
temperature dependence of the calcite-water distribution
coefficients,

Trace element coricentration-age profiles for specimens
73036 and 74019 are shown in Figure 7-1., These profiles
have been compared with the corresponding oxygen isotope
profiles in order to assess their potential use as indicators
of paleoclimate variation. Maximum fluctuations in abundance
of the various divalent metals are observed to be in excess
of a factor of ten for 73036 and a factor of five for 74019.
The order of relative trace element abundance is
Mg>Sr>Zn>Mn>Fe for 73036, as compared with Mg>Sr>Zn>Mn>Cu
for 74019. The difference in the ordering of Fe is most
likely due to difference between the Bermuda and Iowa soil
profiles.

None of the trace element profiles for either specimen
show a statistically significant correlation with their

corresponding oxygen isotope profile (Table 7-1), although
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Trace element and oxvagen isotope profiles for
specimen 73036 (left) and 74019 (right) //
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some pairs of trace element profiles do show a significant
coherent behavior. Some of the apparent aqreement suggested
in Figure 7:1 may be an artifact of sampling in that the
samples for oxygen isotope analysis and trace element analysis
were done at different times apd could, therefore, not be
exactly duplicated. Only those samples taken within a
distance of 2 mm of each other were tested for statistical
correlation bétween trace element abundance variation and
oxygen isotope variation (Table 7-1), whereas all samples for
both analyses are shown in Figure 7-1. That significantly
coherent geochemical behavior is not readily observed,

except for Mg-Sr and Mg-Zn in 74019, suggests that the
processes which determine the trace element concentration of
speleothems are complex, variable through space and time,

and not a simple function of climate.
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CHAPTER 8

THE WISCONSINAN GLACIAL STAGE IN NORTH AMERICA -
A COMPARISON OF GEOLOGICAL AND SPELEOTHEM
PALEOCLIMATE EVIDENCL

8.1 Introduction

The Pleistocene history of the mid-continent of the
United States is characterized by short periods of glaciation
separated by longer, more stable periods when this glacier
cover was absent. The Pleistocene stratigraphy of this region

is thus a succession of deposits resultinag from a combination

of fluvial, eolian, and lacustrine processes, products of
the action of glacial ice, and meltwater streams.

Warm (interclaéial or interstadial) periods saw the
development of soils with a minimum of fluvial erosion and
sediment transport. Colder periods of glacial activity are
marked by glacial scour, intense erosion, sediment transport,
river entrenchment, and eolian deposition., Times of transi-
tion from cold to warm climates are marked by deposition of
recessional marine and outwash deposits.

Presumably times of warm climate on the continent
correspond to periods of high sea stand in the oegans, but
there is little evidence on which to establish a a}&gsm\

correlation between the marine and continental records.

This chapter is an attempt toward that end. The Iowa speleo-

them isotopic paleoclimate records should permit placement
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of the mqrine and terrestrial late Pleistocene successions

together within a single chronology.

8.2 The lowa Speleothem Paleoclimate Record

The Iowa speleothem 62 records have been previously
described and discussed in sections 6.2 and 6.7. The eight
stalagmites analyzed were deposited over portions of the
period 80-5 Ka, which includes a maj)ority of Wisconian time
in North America. Overlapping, nearly identical oxyaen
-

isotope profiles were measured in three specimens deposited

from 34-5 Ka (Figqure 5-6). These three specimens were shown

to have been deposited under conditions of isotopic equilibrium

and thus the 62 profiles are a direct measure of surface
climate fluctuation durinag the period of deposition,

The generalized paleoclimate record derived from
combining the four Iowa 62 curves presents a picture of
cyclic climate variation throughout the period 80-5 Ka
(Figure 6-6). Warm periods are observed from 60-55, 38-32,
25-22, 17-14, and 11-7 Ka. The warm episodes centered at
60 and 9 Ka are of the same intensity and were the onl;
times in the past 80,000 years when temperatures were greater
or equal to that at present. A major cold event covers the
period 55-10 Ka. Within this event minor cold episodes

have relatively similar amplitudes with cold and warm peaks

superimposed on a general warming trend within this period.
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8.3 The Geologic Glacial Record

The Wisconsinan Stage, defined as the last major
interval of gqlaciation in North America, was first recognized
and defined by Chamberlin (1894, 1895) on the basis of
deposits in eastern Wisconsin and northeastern Illinois. The
type localities have been intensively studied and subdivided
by Leverett (1898), Leichton (1931), Kay (1931), Leighton
and Willman (1950), Shaffer (1956), Frye and Willman (1960),
and Frye et al. (1968). Only since most recent deposits
were 14C dated, has Wisconsinan stratigraphy been placed
witpin a framework of absolute time (Frye and Willman, 1963,
1973).

Figure 8-1 shows the subdivisions and nomenclature
of the Wisconsinan Stage given by Frye (1973) and Frye and
Willman (1973). The base of the Wisconsinan is defined as
the contact between the base of the Roxana Silt and the
A-horizon of the Sangamon Soil in Illinois (Frye and Willman,
1960) , and the upper boundary as the contact of the Cochrane
Till and post-Cochrane deposits in central Ontario (Frye et
al., 1968). The W§£consinan Stage is presently subdivided
into five substages: the Altonian, Farmdalian, WOodforgian,
Twocreekian, and Walderan (Frye and Willman, 1960), with the
Altonian representing more than 50% of Wisconsinan time.

The Altonian Substage was initiated by an episodic

period of glaciation and erosion which locally cut and

reworked the upper portions of the Sangamon Soil and deposited
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Late Pleistocene stratiaraphy of the Wisconsinan
glacial stage in the north-central United States
(after Frye and Willman, 1973)
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the loess-like Markham Member of the Roxana Silt. The precise
age of this event is unknown, but is thought to be at least

70 Ka. Following this thitial glacial pulse was a period of
relative climate stabiligy during which the very extensive
Chapin Soil was formed (Willman and Frye, 1970). A period of
episodic ice advance and retreat followed, the end of which is

10 Gated

marked by the development of the Farmdalian Soil,
at 28-22 Ka (Leighton and Willman, 1950). The Woodfordian
Substage, the most intense glacial period of the Wisconsinan,
followed and produced extensive till, outwash, lacustrine,
and loess deposits. At least 32 moraines of Woodfordian age
have been identified (Frye and Willman, 1973). This glacial
period lasted from 22-12.5 Ka, interrupted by a short-lived
period of glacier retreat from 18-17 Ka, when the Jules Soil
was formed. The Woodfordian was terminated by extensive

glacier retreat marked by development of the Two Creeks

Soil from 12.5-11 Ka (Thwaites and Bertrand, 1957). A minor

episode of ice advance, the Valderan, .followed (Thwaites, 1943;

Leighton, 1960). 1Its retreat at 10 Ka marked the end of the
Wisconsinan Stage and the commencement of the Holocene
(Recent) Staqge.

This stratigraphy, although generally accepted as
being representative of the North American continental
interior, is based primarily on evidence about the character
and extent of the glacial deposits and soils of the Lake

Michigan Glacial Lobe in Illinois and Wisconsin. Frye (1973)
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has pointed out, however, that the major Michigan Lobe
events and chronology are representative of the Wisconsinan
succession throughout the North American continental interior.

8.4 Comparison of the Geological Glacial Record and
the Speleothem Isotopit Record

The continental interior glacial records of Illinois,
Iowa, and the eastern Great Lakes region are compared with
the Iowa speleothem isotopic record in Figure 8-2. The 14C-
dated glacial advances at 45, 32, 22-13, and 1l Ka in the
Illinois glacial record are all matched by cold periods in

23oTh/234U—dat:ed speleothem isotopic record. The Iowa

the
glacial record (Leighton, 1957) places the lower boundaries of
the Tazewell, Cary, and Mankato Substages at 20, 14 and 13 Ka,
respectively. In each instance this is within 2,000 years

of the age assigned to that boundary from the speleothem
record. There is also general agreement between the glacial
record of the eastern Great Lakes (Dreimanis and Goldthwait,
1973) and the Iowa speleothem record. The glacial events at
32 and 22-12 Ka are present in the isotope record. However,
the glacial event at 55 Ka in the eastern Great Lakes glacial
record is not present in the speleothem record or the

western Great Lakes glacial record, and the 11 Ka cold peak

in the speleothem record and the 11 Ka glacial advance in

the Iowa and Illinois glacial records is not present in the

eastern Great Lakes record. The 55 Ka glacial event in the

eastern Great Lakes record may correlate with the 45 Ka cold
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FIGURE 8-2

Comparison of the glacial stratigraphic records
of the Eastern Great Lakes, Illinois, and Iowa
with the Iowa speleothem isotopic paleoclimate
record. The time scale for the glacial strati-
qranhic records is based upon 14C ages and that
of the speleothem record from 230Th/234U ages,
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period in the speleothem record because its age is not firmly
established by 14C ages.

The amplitudes of the respective warm and cold peaks
of the speleothem isotopic record relate well to the intensity
of the glacial/interstadial periods as inferred from ’
geological evidence (Frye and Willman, 1973). These authors
have constructed a hypothetical, relative temperature curve
(also shown in Figure 8-2) for the Wisconsinan, based upon
the character of buried soil profiles, fossil molluscs, the
succession of glacial advances and retreats, the character
of glacial deposits, ané the preserre of periglacial features.
This temperature history‘is considered to be that of the \
"Driftless Area" of northwestern Illinois, northeastern Iowa,
and southern Wisconsin, whiéh is only 50 km east of the
Coldwager Cave site (Figure 8-3). It is assumed that lower
temperatures preceded glacier advance, higher temperatures

and/or decreased precipitation caused glacier retreat, and

that temperatures reached the lowest levgls during times of

'
L

maximum southerly ice advance. y
The early portion of the_XZltonian Substage is marked
by several closely spaced glacial advances which reachéq\
only short distances beyond the present limits of the Lake
Michigan Basin (Frye et al., 1969). Thi; glacial period
correlates with the 68-63 Ka cold peak in the isotope record.

The extensive development of the Chapin Soil occurred

durinag the intervening warm period, dated from thae isotope



gt s

FIGURE 8-3

Generalized map showing the glacial history of
the Lake Michigan Glacial Lobe and the
Coldwater Cave site (after Frye and Willman,
1973)
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record at 63-58 Ka. The great areal extent of the Chapin
Soil and the fact that the speleothem 62 values durinq‘that
period are lighter than those for modern deposits, suggests
that temperature exceeded that at present.

The McDonough Loess, separating the Chapin»Soil and
the Pleasant Grove So0il, records a cold period which is only
observed in the speleothem record as a minor cold event,
leading into the glacial period from 48-43 Ka, which was
responsible for deposition of the Argyle Till Member of the
Winnebago Formation. That this glacial advance was the most
intensg of the Altonian is also indicated by the most 180—
enriched speleothem calcite deposited during that period of
time,

The period following the Argyle glacial event at 45 Ka,
and precedina the less extensive Capron event at 32 Ka, is
recorded iff the geologic record by the presence of organic
material in the Plano Silt Member of the Winnebago Formation.
This speleothem isotope record suggests a temperature for
the period slightly less than that at present,

The Farmdale was a period of major glacial retreat,
such that the Michigan Glacial Lobe withdrew completely into
the Lake Michigan Basin (Frye and Willman, 1973). During
this time s0il deposits, fossil distributions, and speleothem
18,16

0/7 "0 ratios all record temperatures approaching those at

present,sbut not quite as warm or as prolonged as those
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responsible for the development of the Chapin Soil.

The change from the mild climate of the Farmdalian to
the full glacial conditions of the Woodfordian was rapid,
occurring within a time interval of 2,000-3,000 years, as

1

indicated by both 4C and speleothem 62 evidence. The

intense and widespread glacial conditions prevailing during
the Woodfordian are confirmed by the development of peri-
glacial features at that time (Frye and Willman, 1958).
This period of glaciation was characterized by a cyclic
patterA of advances and retreats over a distance approachinb
250 km (Fisher, 1925; Willman and Payne, 1942).

Interestingly, this oscillitary behavior of the Lake
Michigan Glacial Lobe during the initial stages of the
Woodfordian event is also observed in speleothem 74014, the
only one of the specimens analyzed with a sufficiently rapid
growth rate Fo record such short-term climate fluctuation
(Figure 8-4).

The time of the maximum extent of the Woodfordian

14C dated at 19 Ka, which is in excellent

230Th/234U age of 20 Ka

glaciation has been
agreement with the interpolated
for the equivalent cold event observed in the speleothem
isotopic record. A short episode of climatic amel@oration
interrupted the Woodfordian glaciation from 17.9-17 Ka,
during which time the Jules Soil was formed. The warm trend
leading into this episode of soil development is recorded in

detail in the 52 profile of 74014, but the subsequent
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FIGURE 8-4
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Comparison of the Woodfordian glacial stratiaraphy
(Frye and Willman, 1973) with a portion of the
oxyaen isotope record for Iowa speleothem 74014
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readvance of the Woodfordian glaciers is not apparent,
Instead, the lowa speleothem isotopic record indicates warm
conditions over the 5,000 year interval between the onset

of the warm period, during which the Jules Soil was developed,
and the termination of the warm period responsible for the
development of the Two Creeks Soil.

The final glacial event of the Wisconsinan 1is marked
by a prominent glacial deposit, the Valders Till, along the
margin of the Lake Michigan Basin and a distinct cold peak
in the speleothem record. A warm period comprises the latter
half of the Valdern event during which time temperatures

»

exceeded that at present. .

From the preceding discussion it is apparent that

there 1s an excellent agreement between the 14C—dated

Wisconsinan glacial stratigraphic record of the mid-continental

230T 234

United States and the h/ U-dated Iowa speleathem

isotopic record. Most disagreement between the two records

occurs where the former is not firmly fixed by 14C ages., It

14C age control is lacking, the

is thus proposed that, where
time scale of the glacial stratigraphic record be adjusted

to accord that of the speleothem record.

8.5 The Wisconsinan in the Marine Record

Having established a correlation between the geoclogic
glacial record and the speleothem isotopic record for the

continental interior, and thus extending the glacial .

14

chronology outside the C range, a comparison of the
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Wisconsinan continental record with the marine record is now
possible. Reconstructions of marine paleoclimates are based
primarily on estimates of ocean temperature change, as
recorded by 180/160 variations and faunal zonations of
carbonate foraminifera in pelagic sediment cores’, and on
estimates of paleosea levels derived from preserved corals
from elevated island terraces.

The Wisconsinan glacial stratigraphic succession for
the North American continental interior and the Iowa speleo-
them record, previously discussed and correlated, are com-
pared in Figure 8-5 with the Caribbean foraminiferal isotope
record of Emiliani (1955, 1966), the Gulf of Mexico faunal
distribution and zonation of Kennett and Huddlestun (1972k,
and the reconstructed paleosea level curve of Bloom et al>
(1974) . There is at present a major controversy over the
chronoloqgy of phe Caribbean deep-sca cores, Ages for cores
P6304-8 and P6304-9, given by Rona and Emiliani (1969),
differ by 25% from those determined by Broeckor and Ku (1969)
for the same cores. The Kennett and Huddlestun (1972)
faunal zonations for the Gulf of Moxico were detormined from
undated cores placed within a chronologic framework by
correlation with other coras dated by Broacker and Ku (1969).
For this reason, the curves of Emiliani and Konnett and

Huddlestun have bean sat to both time scales in Figuro 8-5,

in order to facilitate comparison with tho othar independontly
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FIGURE 8-5 Comparison of selected marine Wisconsinan
paleoclimate records with the Iowa spaleothem
igsotopic record. The paleosea level curve
is that of Bloom et al. (1974), the faunal
distribution record is that of Kennett and
Huddlestun (1972), and the foraminiferal
oxygen isotope record is that of Emiliani
(1966). Bacause of a controversy over the
correct time scale, the latter two records
have been sat to both the short time scale
of Rona and Emiliani (1969) and the

expanded time scale of Broacker and van
Donk (1970) .,
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dated paleoclimate records shown,

On the North American continent, Altonian glacial
events are recorded by the 65 Ka Markham Member of the Roxana
Silt, the 45 Ka Argyle Till, and the 35 Ka Capron Till; the
22 Ka maximum extent ogﬁyhe Woodfordian Wedron Formation;
and the 12 Ka Valders Till. Those events are all reprasented
by cold peaks in tho speleothem isotope record.

Sea level minima are centered at 72, 54, 34, and 18 Ka,
with intervoning high sea stands centered at 62, 42, 28,
and 5 Ka, The saliont features of the paleosca level curve
and the speleothem isotope record show a striking correspon-
dence, the 60 Ka interstadial and the 22 Ka Woodfordian
glacial event being,the kay tie-points. The synchronioety

.

of the othar features of the two curves is not as clear as

for thase two 7&érema evants, but there is little difficulty
in correlating the two records,

Tha marina faunal and isotope records do not, however,

s
~ 0

show tho same degrea of corrolation with the continental -
rocord as does the paleosca lovel rocord. Micro-paleontologic
and/or 180/160 cold poaks are presont at 60, 38, 22, 15,

12, and 8 Ka on tha shorter time scale of Emiliani and Rona
(1969), or 75, 52, 26, 20, 15, and 9 Ka on tha ;?nan tima
scale of Broeckor and van Donk (1970). The oxygon isotope
curve is much more subdued than tha ogquivalent continental
spaleothem curvo, and thus only records the major climatic

events and not the short-torm fluctuations nccessary to provide
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sufficient resolution to choose between either chronology.
Stage 2 of Emiliani (1966) correéponds to the Woodfordian
Wedron Formation, and Stage 4 to the early Altonian glacial
evant: Stages 1 and 3 correlate to the Holocene and mid-
Altonian warm sequences, respectively.

More recently Kennett and Shackleton (1975) have

14

recognized a major C-dated isotope anomaly at 15-12 Ka

in oxygen isotope profiles from Gulf of Mexico cores. An
18O-—depletion of approximgtely 1.,5°/,, at this time is attri-
buted to dilution of a slightly saline Gulf of Mexico by
isotopically light glacial moltwators from the retreating
continental Laurontide Icae Shecet.

Figure 8-6 is a comparison of the oxyq{é isotope
raecord from Gulf of Mexico core K97, studied by Kennett and
Shackleton (1975), with the Iowa spcleothem isotope raecord
for the last 25,000 years. The two rocords cxhibit a striking
similarity. Both profiles rocord the maximum extent of tha
Woodfordian glacial evont-Ry the heaviast 180/160 ratios
in tho last 25 Ka, This was followed by the rapid withdrawal
of the Laurontide Icae Sheat from 17-13 Ka, which resulted in
tho anomaly in the foraminiforal isotope record. This
ch;onology is in oxcollont agrocment with goologic avidenco
which places tho commencemont 6§ thae Laurontide Ice Shecot
rotroat at 18-17 Ka (Andraws, 1973; Bird, 1973). The reoturn

to normal marine isotopic conditiona at about 8 Ka due to
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FIGURE 8-6

Comparison of the 0 to 30 Ka portion of

the Iowa spaleothem isotope record with

the Gulf of Mexico foraminiferal isotope
record of Kennett and Shackleton (1975).
The vertical lines donote the preferred

correlations betweén the two records,
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decreased flow of meltwater into the Gulf of Mexico was

preceded by a short period of 18

’

water from the oceans), which corresponds to the Valdern

O-enrichment (removal of

alacial readvance on the continentS and is seen as a sharp
increase of 62 in the speleothem record. This glacial
advance may be the cause of the major change in meltwater
drainage direction from southward to eastward, which has
been noted by Prast (1970) and Kennett and Shackleton (1975).
Subsequent glacial retreats are, therefore, not rocorded

in the Gulf of Mexico foraminiferal isotope record.

The major warm event in the speleothem isotope record
from-11-9 Ka (14C-datod from 13-9 Ka), documents tho large-
scale retreat of the Laurontide Ice Sheet during which time
it lost necarly one-half of its arca and abdét 75% of its
volume (Bryson et ai., 1969). The cooling trend which
followed would thus represent the Cockburn Glacial Stageo,
the final glacial pulsation of tho whole unified Laurentide

Ice Sheet before its breakup and ultimate dacay which began

AN s o, A 4P Rt

some 8,000 years ago.

8.6 Discussion

- e

It is ovidont from the ovidonce just prosonted that
tha Wisconsinan Glacial Stagae of North Amarica exhibits a
pattern of warm-cold cycles each approximatoly 20 Ka in §
duration. "Poriods of cold climate and glacier advance aro

18

accompanied by low sca lavels and ~ O-enrichmont of the
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oceans and of continental speleothem calcite. During times
of warmer, interstadial conditions the opposite trends

occur. The continental, speleothem isotope record is more
detailed than either the marine paleosea level or the
Caribbean foraminiferal isotope records. This record is of
insufficient length to.place a procise date on the earliest
Wisconsinan glacial advances and therefore it 1is noﬁ possible,
at present, to suggest an age for the Sangamon/Wisconsinan
glacial-interglacial boundary. Further speleothem studie

should rosolve this problem.
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CHAPTER 9

LATE PLEISTOCENE PALEOCLIMATE AND SEA LEVEL
HISTORY OF BERMUDA

3,1 Introduction

In the century since MacLaren (1847) first proposed
the general theory for the rise and fall of Pleistocene sea
levels in response to the total amount of water held on the
continents as glacier ice, much substantiating cvidence has
been accumulated. Poriods of maximum sea level in tectonic
arcas such as Barbados and Now Guinea have been recognized
at 200, 120, and 5 Ka, with lesser high-stands at 170, 140,
105, 82, 60, and 40 Ka (Bloom et al., 1974; James et al.,
1971; Konishi et al., 1970; Mesolella et al., 1969; Broecker
et al., 1968; Veach, 1966),

Only the 120 Ka high sca stand is thought to have
excecded presont lavel. Thoese times of high sea stand have
been attributed to periods of warm (interglacial/interstadial)
climate (Broccker, ct al,, 1968; Emiliani and Rona, 1969;
Mdrnor, 1971). Veory liftle is known, however, about tha
times and duration of low sca stands outside the range of
14C, because fow submarged deposits have been found which
aro unaltarcd and can bo raliably dated. Presently submorged
spoleothems found in cavos on carbonate islands can provide

a means of roconstructing late Ploistocene low soa lovel
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stands (Spalding and Matthews, 1972).

9.2 Geologic Setting

Bermuda, Figure 9-1, is a crescent-shaped group of
about 150 islands located some l,OO%“km off the eastern
coast of North America on the western edge of the Sargasso
Sea. The islands have formed on the Bermuda Rise, a separate
tectonically stable platoc moving westward from the Mid-
Atlantic Ridge. They were formed as a result of deposition
of marine and eolian carbonates on a Tertiary age volcanic
sca mount rising about 5,000 m from the abyssal depths of
the Atlantic Ocean (Goas, 1969), This igneous base has
beon completely covercd with carbonate rocks presently
extending more than 80 m below sea level (Knox, 1940).
. The oxposed portion of the carbonate cap is a laterally
discontinuous, interfingering complex of at least tliree
marine and colianite lithosomes and intorcalated paleosols,
This stratigraphy is interpreted to have doveloped as a
rosult of Pleistoceno custasy; marine carbonates, colianites,
and platform margin recefs forming as a rosult of platform
submerqence during opisodos of 1ntcrglacial‘hiqh sca stands,
and palcosols developing as a rasult of platform emaergonce
during glacial lgg soa stands. The stratigraphy has been
described by Vorrill (1907), Sayles (1931), Brotz (1960),
Land ot al, (1967), and Vachor (1973). The moat rocent

atratigraphic columns, thoso of Land at al. (1967) and
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Map of Bermuda showing the caves sampled

FIGURE 9-1
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Vacher (1973) are shown in Fiqure 9-2 and summarized below,
The oldest unit exposed is the Walsingham Formation, a
highly altered series of eolianites containing occasional
marine biocalcarenite lenses. This is separated from the
overlying Belmont Formation, a sequence of marine and beach
dune calcarenites, by a reddish zone thought to be an eroded
paleosol. Ovorlying the Belmont Formation, and separated
from it by a well-developed red soil, is the Paget Formation,
a complex mixture of eolianites, biocalcarenites, and eolian

calcarenites, The Southampton Formation, a complex suiteg of

" colianites, is separatod from the Paget by an extensive

paleosol, It, in turn, is partially coveored by a poorly
developed modern red soil,

The carbonate units diffor lithplogically due to
varying extents of fresh water diagenetic alteration which®
occurred coincident with tho formation of the overlying
terra-rossa soils (Land ot al., 1967)., Reofs worc ostablished
on tho platform margin during poriods of submorgence and
provided the source for shoreline dune calcaronites (Vacher,
1973). . - n

The presant topography of Barmuda is a roflaction of .
the origin and history of tho carbonate %frata which comprise
the island. Tho limostonaes forméd initially as shoreline
and strandline dunes and wore lator modified by aélutional

arosion (Bratz, 1960; Land ot al., 1967). Tho Pagot
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FIGURE 9-2
-

Generalizod stratigraphy of Bormuda as
given by Land et al, (1967) and
Vacher (1973)
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[T=}
A extensive eolianites
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- with local uncemented
' 3 Paget zoney
Member uncemented
Harrington  Fm ~ blocalcarenites with
marine fossils & land snails
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Devonshire  Fm dune calcarenites
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o complex suite of
Belmont Fm Belmont Fm maring, beach, and
dune calcarentios
) 0 reddish soll zone
Sel (?) Soit (?) portly reworked by
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highly altered
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topoqraphy’ia laraoly accrotional with duno-shaped hills
meraing lataerally landward (Vacher, 1973). Elevations of
individual hills reach up to 60 m above presant sea lovel,
The older, qentle topoaraphies of the Belmont and Walsingham
Formations preoaont a striking contrgst to that of the Paqot,
Here, sodimontary dopositional pattorns are less concordant
with topography and modification by chemical solution of the

carbonate rock is more pronounced.

9.3 Caves and Karst

The caves on Bermuda are generally contained within
the oldor carbonate unita. Thoy wore formed as a result of
ground water solution during times of platform emorgenco.

AS a rasult’, many caves aro now partially or wholly filled
with sea waéﬁr. Bratz (1960) viawod tha cavﬁs as isolated,
romnant portions of formgr oxtonsivo, integrated cavern
gystoma which resulted in a mature karst topography across
Saylos' morphoatratiaraphic "Older Bormuda". Brotz'

ovidonce is by no moans compelling, and Land ot al. (1967)
have pointed out that the general landscapo is a solutionally
modified duno topography overlying the karst toSﬁqraphy
doveloped on tho Walsingham prior to doposition of Q;o
Balmont,

Within tho Walsingham, caveos tond to be sub-horizontal
chambors partially filled‘with broakdown and uwaually

containing oxtonsive spoleothem daposits, Cavos in tho
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youngaor carbonate units are more commonly sub-vertical,
solutionally enlarged cracks and fisasuros, often partially
fillod with flowatone,

9.4 Anclent Sea Lovels as Infoerred from Bermuda
Stratigraphy

Bermuda is a unique locality to study lato Pleistocone
saa lovel history because it is an arca of the world not
subject to vortical displacoments , due to the offect of

global oustatic deformation through the shift in aurface

loads from ice covered aroas to the oceans (Walcott, 1973},

Timos of submorgeonce intarglacials, are rocorded by the
dovolopmont of platform margin coral roafs, whorocas times
of omargence, glaclals, are indicated by tho dopoaition of
spaleothoms in presently drownoed Walsingham caves, Theose
submorced, but unaltarcq spalecothoms, act both as "palootido
auaqes" and "palcothormomctern" concurrontly documontinq aoa
lovel and climate fluctuationa on the stable Bermuda
platform,

Based primarily upon gooloalc evidence and a faw
coral aao datorminations, Land ot al. (1967) and Vachor (1973)
have arrived at differont intorprotations of Bormuda sca
lovol hiatory'durinq tha last intorglacial (Figuro 9-3).

The Hologone post-glacial soa lovol riso is shown
as documanted by Nauman (1969). Tho 37 Ka datae on tho

Southampton Formation is a 14

C wholo-rock age dotarmination
from the South 8hore typo-soction (Land ot al., 1967; Kulp
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FIGURE 9-3 Bormuda gea lovol hiatory as anvisionod
by Land ot al. (1967), top, and
Vachor (1973), bottom,
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and Broocker, 1957)., Tho Sponcer's Point age of 130+l5 Ka

230Th/zuu data on a singleo coral, and the 120+10 Ka

is a
Dovonshiro aao is an avaraga of four coral dates from Grape
Bay and Devonshire Bay sactiona. The Bolmont datoe of >150 Ka
citod by Land ot al, (1967) was detormined from araaonitic
molluscs and its roliability is questionable (Kaufman et al.,
1971} . Tho aga difforence of the Spencer's Point and
Dovonshire high-sca stands is not resolved by the coral

aqgos; this was one of the reasons Vachor (1973) placed both

unita within a singlo marino lithoasome, the Paget Formation.

9.5 Thd)Bormuda Spalcothom Racord

The Bermuda spoleothem data ara shown in Figure 6-4,
and have been diacugsced in dotail in soction 6.2.4, A
total of 23 agqe deotorminations wore mado for 9 spaloothams,
oxygon lsotope profilea conatructed for 7 spocimons, and 15
ligotopic palecotemporaturos ostimatad for 4 aspocimens, Tho
6 atalaamitos wora recovored in the growth poasition from
Crystal Cavo submerged to various dopths in aca wator.
The othor 3 spocimens, a flowstono from Wilkinson Quarry
Fiasuro Cavae, a flowatono from Governmont Quarry Cave, and
a brokon stalactito from Cryatal Cavo, woro both dopoaited
at sitos above prosont sea leval,

Ago alovation rolationships for tha 8 aspolcothoms

dosoribod in dotail in Tablo 3-2, ara given in Tablo 9-1.
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TABLE 9-1 Age-alovation relationships for nina
Bermuda speleothoms
Sample Height* Age
number e Locatién Type (m) (Ka)
73018~k Govornmant Quarry Cave flowatonao +7 1631213
73023:08 Wilkinson Quarry Cave flowstono +17 10015 )
109  Wilkinson Quarry Cave +17 5213
73036:09 Crystal Cavo stalagmite -8,0 l95x7)
113 Crystal Cavo -7.8 18417
112 Crystal Cave -7.7 17629
110 Crystal Cava «7.5 162:9)
11l Crystal Cava fraosh-watexr -7.4 11424
' ovargrowth
73037106 Crystal Cavo stalactito +2to+3 138:8
108 Crystal Cave +2to+3 131:6
73039:06 Crystal Cave stalagmito -7.0 195:8)
‘ :08 Crystal Cave -6.7 14917
75001:03  Crystal Cavo stalagnite -8.0 37¢2
75002:04 Crystal Cave stalagmite -6.0 11216
102 Crystal Cavo -5.9 10123
75003:03 Crystal Cavo stalagmite ~11.5 29:2.?
104 Cryatal Caveo -11.3 1721
75004:10 Crystal Cave stalagmite -6.5 12824
11l Crystal Cave -6.3 12234
112 Cryastal Cave -6.2 1168
113 Crystal Cavo ~5.,9 10713
114 Crystal Cave -5,7  102s6 )
115 Cryatal Cave narine -3,6 62l
ovarqgrowth

*rolative to presant aoa lovel

**)donotos continuous growth ovor the poriod indicatod
A% .. donotes a broak in daeposition within the poriod indicated
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A fow points concarning the descriptions and stratiqgiphic
relationships bear repeating hereo.

Specimen 73023 is a flowstone doposit from a small
fissure cave in tho Belmont Formation, 17 m above sea level,
which was oponed during oporations at the Wilkinson Quarry.
Specimen 73018 is also a flowstone deposit from Government
Quarry Cave, a large cave in tho Walsingham Formation,

These two flowstone spocimans are the only onesgs of the eight
that aro not mackocryatallido, whito calcite. Thoy are
thinly laminated, well-banded, microcrystalline dopoéits.
73023 i3 quito porous whereas 73018 is not, It is possible
‘ that both of thoao specimens wore doposited as aragonite and
rocrystallized to calcito in tho vadoac zone during a wot
(dlacial) poriod whon & higher wator table was avgilablo

to keap tho intercrystalline porosity wotted (Land, pors,
comm.). Nonotholeas, both dopoaita are cquilibrium depoaits
and show no signs of avor having boon gubmorqnd Fy soa
wateor. // ‘

‘Spocimons 73036, 73039, and’ 75004 aro columnar
atglaqmicos consisting of macrocrystalline, white, t;anslucunt
calcito that, in all cases, show no toxtural or isotopic
avidanco for réorystallization. The threo apacimona wore
collocted in situ submorged in the Main Chambar of Crystal
Cavo at roapactivo dopths of -8,5, -6,0, and -6.5 m bolow
prosont soa lovol, ‘Tho throa spacimens all have surface

coating of microorystalline, boiga-groy aragonito of marino
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origin., This aragonite coating is best developed on 75004,
whoro it comprisecs a side coating and 2 cm thick cap. On
73036 it is present as a 2 mm thick surface coating which
soparates the stalagmite proper from a bulbous, "Medusa-
like" overgrowth (Fiaqure 6-4) of translucent, gold, macro-
crystalline calcite thought to have beoen formed in a
subaqueous, frosh-water onvironmont.

The other throe stalagmitos, 75001, 75002, and 75003,
likowise collected in situ, submerged in 8 to 11 m of soa
water in the Main Chambar of Crystal Cave, also consist of
macrocrystalline, white, translucent calecite, but do not
havo aragonitic surfaco coatings. Spocimon 73037 consists
of a coaleaced ("popsicle shaped") pair of macrocrystalline,
whito, translucont calcite stalactites, The spocimen was
dapoaited some 2-3 m above sca leval, but was recovered
from the floor of tha Main Chamber of Crystal Cave submorged
to a dopth of about 9 m. The oxposed surface of the apocimon
was covared with tho same ar&gonitic surfaca coating described
above. Tha lowor 20 cm of tho stalactite pair is comprised
of two distinct zones of radiating calcite oriented parpondi-
cular to tho axis of growth, soparated by a vary fino-
grained layor of marino carbonate sedimant similar to that
progsontly accumulating on spalaothom surface projoctions
and broakdown matorial prosontly submoraad in Crystal Cava.
Above the 20 om point (i.o. closor to tho former point of
attachmont to tho ceiling) tpia discontinuity disappoars

and orystal growth is continuous across that boundary,
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This stalactite thus is most usoful as a fossil "dip stick"

racording the maximum extent of a former rise in sea level.

9.6 Interprotation of Bermuda Spoleothem Ages and
Paleoclimata Data

Barmuda sea lovel history during the past 200,000
yoars, raconstructed from the spoleothom ago-elevation
rolationships in Table 9-1, is shown in Figure 9-4. From
these data, toagother with the oxygen isotope and paleotempora-
ture racords, tho paleoclimato history of®Bormuda during the
past 200,000 yoars can be doduced. This record can evidently
ba dividod into five distinct phasas: threce intorglacial
poriods of warm climate and platform submorgence soparatod
by longor alac¢ial poriods of cold climate; platform omergenca,
and soil doveloﬁmont.’

The first phaso is recorded in the qoologic rocord by
a platform submorgonce of about 200 Ka, which alightly
oxcooded that at praegant and resulted in tho deposition of
the marine Convict Bay Mombor of the Belmont Formation,

This would corrolate with the 200-190 Ka tarrace recognized
by Mosolalla ét al. (1969) in Barbados and tho gonorally warm
poeriod obsorved in the North Amorican speleoothem rocord
(Fiauro 6-6) . Soa lovol doclino bogan around 200 Ka and had
roachod -8 m bolow presant soa lovel by 195 Ka, poermitting
deposition of stalagmites 73036 and 73039 to commance, The
oxygon isotopo profilos of 73036 and 73039 ovar the pariod

195-160 Ka suggost a two-stago drop in sda lavol: an initial
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FIGURE 9-4 Two possgible constructions of Bermuda
soa-levol history based upon the
spaleothem agaochronologic data
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drop recorded by tho cooling trends in tho 62 profiles from
195-185 Ka during which sea lovels fell below prosent love%af
but did not expose the ontire Bermuda platform, and a secénd
drop as indicated by the strona cooling trend in the 62
proff\los from 180-165 Ka, which regulted in total emorgenceo
of the platform. This pattorn of small-scale sea lavel
fluctuations within major periods of platform submorgence hasg
beon noted from geologic ovidence by Vacher (1973), and is
apparantly repoated time and again in Bermuda.

The second phase 1s a poriod of platform emergenco
from about 165-135 Ka, which corroaponds to tho ponultimateo
qluciag}on (Illinoian?) in North America, and which resulted
in the dovolopmont of the Shoro Hills Soil in Boxmuda. This
period, only partially recordad in the spoleothém record, is
chqractorized by cool-climato conditions with paleotomperaturos
aomoe 10°C lass than prosonts

The phago which follows ia a socond episoda of plat-
form submorgonce which ocourrod ovbé_tho pariod 135-100 Ka,
and resulted in tho doposition of the Paget Formation, the
Devonshiro and Spencor's Point Membors rocording two distinct
high sca stands within that poriod. Thig phase of Bermuda
Ploistocnne history is complex, bocauso of tha multiplo highs
gsoa stands which ooccurrod, but is thought to bo timo
corrolative with the Barbadea II and III torracos (Mesolella

ot al,, 1969), and the New Guinoa VI and VII torracos (Bloom
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et al,, 1974), staace 5 or termination [1 ot the marine tora-

B U ity g
~

minliteral vrecord (kmiliani, 1955, 1906, Broecker and

U

van Dank, 1970), and the last 1nQ3rqlaoial (Sangamonian) 1in

the North Ameriocan alacial reoord.z The period beains on a
warminag trend about 140 Ka, whioh gubmerged the Bermuda
platform to a level aliqhtly above that at present and resulted
_ﬁn depoattion of the Devonshire Member of the Paget Formation,
The time of thia high sea stand is recovded by the marine
gadiment in the disoontinuoua zone bhetween the 138 and 131

Ka horizona of atalaotite 73037, The dlasappearance of this
disocontinuity and continwouws orystal qfowth acroaa the

specimen above the 20 eom heiaht effectively placos the maximum

elevation of thia sea atand at about +2 to +4 m above presant

sea level, This sea level rime was ahort-lived, and may have
been followed, as suggested by Vacher (1973) within 1,000
years by a hidh'aoa atand at + 12 ﬁ above preaent aoa lavel,
at which time thoe #pencer's Polnt Membar of the Pagot
Formatioﬂ could have been doposited, By 120 Ka this soa "“ S
lave) rise had receded to a position at least -6 m bolow

pregent permitting depoa&tiaq of 78004 te.bcgin. A pariod

of aenaral platform aubm@rqence_from 128-114 Ka la suwggestod

fram the 62 ﬁrafxlaa and p#ﬁeotemgovat“re data, Tha bulbous
overarowth on 73036 aatabliaheé‘ﬁhe poeeition of goa loval at

thia time at -0 m bolow prosent, 4{f it is asaumod that it

wag dapoaxth from a fresh-wator lons ai@tlar to that whi&h

prosontly roaté upon tho gea wator in the eavoe, 8toinon ot

\
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al. (1973) have recoqnized a low soa stand to a point some
«71 m below prosent in Harbados betweon tho woll-documentod
120 and 105 Ka high sea atands, This evont coertainly corre-
latos with the intenso cold ovent prosent in the Bormuda
gpoleothem isotopa and paleotomperature records, and would
havo in all probability resultod in tho complote emorgence

of tho bormuda platform at that time, This cold ovent was
followod by a major warm periocd from 108-100 Ka, durina whioh

. time tho Bormuda platform wag submorgod to a depth somewhat

less than =8 m. FKrom tho spoleothom ohronologic and paleo-

olimato data it is not certain whethoxr moa level roae to a
higher podnt after 100 Ka, as might bq'oxpected from tho
provious pattorn of seoa lovel fluctuations, or whother a

major decroase occurrod. The fact that both specimons 73002
and 75004 coasod érowinq at 100 Ka sugqostd that tho Bormuda
platform wae submorged to a hoighe of at loaat -8 m, Land

ot al, (1967) have plaqoé tho +12 m high gca stand which
rogulted in the dopogition of the §pancer's Point Pormation

i durdng thio tdmo, It io not posoible from tho apaleothem

| _ovidenco to chicoge botweon tha two timo altornatives for the =
| | dopoaition of tha Sponcor's Point Formation, tho 123 Ka aqo

| ' favorod by vachar (1973) or tho 108 Ka ago indicated by

| Land ot al. (3967). Dating of corale from both the Dovenshize
and dponcor's Point Pormations ie¢ in progrose and should
rosolve thia problom,
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Tho Sancamon/Wigconsinan boundary ia difficult to
agoortain from the bormuda apoloothom record becaugse the poriod
from 100-50 Ka was a poriod of climatio fluctuation not well

rosolved, due to the slow growth rate of 73021, Based upon

correlation with continental and marine rocords over thias

poriod, the boundary has beoen placed just aftor tho 82 Ka

high sea atand recordéd in Barbados and New Guinea, but not

T 41 e S, e ot

definitoly recognized in Bormuda,

The last glacial pordod, tho Wisconsinan, ig a time
of qpnorgl platform emorqonce from 80-10 Ka, during whigp
timo the davolopment of the 8t, Qoorge's Holl ooourred, At

loaat one poriod of soa lovel riso onto tho platform ocourred

A

during thig poriod, dooumontod by tho ocolianitos of tha
Southampton Formation, Nc-datod at 37 Ka. CGrowth of 75001
at a position -0 m below prosont goa loval at that time g
indicatos that the platfo:m submargonce did not roach thia
point. A moderatoly warm poriod at 60 Ka is- preasent in the
: 73023 isotopo racord, but no dafinite platform aubmorgoneo
hag beon racoqanized at this tima. It fe poseibla, howaveor,
that tho Southampton Fnémg%iqg_&g_improparly placod at 37 Ka
aﬁd. in faot, toprouonta tho vory woll dodumonhcd Wisconainan
intoratadial ovont at 60 Ka,

Tha last phaso campriaoa ehe lagt. 10,000 yoars and
rocords eho poat-wiauonatnan aon 1evol riao to ite proaont

posdtion, The mnrino ovargrowth on 78004 placos aaa levcl

at «6,5 m nt 6 Ka. whieh {8 in agroomont with eehor oaeimauqn

s v
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v

of llclocene sea lovol at thig timo (Bloom et al,., 1974,
Mrner, 1970),

The dormuda paleoclimate ploture proesanted here for
tho past 200,000 yoara aarees well with that obyerved for
continental North Amerioca, Lut theo recpnutruotud sea level
curve is slonifioantly difforent from.thnt darivod from
tootonically active oceanio areas, suoh ag Barbados and New
Guinea, both in the placemant and amplitude of saa level
poaltion (Pigure 10=2), although other sea lavel reconstruc-
tiong from ccntlnéntal and stable ocoanic aroas agrea well ~

with tho darmuda reeord. .

~
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CHAPIER 10

COMPARISON OF THE NORTH AMERICAN SPHLEOTHEM RECORD
WITH OQTHER PALEQCLIMATE RECORLS

10.1 Comparison with Othor laotopic Records

-----

In addition to the apeloothem paloocclimate rocords of
ttendy and Wilson (1968), buplessy et al, (1969, 1970), and
Thompason ot al, (1974, 1975), thoro aro at loast two othor
important isotopio palooclimate rocords: the doep-soa fora-

miniforal recorda'of Emiliani (1953, 1966), broocoker and van

e
bonk (1970), and Shackloton and Opdyko (1973), and tha

GQroanland and Antarotic icb=-core rocords of Dansgaaxrd ot al,

(1969) , upstodin ot al, (1970) and Johnson et al, (1972),

10.1.1 The Spaloothem Ragord

A comparison botwaon oxygon iaotopo vaxiationa in
spolecthqmafefom the fiva North American localities studied
hore roveals aovaral‘aynchreaoua.ulimatie fluct&ationa through-
out the past 200,000 yoars (Figurae 6-6), %wo major glacial

pariods and throa intarglacial poriods havo ogourred An thie

intorval and within oach cycla many smallor sealo fluctua-

tdons are obporved.

wiﬁio gonaraliszoq Gg curvas for tho prov&oga epalocthém
atudios of ugn@y and Wilson (1968) fox Now .2oaland, Duplosay
at al, (1969, 1970) for tho Ardacha provinca of aoutharn

{3
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Prance, and Thompson ot al, (1974, 1976) for Wost Virginia,
aro shown in i"{gqure 10-1, The PFrance and Wast Virginia timo

scaloes are bagsed on 23°Th/2340 agos and the New Zoaland time

poale on 140 aqed, The PFrance record hag bean reoriented to

luowenrichmant

be consistant with the interpretation that
roflects lowor tomperaturas,

The oxcellont agrooment between tho Woat Virginia
record and tho other North American records of thia study has
already Leen notod (section 6.2)., Parioda of thormal maxima
are obgserved in this reocord from 193«173 Ka, 170-160 Ka,
105-95 Ra, and at prosont. Loga intonse warm episodes ocour
at 83, 60, 33, and 28 Ka, In Woat Virginia intorruption of
gpeloothom depoaition from 160-110 Ka, 85-40 Ka, and 238-3 Ka
ig attributod to pariods of cold alimato and maximum glacior
oxtont in North Amorica ﬁThcmpqon ot al., 1974).

Tho Now Zealand data of Hendy and Wilson (1968)
provides a paleoclimate record for a tomporate ocoanie site
during the lattor half of the W$aconainan and the lologone,

A major cold avent is obgorved frqm thq baginning of the ‘
Meogatod portion of tho racord at 40 Ka, which coantinuca to
about 20 Ka, Tho poriod from 20-10 Ka ie a warming trond
loading into the prgsont intoxrglacial. This rocord ie broadly
comparable to the Iowa and Darmuda rocorda over the same
poxiod of tima, : '

The rocord of Dupdouuy\ce-al. (1969, 1970) frem the

Ardocho provinca of Franca ds from a mid-latitude, continontal
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alte and covoras the 40,000 yoars ocommonly assigned to the

lagt intorglacial. Dopoaition of the Aven d'Orqgnac stalagmite
bogan during a warm poriod at about 130 Ka. Between 130 and
125 Ka a govere cooling occurred, leading into a major cold
pariod from 120-100 Ka. A atrong warming trend is observed

at 98 Ka, leadina into a major warm poriod from %7-93 Ka.
Depoaition of the spocimon coasea on a cooling trend at 92 KRa,
The warm evont contored at 95 Ka in this rocord is more intense
than tho 125 Ka evont, but is of similar amplitude to tho
105-9% Ka warm evont in tho Weat Virginia racord from an
oquivalont latitude, and ie aleo comparable to the 103 KQ
major warm ovont obsorvod in the Alborta, Iowa, Kontuoky and
San Luls Potoal recooxds of this atudy,

Thoro ia an oxcoellont genoral agreomont botwoen tho
various spoloothem palooclimato records in both the placamont
and rolative amplitudos of major climatic oventa. Tho
naximum ¢glacial/intorglacial cg variation {s 3.9%/,¢ in Weat
Virginda, 2.0%/4, in Pranco, and 1.5%/,, in Now foaland, as
acméared with 4.0%/¢¢ ger Dormuwda, 3.1%/,, for Alberta,
2,8%/,0 for lowa, 2.4%/,, for 8an Lule Potosl, and 1.3%/,,
for Rentueky. In gonoral, with the prominont oxcaption of
bormuda, tho amplitude of tha glaclal/intorglacial 62‘
v&riahian inorcasas with dneraasing latitude and dccoraascs
with incroasing distanco from tho glacial maxgin,



e

FIQURE 10-1 Compariason of tho North Amoxlican spolcothenm
rocord of thia study with othor lasotople
palococlimato rccords.



Og9

TTTTYTTTTTTTTTY TV TRV T 7T T

219

ALBERTA

NORTH AMERICAN
IOWA SPELEOTHEM
RECORD

KENTUCKY W\,JV‘

. /\/\‘\/\A\ SAN LUIS POTOSI

L I S NN NUUIN W UV VRO SUDIN WY VSN SO | LMLAH_&_E:WL_ [ | !
. |
i CARIHREAN EORAMIF E RAL
PPN RECQRD
1 O | | | | | S I | } i 1 Iy ) iy " 1 Y
ANTARCTIC {CE CORE ¢
v RECQRD !
W
_~GREENLAND
It 1| } } 1 § } 1 [ } i ] 1 3 1 o4 4
NEW ZEALAND PREVIOUS
w\/"\/*/ , SPELEQTHEM ¢
RECORD t
- FRANCE W
/**-m-wesr VIRGIN(A e |
VR
i } i i } Iy i [N |
) IOO lao 200

. Age (103years BF)




220

10.1.2 Tho Marine Foraminiferal Record

Variaiiona in tho 180/160 ratio of Caco3 planktonic

<

foraminifora also provide a record of Ploietoqfno oclimate
change duo to fluctuations in both thoyiuotopic compogition
and temporatures of the ocoans, Ustimatos of the ohange in
68 of tho ocoans botwoen the last glacial maximum and the
progent, rango from 0,4-1,8°/,, (Emiliani, 1906, 1971,
Olauason, 1966; Shaockloton, 1967, Imbrio‘and Kipp, 1971,
Shackleton and Opdyko, 1973) with a vnl;o of 1,6%/4,
gonerally accaptod, Thus a majority of the total variation
obgorved in 62 of planktonic foraminifora is prokably due to
the chanaing 68 of the ovocana in roaponoa to the waxing and
wanina of tho continontal glaciors and not to changing 7 ,
tomporature, In oithor case, howovor, light 62 valuos indicate
conditions of warm alimato and vice vorasa.

The planktonic foraminiforal &9 curvos of tmiliani
(1955, 1966) and hroocker and van bonk (1970) are shown in
Figuro 10-1 and indicato that throo major warm pordode have
occurred in the past 200.06@ yoars. %hego oplacdoa of warm
climato ara asoparated by longor porioda of cold climate,
Tho warm ber&oda hava beon dosignated Stagos 1, 3, and 5,
in order of incrcaaina aga by Emiliaéi (1983). ‘Thore ia
ourrontly a ﬁajcr eontrovoray ovar tha tima goale for the ‘
napine foraminiforal rocord, so that tho absolute agoo of
‘those warm paricda is subjaet to somo dobate. Dased upon
tho aga ‘dotormdinations by Rnaholt‘ot al. (1961) and Rona and
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Emiliani (1969), the Stage % maximum has boen placed at

95 Ka by Emiliani (1966, 1971), thus placing tho Stago 7
maximum at 150 Ka, ‘This disagroes with tho genorally accepted
ploturo af lato Pleistocone sca lovel hiatory (Bloom ot al,,
1974) , which records periods of maximum interglacial climate
correasponding to the Stage b and 7 maxima at 120 and about

260 Ka, rospoctivoly. This led Ku and Broogker (1969) to
re=-avaluate tho age dotorminations of the foraminiferal
record., Their rosults argue for an axpanaion by 25% of the
timo scalo upon which the oxtrapolatod chronology of Emiliani
(1966) was based, and resultod in Broaocker and van Donk (1970)
placing the Stage 5 maximum at 120 Ka. This controversy ie

at progont unresolved,

A comparison of thao North American spoaloothom isotopic
rocord and tkp marino foraminiforal rocord using oither timo
aca}e is unaatisfactory, with rogard to both the placeomont,
amplitude, and wave form of the warm or cold pgakn. The boat
agroamant botween the two records is aohioved wsing tho
compromisa tima scala “"E', suggosted by Emiliand and
Shackleton (1974), based upon Pacific core V20-238 thyrough
the ontire brunhoa Epoeh, This tima scale o dorived from
the location of tho Stago 19 maximum at tha 700 Ka Brunhos/
Matuyama boundary, placemant of tho Stage 3 maximum at 100 Ka
to accommodate tha spoleothom data, &nd tho asaumption of a

wniform socdimontation rato throughout tho cora, This time

s
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scalo then placos the Stago 7 maximum at 200 Ka and the Stage
1 maximum at S Ka, Subsidiary warm ovents aro observed at
180, 120, 85, 74, 50, and 28 Ka,

‘The short-torm olimatowrluctuationu 80 prominent in
the spoleothom record are not observed in the foramihiferal
rocord, This i3 duwo to the offacts of mixing of tho upper
fow contimotors of marine decop-sea sediments by bioturbation
and bottom ourreny offocts, the slow acoumulation rates of
moat deop-soa scdimént profiles, and the slow rosponse timo
of the ocoan to climate chango. The quasi-pariodic pattorn
of tho apoleothom rocord differs from the "saw-toothed"
wave form whioh Broookzz,and van Donk (1970) vigualized for

the foraminiforal record.

10.1.3 Tha Polar lco Cord Rocords

Tho polar ico coreo records from Greonland (Dansgaard

ot al., 1969) and the Antarotid (Epstoin ot al., 1970) ara %»

ghown in Figure 10-1, Asaundng lao-doplot:ion to have
‘reosulted from an ineroasod tomporature gradient betweoon thg
marine ovaporation bq{;n and tho polar rogiong or an inoreasocd
travol distanco of atorma ovar a grow1n§ ico~cap, thon
lighter sgce valuoe indicato ‘poriods of cold olimate and:
continontal glaclatien, '

The dating of tho ioé cores is, howover, difficult
outsido tho rangn 6! tho short-lived isotopoa NC, 3281, and
alovh, and-thorcforo agaa: assigned to tho oldor portionsa of

tho ico cores are subjeat to considerable exrbr. Additional
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complications arise from tho fact that the older layors of
tho ice masa aro compressod, ﬂugp that in tho caso of the
Groonlanﬁ‘ﬁﬁ?o, for oexample, the bagal 30 m of the 1,390 m
coro aro ostimatod to comprise about 40V of tho entire rocord.
This comprogsaion occurs because the basal 1ice has been
tranglocated some tons to hundrods of kilometers distant and
Nighor on tha ico-cap. Dansgaard ot al, (1969, 1970) have
usod the mochanica of glacier flow to construct a dynamic
modol from which age ostimatey for thdt lowar portions of the
core can bao made. Tho assumptions of the model itsalf have
beon criticised by M8rnor (1972, 1973) leaving the oldor:

portions of the chronology in considarable doubt,

0
ico

rolativoly good agreomaent from 60 Ka to progent, suggesting

The érocnlnnd and Antarct§c ) profilba aro in

the rospootive chronoloqlies are mutually conslstant within
this poriad, Past 60 Ka tho oxtrapolatpd agoe are problomatic
and tho agroopdnt is not as good, Tho olimate record of
thooa corea within tho past 60,000 yoars {s basically that of
the Wigconsinan glaciation in Noxth Amorica, Doth rea§xda
indicate mild elimatos at about 60 Ka, thia ovent boing more
pronounced in tha Groonland rocord whero Ggoe valuos ara
similar to thoso at prosont. Thias iy strikingly similar to
the situation obsorvod in the Iowa speloothom record and may
in fact roprosant a glacial stado in North Amorica that was
not oo -prominent in ého Southorn Homisphora. Both rocords
oxhibit a cooling ﬁrond from 60-10 Xa, intorruptod for

-
s
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short poriods gy‘warm oplsodoe at 40 and 28 Ka, and oconverge
to similar cho valps at 22 Ka; tho maximum extent of the
last qlacintion.. Thore is an ovarall good agroemont betweon
tho apeloothem rocords and the ico core record over the perioed
60 Ka to pregont, but outsilde this interval there is little
similarity, ‘this is in all probability due to the problows
in interpreting tho basal portions of theo polqp ice coros,
Porhapa future coros are botter taken from shelf ice whore . — ‘
=\, measure of comprosgion can be more accurately determined,
and tho probloms of agoe oxtrapolation much reduced,

10,2 Comparison of tho Speloothem Regord with
Non-Yaotopid TPalooollnato Toooxrds

. e e

Although thora is an abundanco of ?loiatooone paleo-
olimato information in tho litorature, the majority of tho
quantitativo data como from the torrostrial glacial, pellen,
and faunal rocords and tho marine soa lovel, uod}mcnt, And
faunal rcéorda. The volumo of published 1ihoraeﬁra. oven in
thoso restrioted fiolds, i 6o larae as to make a detailed
comparigon with tho spoleootham records of this uéudy a most
diftiounlt task. In oo far ac thoro le gonorally good intarnal
nqioamcnt botwoen %kloooltmnee racords of a similar kind,

a fow ropragoentativa racords have beon chogon for comparison,

" 10.2.1 The Torrestrial Rocord

The terroatrial palecclimata recordes chosen for
compaglaon aro: (1) tha North ﬁmorican Wigeoneinan glacdal
stratigraphy of tho north=contral uUnitod 8tates and ?oueh-

N

[}
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ecastern Canada (Dreimanis and Goldthwait, 1973); (2) the
Columbian pollen record (van der Hammen, 1961) and the
Macedonian pollen record (Wijmstra, 1969); (3) the European
beetle distribution record (Coope and Sands, 1966); and (4)
the Czechoslovakian loess record (Kukla, 1970)., These
paleoclimate records are shown together in Fiqure 10-2.

Considering the diverse character of thege various
records, the inherent nature of each to respond more vigor-
ously to regional climate effects, and possible errors in
chronology, there is nonethelegs an excellent agreement between
the terrestrial paleoclimate records and the speleothem
record. The correlation between the various continental
records is certainly much better than that between the marine
record and the terrestrial record or the marine record and
the speleothem record.

Episodes of warm climate are observed in one or more
of fhe terrestrial records at 82 Ka, 65-60 Ka, 50-45 Ka,
32-28 Ka, and 10 Ka to presept. Intervening cold episodes

occur at 93 Ka, 72 Ka, 55 Ka, 45~30 Ka, 25-22 Ka, and at 12 Ka.

10.2.2 The Marine Record

The marine records chosen for comparison are: (1)
the reconstructed late Pleistocene sea level history (Bloom
et al., 1974; Mdrner, 1970; Mesolella et al., 1969); and
(2) the faunal temperature index records (Imbrie et al.,

1973). These records are shown in Fiqure 10-2, The sea

P Y

-



FIGURE 10-2

Comparison of sclected terrestrial (top)

and marine (bottom) paleoclimate records

(left) with the North American speleothem
isotopic record of this study (right).
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level curve of Shackleton and Opdyke (1973) derived from
isotopic variations in benthonic foraminifera in Pacific core
V28-238 is also shown for comparison,

It has long been recognized that the level of the
oceans must rise and fall in response to the accumulation
and melting of continental glaciers. Thus, times of high
and low sea stand can be determined from age determinations
on suitably preserved materials such as buried wood and peat
or elevated coral terraces, The éour-sea l;vel recongtruc-~
tions shown in Fiqure 10-2 gshow a deneral agreement with the

speleothem record between the placehent of warm events and

Jhigh sea stands. There is, however, much less ‘agreement

over the amplitude Pf the individual events, The major

warm events in the speleothem record are centered at 190,

170, 105, 60, and 10 Ka, with minor episodes at 140, 120,

82, 36, and 24 Ka. These events can in most cases be directly
matched with corresponding high sea stands in the sea level
record., That the maximum high sed stand in the past 200,000
years is observed at 125-120 Ka, whereas the speleothém thermal
maximum occurs at 105 Ka, remains a dilemma, There is no

a priori reason to require synchroniety between air tempera-
ture and high stand of the oceans, a fact pointed out by
Friedman and Sanders (1970), who documented coinci@gnces of
high sea stand with cold climate a%d vice versa, This

major discrepancy remains,

Imbrie et al, (1973) have determined oceanic

oy em e
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paleotemperatures from Caribbean core V12-122 using the
transfer-function téchniques of Imbrie et al, (1971). This
mothod ié’based on the percentage composition of planktonic
foraminiferal faunas, and intcrprets maﬁhematically defined
faunal indices by means of equations relating differences in
faunal distributions to water temperature. The summer and
winter foraminiferal indices, Ts and Tw, of Imbrie et al.
(1973) are ‘shown in Figure 10-2, The time scale for these
data is that of Broecker and van Donk (1970), which places
the last major warm peak in the foréminiferal oxygen isotope
record, Stage 5, at 120 Ka; There is a very strong agree-
ment between this record and the speleothem record of this
study. The major warm peak present in the speleothem record
at 105 Ka, with th; exception of the present, is the time of
the warmest ocean temperature in the past 200,000 years,

The warm peaks between 200 and 160 Ka are slightly less
intense than the 105 Ka event, which is also consistent with
the speleothem isotopé record and the Bermuda sea level
record., Minor warm episodes- present in the speleothem record
at 120, 80, 60, and 34 Ka all appear in theﬁmarine faunal

paleotemperature record.
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CHAPTER 11

A QUESTION OF CAUSE: INSOLATION AND THE
SPELEOTHEM RECORD

11.1 Introduction

e 0 i = -+ =

-
There is unequivocal geoloaical evidence that, at times
during the Pleistocene, the climate of the Earth was fadically

different than at present, Major portions of the continents

e <n ey

were covered with glaciers, vast lakes were prosent in arcas
of modern desert, and sea levels were substantially lower !
than their position today. Although the evidence for such

climate chanage is abundant and has been intensely studied by

4
several gencrations of earth gscientists, the cause has not

]

yet been saéisfactorily resolved.

»

Many tﬁeonies have been proposed to explain the
periodicity of Pleistocese climate change. The most popular
and widely acceptéd theory at present is the hilankovitch
insolation hypothesis, which relates secular variations in
the Earth's orsital paraméters to the seasonal distribution .
of radiation incident upon the Earth's surface throughout

time.

11.2 The Milankovitch Hypothesis

“ v

As early as 1842 Adhemar had suggested that climate

change might result from a variation of the distribution of

i
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the ingolational heating of ;hc Earth's surface. This concept
was expanded by Croll (1876) who estgblished the idea of a
heat budget for the Earth and derived the principal laws
determining the distribution of solar heat over the Earth,
and by Milankovitch (1920, 1930, 1941) who formulated the mathe-
matical relationships governing this heat distribution.

The seasonal and latitudinal distribution of incident
solar radiation have varied throughout time as a function of
pertubations in the Earth's orbital elements. The Earth

revolves around the Sun in an elliptical orbit which exhibits

. secular variations in its eccentricity, due to the influences

of the other eight planets. At the same time the Earth rotates
about an axis which is inclined to the plane of the ecliptic
at an angle (the obliguity) that varies with time. The
rotational axis itself precesses about an axis perpendicular
to the plane of the ecliptic such that with the passage o}
time the occurrence of summer in one hemisphere will change
from perihelion to aéhelion. Each of thase‘three factors has
a distinct effect upon the position and attitude of the Earth
with respect to the Sun, such that secular variations in -
insolation result.

The effect of secular variations in the Earth's orbital
elements‘on insolation have been quantitatively evaluated

by Milankovitch (1920, 1931, 1941), Van Woerkom (1953), and

Vernekar (1972). Thé precessional cycle is observed to occur

%.-.
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FIGURE 11-1

Socular variationg in the Earth's axial
obliquity (top), orbital occentricity
(middle), and June 21 Sun-~Earth
distance (bottom) over the past 350,000
yoars based upon the calculations of
Verniekar, 1972 (after Broocker and

van Donk, 1970).
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with a period of 21,000 ycars, the obliquity cycle with a

poeriod of 40,000 ycars, and the eccentricity cycle with a

poriod of 92,000 years (Figqure 11~1). Bocause the periods
of motion of these three Earth orbital eleoments differ, the
resultant cumulative insolation curve derived from their
summation is non-periodic. Instead it shows irregularly
spaced ingolation maxima and minima with poak amplitudes
dependent on the relative importance assigned to the three
individual components,. This’fcsults because the obliquity
effect is most important at high latitudes, whereaé precessiﬁn
is the dominant factor at lower latitudes.

In his original theory Milanko@itch (1920) arqued
that periods of glaciation occurred when Northern Hemisphere
summer insolation was at ? minimum. Such minima occur when
the eccentricity of the Earth's orbit is greatest, the Earth's
axial obliquity is smallest, and when Northern Hemisphere
summer solstice occurs when the Eflrth is at aphelion. Various
kinds of Pleistocene paleoclimate data have been interpreted
in terms of or compared with this Milankovitch model. Oxygen
isotope variations in marine deep-sea core foraminifera
(Emiliani, 1955, 1966; Broecker and van Donk, 1970), periods
of high séa stand (Mesolella ot al., 1969; Chappell, 1973),
oxyqgen isotope variations in speleothems (Thompson ot al,,
1974), and European logss scquences (Kukla, 1972), have all
shown some deqrece of similarity to one or more of the published

insolation curves for the past 350,000 yoars (Van Woerkom,
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1953; Broecker, 1966; Vernekar, 1968; Broecker and van Donk,

1970; Kukla, 1972). The larae number of differont insolation

curves haglresultod from the fact that every latitude has a
different pattern of secular variation of insolation, It

is common to choose a high latitude insolation curve for
purposes of comparison, on the assumption that the heat input
at the high latitudes is the major factor which determines
the growth or decay of the Northern Homisphere ice shoot,
Chappell (1973) hps compiled much of this data in a statisti-
cal comparison of the Emiliani (1955, 1966) and Broecker and
van Donk (1970) oxygen isotope foraminiferal records, tha Now
Guinea sea level rocord (Chappell, 1974; Bloom et al., 1974),
and the paleoecological record of a Caribbean deep-sea core
(Imbrie and Kipp, 1971)., Using time-series analysis, he
found a high deqgree of correlation between the palcoclimate
rocords and the insolation variations\at 45-55°N, prodiding

all were compared on_ the reduced time scale advocated by

" Emiliani (1971), i.é. a shortening of the time scale of the

New Guinea sea level record by 7%, and the Broocker and van

Donk (1970) and Imbrie and Kipp (1971) time scales by 20%,

11.3 Insolation and the Speleothom Record

Because the cumulative speleothem record of this study
covers a wide range of latitude, 22°N to 52°N, and presents
a record of global as well as regional climate variation, it

is necessary to compare this record with an insolation record
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that takes both high And low latitude cffects into considera-

tion. This has beon done by intagraiing the insolation data

of Vernekar (1972) for Northern Hemisphere summers over the
past 200,000 years. The resultant integrated insolation

f
curve is compared with the North American speleothem record

in Pigure 11-2,
The integrated insolation curxe has prominant Northern
Hemisphere summer maxima at 197, 175, 128, and 105 Ka, with

less intense maxima at 150, 85, 57, and 10 Ka. Major minima

occur at 187, 115, and 70 Ka, with lessor minima at 165, 140,
95, and 25 Ka and at present. From the speleothem oxygon
isotope record warm events resembling present climatic

conditions are observed at 195-185 Ka, 180-165 Ka, 110-100 Ka,

and at 60 and 8 Ka. Intervening major cold events occur at

185~-180 Ka, 165-125‘Ka, 118-110 Ka, 95-62 Ka, and 58-8 Ka,
interrupted by short-liveq warmer opisodes at 150, 120, 82,
36, and 24 Ka.

The matching of insolation maxima and speleothem thﬁrmal
maxima, shown by the vertical bars in Figure 11-2, suggests
that the various insolation maxima can be correlated with
correspondinq warm periods in the speleothem isotope record.
Likewise, insolation minima aroc well correlatod with cold
peaks., The short-term climate fluctuations observed in the
spoleothem record are probably manifestations of regional

and local climate variations, such as fhoao observed in the
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FIGURE 11-2

v

Comparison of the North American
spcleothem oxygen isotope paleoclimate
record and the integrated insolation
record for the past 200,000 years

(from the data of Verfekar, 1372).
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Iowa record in response to local oscillations of the Michigan
Lobe of the Laurentide Ice Sheet (section 8.4).
The placement and relative amplizudes of peaks in the
insolation and speleothem record are in good general agree-
ment. There is a general tendency for the speleothem minima v

to lag the insolation minima by about 3,000-5,000 years, which

may correspond to a natural lag time between decline in insola-

tion and the onset of glaciation, -

It has, however, been shown by several workers that the

magnitude of the effect of changes in insolation disgribution §

are not large enough to cause the large-scale shifts in global 3

climate thought necessary to provoke glaciation. Shaw apd

7

Donn (1968) used the thermodynamic model of Adem (1964),
assuming a modern albedo pattern to estimate the effect of
insolation distribution variations on Northern Hemisphere

summer temperatures, making no estimates of seasonal or

geoqraphic distribution of precipitation. Their calculations

indicate that the temperature difference for a period of
unusually high insolation and warm summers (e.g. 127 Ka), and
a period of low insolation and cool summers (e.g. 22 Ka),

was only 3°C between 45°N and 60°N latitude, This value is

2

about 40% of that thought necessary by Simpson (1934) for a
major glaciation. Sellers (1969) used a model of global
climate based upon the energy balance in the Earth-atmosphere

system to compute the north-south distribution of the Earth's
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surface temperature for contrasting conditions qf high and

low obliquity. He concluded that the net difference for

these two extreme conditions was insufficient to cause

large-scale changes in climate. A re-evaluation of the

"Milankovitch Effect” on climate was also made by Saltzman

and Vernekar (1971). They used an Earth-atmosphere-ocean

climate model to calculate surface temperature, surface

wind, and the difference between evaporation and precipita-

tion for the prevailing solar radiation during the insolation

maximum at 10 Ka and the minimum at 25 Ka. Differences in

all three factors were less than the minimum thought necessary

to produce a glaciation. It should be pointed out, however,

that all the models were zonally averaged and did not take

into account changes in atmospheric circulation patterns

({Lamb and Woodruffe, l970),°br changes in snow and cloud

cover patterns causing changes in albedo (Flohn, l974),ﬁ
I1f,.as these order of magnitude calculations suggest,

insolation distribution varia£ions are not sufficient to

have totally caused and requlgted Quaternary paleoclimate

changes, the indirect geologic evidence from this and other

studies nevertheless indicate that changes in the distribu-

tioi of insolation, resulting from pertubations in the

Earth's orbital elements, may be a triggering mechanism for

a positive-feedback, self-amplifying geoclimatic process.
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CHAPTER 12

SUMMARY OF THE NORTH AMERICAN SPELEOTHEM
PALEOCLIMATE RECORD

This study was undertaken as a first step toward
obtainina a synoptic record of North American climate change
during the past 350,000 years, based upon oxyagen isotopic
variations in calcite speleothems, and with the goal of
calibratinag this record so that it would be a quantitative
rather than qualitative indicator of paleoclimate change.
These objectives were achieved with a mixed degree of success.
Oxygen isotope profiles were obtained for 16 speleothems from
five areas of North America between 22° and 52° north lati-
tude. Actual paleotemperature estimates were derived for :
6 speleothems from three of these localities, "but temperature
calibration of the oxygen isotope profiles was not always
possible, due to non-systematic variations in the processes i
and effects which determined the oxygen isotopic composition :
of some of the speleothems, . f
The~qeneral characteristics of the North American ‘ ;
paleoclimatic record, as inferred from speleothems deposited {
over the past 350,000 years, are shown in Figure 12-1, The

significance of this Figure may be summarized as follows:

-
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FIGURE 12-1

Schematic summary of the paleoclimate
history of North America during the past
350,000 years as inferred from oxygen

2301, 234 Lqes

isotope variations and
for speleothems from eight areas of

North America.
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(1) Oxygen isotope variations in calcite speleothems from
five areas of North America can be related to fluctuations
of climate in these regions over the past 200,000 years.

Major, regionally synchronous oxygen isotope variations are

due to local or regional events.

(2) The last post-glacial thermal maximum in North America
was reached about 8,000 years ago with a general cooling
since that time. The present interglacial, which has lasted
about 10,000 years, is an uncommonly warm climatic regime
which has occurred no more than four times during the past

200,000 years, and has never lasted more than 10,000 years.

(3) The last glacial maximum in North America occurred at
about 22 Ka, followed by a rapid change to interglacial
climate conditions commencing at 18 Ka. Glacial eveﬁts of
similar or greater magnitude have occurred at least four

times in the past 200 Ka.

(4) The climatic changes which have occurred during the
past 25 Ka are as severe as those which have occurred during

the past 200 Ka.

(5) The past 350,000 years have been characterized by

three glacial/interglacial cycles, each about 100,000 years

in duration. Each glacial or interqlacial period is comprised
of a complex of climatic cycles during which many short-lived

fluctuations in climate may have occurred.
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(6) Several times during the past 200,000 years the change
from full glacial to full interglacial climate, and vice

versa, has occurred within a period of 3,000-5,000 years.

(7) Interglacial paleotemperatures for the continental

interior of North America approach or equal that at present,

whereas temperatures during glacial maxima were some 10°C

less than present.

(8) The deposition and cessation of deposition of speleothems
in areas in or adjacent to areas of glacial cover can also
provide useful paleoclimate information. The Canadian speleo-
them age data indicates periods of abundant speleothem
deposition from 200-225 Ka and 275 to at least 350 Ka, and

a period of non-deposition from 240-270 Ka, suqggesting two

interglacial periods separated by a strong glacial event.

(9) Over the past 200,000 years the quasi-periodic fluctua-
tiong of the speleothem oxygen isotope record for North
America show a striking similarity to the predlcted insolation
distribution variations caused by periodic pertubations in thg

Earth's orbital elements. A cause and effect relationship

is suggested.
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Oxygen and Carbon Isotope Ratios for Eighteen Fossil Speleothems

Height 18 13 . Height 18 13
;i:gii Above Base 8 Oc § Cc ;i:gii Above Base § Oc § Cc
(cm) (°/ooPDB) (cm) (°/00PDB)
71042 O1H1* - -3.66 -5.95
O1HZ2* - ©-3.47 -5.84
03Al 1.2 -4.96  -6.41 O1H3* - ~3.74 -6.16
03B1 2.3 -5.03 -6.62 01H4* - -3.66 -5.70
03cC1 3.2 -4.25 -6.50 O1HS* -- -3.89 ©  -5.49
03D7 4.9 -4.36 -5.34
03D1 5.2 -3.77  -=5.77 72041
03E3 7.0 -4.02 -6.09
03E2 8.5 -3.50 -4.79 Al 0.6 -5.49 -10.43
03F1 10.0 -4.22  =5.63 A2 1.8 -5.14 =10.72
03G1 11.1 -4.09 -5.42 Bl 2.6 -5.03 -10.22
03G2 12.1 -3.63 -5.15 B2 3.3 ~5.44  =10.52
03H1 14.0 -3.50 ~4.48 Cl 4.2 -4.87 -10.31
03H2 14.6 -3.55 -5.35 D1* 5.0 ~5.46 -9.76
03H3 15.8 -4.03 -5.51 El 5.3 -5.36 -10.36
0311 16.7 -4.28 -5.59 F1 5.9 ~5.43 -10.65
0312 17.7 -4.45 =6.00 Gl 6.7 -5.85 -10.55
03J1* 19.5 -4.05 -6.63 H1 7.3 -5.78 -10.53
03J8 20.0 -3.73 -6.16 I1 8.1 -5.73 -10.18
03K2 21.2 -4.10 -5.78 J1 8.9 -4.29 -10.04
03L1 22.8 -3.89 -5.81 J2 9.7 -4.99 -9.96
01Al 24.5 -3.58 =5.99 K1 10.8 -4.84 -9.99
01C1 28.0 -3.67 -5.15 K2 11.5 -5.23  -10.02
01C9 28.4 -3.76  -6.24 K3 12.5 -5.23 -9.83
01D1 31.1 -4.46 -5.37 L1 13.1 -4.99 -9.84
O1E4 32.6 -4.85 -5.11 M2 13.9 -5.48 -10.60
01F1 35.0 -5.10 -5.36 M1 14.3 -5.09 -10.00
01G1 37.0 -4.91 -5.22 N1 15.2 -4.87 -10.30
01H6 37.9 -3.93  -4.51 N6 15.6 -4.75 -9.74
O1H7 38.0 -3.71 -4.02 01 16.1 -4.68 -9.60
03110 41.0 -2.87 -5.12 02 16.8 -4.90 -9.92
L6 43.5 23.41  -6.13 Pl 17.3 -5.17  -10.37
, P2 18.4 -4.85  -9.98
03H4* - -2.88 -4.35 Ql 19.3 -5.00 -10.02
03H5* - -3.19  -3.42 Q2 19.6 -5.20 -10.28
03H6* - -3.09 -2.40 Q3 21.0 -5.57 -10.42
03H7* - -3.01 -3.86 Q4 21.6 -5.09 -10.23
R1 22.5 -5.14 -10.08
03J2% - -3.96 -6.60 R2 23.5 ~-5.51 -10.42
03J3* - -4.12 -6.38 R3 24.6 -5.88 -10.32
03J4* -— -3.90 -6.42 RS 24.9 -5.56 -10.43
03J5*% - -4.07 -6.57 S3 25.3 -5.02 -10.46



R TR T

-~

e

Sl 26.0 -4.90
S2 26.5 -5.40

D2* -~ -5.26
D3* - -5.29
D4* - ~-5.32
D5* -- -5.19
D6* ~- -5.22
D7* - -5.31

73009

-18.37
-17.71
-16.69
-17.60
-18.48
-18.18

mmo O m P
NS o= O
QN W N WO

73010

0 -18.01
0 -17.58
7 -19.09
1 ~19.57
4 ~-17.62
6 -18.58
9 ~18.33
.4 -18.11
8
0
5
4
§
3

ZH-SOvw e

-18.13
-17.32
-17.98
-19.11
-17.2

-17.79
-16.68
-17.19
-17.41
-18.00
-19.91
-19.60
.45 -18.10
-18.45

ZHIOF;’YJFIOU
@mmw\:oc\wu\bbwwuumr\n—n

TN COoO RS

—

o
NS0

R2* -
R3* -
R&* -

-18.90
-18.97
-18.96

-10.
-10.

-10.
-10.
-10.
~-10.
-10.
~-10.

40
25

55
74
63
68
80
24

.16
.54
.09
.02
.14
.69

.01
.10
.08
.22
.03
-0.
.08
.42
.47
.51
.56
.20
.21
.10
.08
.74
.37
.12
.27
.21
.04

.0}

.69
.97
.45

27

73023

Al
Bl
Cl
D1*
El
E2
Fl
Gl
G2
G3
H1
H2
I1
J1
K1
K2
L1

M2
N1

D2*
D3=*
D4*
D5*
D6*
D7*

73036

01A1
0la4
01B2
01D1
01D2
01D4
03A1
03B2
03C1
03D2
03D3
03El
05A3
04B1
05D2 *
05E1
05F1
05H1
07B1 %

.20
.70
.10
.25
o

.70
.90
.20
.50
.70
.00
.40
.78
.10
.52
.60
.70
.95
.20
.60

10.
11.
13.
16.
19.
22.
24.
27.
29.
32.
33.
34,
36.
39.
43.
47.

VMNRNWUOOOWOOARLNUENWN~N

.20
.52
.98
.66
.89
.76
LAd4
.32
.00
.77
.95
.68
.73
.90
-93
.55
.26
.79
.22
.24

.70
.75
.47
.40
.61
.53

.60
.16
.13
.12
.23
.02
.53
.04
.29
.52
.93
.49
.80
.02
.97
.58
.76
.57
.80
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.53
.63
.17
.56
.63
13-
.87
.16
.37
.26
.60
.06
.73
.32
.99
.36
.00
.37
.33
.38

.70
.46
.69
.41
.53
.82

.35
-25
44
.08
.19
.40
-70
.27
.13
.15
.92
.14
.04
.01
.16
.77
.89
.58
.02
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73036 (cont.)

07C1
08A1l
08A3
08A5
08A7

05D3*
05D4 *
05D5*

07B2%*
07B3*
07B4*
07B5*

73039

05A1
0542
05A3
0544
02A1%*
02B1
02B2
02C1
02Dp1
02Db2
02E1
02F1
02G1
02H1
0211
02J1
02K1
02L1
02M1

s 04A2

04A1
04B1
04B2
04C1
04D1
04D2
04D3

02A2*
02A3*
02A4%*
02A5*

48.5
50.0
51.9
53.6
55.8

VS WNMMHOWW® NNV WM -
P 4 e s e e e e s e 4 s s e e a2 e € & e e
OB WO ONY SN NS ~a—~ 0O

Pt b et b e et et

— g
~N N
s e .
O W

18.4
19.0

~-1.04
-2.20
-0.11
-1.62
=2.07

-~2.95
-3.07
-2.91

-1.83
-1.76
-1.86
-1.94

-2.91
-3.51
-2.35
-2.88
-2.53
=4.44
-3.26
-2.52
-1.98
-2.06
-2.81
-2.13
-2.09
-1.85
-0.28
-1.05
-2.13
-2.01
-1.96
-2.51
-2.69
-1.46
-1.80
-2.15
-2.28
-2.99
~3.26

-2.85
-2.83
-2.48
-2.66

-7.
-8.
~-7.
-6.
-8.

-7.
-7.
-6.

-8

-8

44
02
15

59

72

00
04
74

.16
-8.

25

.08
-8.

27

.02
.52
.66
.38
.91
.55
.79
.75
.21
.75
.34
.51
.61
.25
.26
.85
.97
.52
.66
.25
.54
.09
.87
.09
.46
.18
.84

.09
.83
.40
.14

02DD1*
02DD2*
02DD3*
02DD4*
02DDS*

74014

1161
01Al
01A2
0lA3
01B1
01B2
01B3
01B4
OlCL*
01Dl
01D2
0lEl
01E2
01F1
OlF2
03B1
03cl
03D1
0311
03K1
05A1
05F1
07C1
07E1
09A2
09CL
09F3
0932

01Cc2*
01C3*
01C4*
01C5*

74015

R1
P1
01
L1
K1

11.
16.
17.
18.
19.
19.
21.
21.
22.

WWWNNDNDRNNDNDR
WO DWW

S
(VSO

NNV W0
N0 nWwOo
COWVWOORFONVWOLTrORDEIRTIYTOOPOWVNMOE O &N O

o0
(98]

W&
« o & .

.
W N W W
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-3
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.04
.06
-3.
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.31
.01
L4l
.37
.73
.58
.24
.80
47
.30
.53
.43
.77
.35
.97
.30
.16
.28
.35
47
.12
.53
.31
.18
.80
.23
.52
.69

47
.64
.44
.73

41
.32
.19
.26
.50

~-6.
-6.
.80
-6.
-6.

-9,
-10.
-10.
-11.
-11.
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78
30

71
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.92
.63
.90
.35
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.72
.76
.67
.14
.66
.54
.41
.64
.63
.93
.89
.67
.50
.52
.59
.71
.51
.60
.80
.55
.68
.31
.82

.14
.17
.85
.08
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52
25
35
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-7.40
-6.55
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-6.14
~5.59
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-7.76
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-5.16
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-11.01
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-10.22
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-9.81
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-9.35
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-8.43
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-5.88
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-7.61
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-6.17
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-5.74
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-7.76
-7.60
-1.72
=7.47
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=7.45
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-7.37
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-5.91
-5.32
-5.63
-4.64
-5.31
-3.67
-5.83
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01*
Q1
R1

Q2%
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18.
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-6.91
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-6.15
-6.88
~6.46
-5.63
~7.54
~7.33
-6.99
~-6.99

-5.65
-5.68
-5.57
-5.54

~-1.06
-2.27
~1.65
-1.17
~0.77
-0.40

-0.80
~0.69
-0.73

-1.84
-2.34
-1.56
-1.53
-1.78
-2.81
-3.03
-2.25
-0.53
-2.64

-0.46
-0.68
-0.43

-0.78
-0.60
-0.37
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.26
.10
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.14
.12
.09
.14
.92
.05
.79

.64
.56
.72
.60

.40
.30
.00
.34
.11
.97

.40
.16
.21

.27
.03
.09
.97
.61
.98
.15
.84
.44
.00

.06
.68
.53

.53
.62
.45
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40.8
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.92
.83
.74
.30
.79
.37
.38
.47
.68
.86
47

.74
.75
.80
.95

.06
.37
.87
.78
.45
.01
.83
.48
.90
.62
.11
.79
.02
.24
.40
.83
63
17
25
48
.47
29
.41
.03
12
.18
11
.63

-7.54
-4.62
-6.31
-3.94
~-2.97
-3.17
-3.33
-4.96
-4.00
-0.79
~-1.06
-0.30
-3.70

~0.08
-0.27
-0.66
-0.75

-5.72
-5.40
-6.41
-7.59
-7.38
-8.51
-7.84
-7.14
-7.93
-8.44
-5.25
-5.58
-5.25
~-6.21
-6.57
-6.80
-8.50
-6.09
-8.26
-6.71
-5.24
-6.08
-5.75
-5.65
-5.90
-6.62
-3.98
~7.13

03N1
0581
05C1
05D1
05F2
05G1
0511
05J1
05K1
05M2
0SN1
0501*
05Q1
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O1M3*
O1M4*
O1M5*
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V2
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.62
.53
.30
.58
.03
.03
.05
.14
.04
.71
.94
.78
.15

.83
.01
.19
.15

.79
.01
.15
.15
.77
.83

.87
.61
.58
.58
.63
.23
.67
.80
.06
.30

.27
.26
.25
.26

.00
.91
.79
.85
.75
.63
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-6.47
-5.59
-6.79
-6.88
~7.69
-8.30
-8.37
-7.84
~-7.36
-6.96
~7.23
-6.89
~6.32

-5.70
-6.62
-6.64
-6.03

~7.65
-8.29
=-7.74
-6.32
-7.16
~6.76

-8.26
-7.11
-7.52
-7.69
-6.00
-6.05
-6.81
-7.68
-7.14
~-6.82

-6.10
-5.70
-5.59
-5.71

-8.75
“28, 60
~8.40
-8.53
-8.30
-8.16
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B13*
Bl4*
B15*
Bl6*

F1*
F2*
F3*
F4*
F5*
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-17.

~-19.
-18.
-18.
-18.
-17.

.30
.17
.83
.76
.58
.00

23
58
90

00
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32
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73

* Single Growth Layer

-8.
-8.
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~7.
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-17.
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-1

-3.
.28
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**% Kinetically Fractionated
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17
81
75
56
05

.05
.75
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.50
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APPENDIX IV

Isotope Ratios and Measured Temperatures for Modern Speleothems and Waters

AT AT
e .o+

e s

A. Modern Speleothems

Temp. at 6180 613C

18

;izgii Locality C?llectéon c c . Ow 6Dw gZii' azz2i°
S;te CC) (O/ooPDB) (O/ooSMOW)

$5~001 2 22.3 -3.84 -2.97 - - 6/72 --
$5-002 2 22.2 -4.07 -4.30 -3.41 =21 6/72 W-002
$5-003 2 22.8 -3.41 -0.52 - -~ 6/72 -—
S$S-004 2 21.7 ~4.29 -5.42 - - 6/72 -
S$S-005 2 20.0 -4 .81 -1.83 ~-4.06 - 6/72 Ww-006
SS-006 2 20.6 -3.79 -8.12 - - 6/72 -
S5-008 2 20.3 -4.16 -9.39 - - 6/72 -
SS-009 4 14.1 -4.78 ~7.62 -5.23 =27 11/72 W-018
$S-010 4 14.2 -5.31 -7.77 -5.29 -29 11/72 wW-023
SS-011 4 14.3 -5.17 -7.29 -4.99 -- 11/72 w-019
$5-012 4 14.5 ~5.25 -7.80 - - 11772 -
S5-0Y4 5 13.2 -4.08 -5.76 - LA 2/73 -
$5-016 5 13.3 -6.04 -8.81 -6.48 -37 2/73 wW-032
SS-017 5 13.2 -4 .44 -6.03 -4.97 -37 2/73 W-034
5$5-018 8 1.8 -12.55 -3.68 -15.38 -117 4/73 wW-035
55-020 8 1.4 ~13.25 -3.06 - - 4/73 -
$S-021 8 7 -11.50 -4.14 -- - 4/73 -
SS-022 9 3.5 -15.82 -1.47 -18.13 -— 4/73 Ww-042
5$5-023 9 1.7 ~17.23 -0.23 - - 4/73 --
$S-024 9 1.3 -17.78 -3.08 - - 4/73 -
$S-025 9 1.4 -17.58 +0.12 -- - 4173 -
SS-026 3 19.6 -2.45 -3.41 -1.31 ~-15 5/73 W-046
$5-027 3 19.4 -2.52 -5.93 -1.94 -20 5/73 W-047
$5-028 3 21.3 -4.34 -6.00 - - 5/73 -
- §5-029 2 19.4 -3.51 -4.92 -2.33 - 6/73 W-053
$S-030 9 1.6 -11.20 ~2.35 - - 4/74 -
$S5-031 8 2.5 -14.61 -0.85 -19.04 - 8/74 W-117
§S5-032 7 9.0 -6.55 -2.49 -7.40 - 12/74 W-162
$5-033 7 9.0 -6.38 -7.98 -7.10 -— 12/74 W-163
§$5-034 7 9.0 ~5.83 -9.09 -7.81 - 12/74 W-164
§5-035 7 8.5 ~-6.34 -8.58 - - 12/74 -
§5-036 7 9.0, -7.24 -6.27 -8.13 -- 12/74 -
$8-037 7 8.5 - -9.30 -- -- 12.74 -
$$-038 7 8.5 -6.47 -6.48 - -~ 12/74 -
$58-040 2 20.4 -2.27 -2.30 - - 1/75 -
§$5-042 2 19.8 -4.52 ~6.43 - - 1/75 -
SS-043 6 11.2 -6.39 - -6.96 -~ 11/74 W-190
$8-044 6 11.0 -6.26 - -8.24 -- 11/74 W-189
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B. Waters

Sample Locality Tempegature 6180w GDW Collection Water
Number o (" C) Date Type*
(O/OOSMOW)

W-001 2 22.8 -3.42 -20 6/72 sd
W-003 2 22.2 ~-2.72 - 6/172 sd
W-004 2 20.2 -4.39 -2 6/72 sd
W-005 2 19.7 ~4.46 =21 6/12 sd
W-007 2 21.2 -2.76 -~ 6/72 sd
Ww-008 2 20.6 -3.88 - 6/72 - sd
W-009 2 22.3 -3.85 - 6/172 sd
W-010 1 23.9 -4.16 -24 6/12 sd
W-011 1 26.5 -4.54 -26 1/7/72 pptn
W-012 10 7.0 -19.14 =155 8/72 pptn
W-013 1 25.5 -6.98  -43 7/15/72 pptn
W-014 1 23.3 -6.93 -32 7/26/72 pptn
W-017 1 23.9 -5.23 =26 6/72 sd
W-020 4 27.5 -1.84 -~ 8/24/3%2 pptn
W-021 4 20.0 -4.81 =22 9/7/72 pptn
W-022 10 2.0 -15.48 -127 7/172 sd
W~023 4 14.1 -5.29 -29 11/72 sd
W-024 4 22.2 -2.74 -22 11/2/72 pptn
W-025 4 16.6 -6.18 -32 9/24/72 pptn
W-026 4 14.1 -5.78 -28 11/72 sd
W-030 5 14.0 ~5.52 =44 2/73 sd
w-039 9 1.3 -18.75 146 4/73 ad
W-048 3 21.3 -2.07 - 5/73 sd
W-049 3 19.4 ~2.57 -18 5/73 sd
W-050 3 19.7 ~-1.92 - 5/13 sd
W-051 3 20.0 -2.41 - 5/73 sd
Ww=052 3 20.6 -0,79 - 5/73 sd
W-057 3 19.8 -2.06 =27 6/73 sd
W-058 4 - -6.62 =32 8/3/73 sd
W-059 4 - ~7.32 =31 12/3/73 sd
W-060 | 4 - -6.65 =335 19/3/73 sd
W-061 4 - -6.04 =30 29/3/73 sd
w-062 4 - -5.40 -- 3/4/73 sd
W-063 4 - -5.47 =31 8/4/73 sd
W-064 4 -- -6.19 - 19/4/73 sd
W-065 4 - ~7.89 - 26747173 sd
W-066 4 - -4.50 - 1/5/13 sd
W-067 4 - -5.02 ~25 9/5/73 sd
W-068 4 - -6.15 =31 28/5/73 sd
W-069 4 - ’ -6.13 - 5/6/73 sd
W-070 4 - -6.64 -- 11/6/173 sd
W-071 4 -~ -2.92 =16 1/2/173 pptn

s e e
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W-072
W-073
W-074
W-075
W-076
W-077
W-078
W-079
W-080
W-081
W-082
W-083
W-084

T W-085

W-086
W-087
W-088
W-089
W-090
W-091
W-092
W-093
W-094
W-095
W-096
W-097
W-098
W-099
W-100
W-101
W-102
W-103
W-104
W-105
W-106
W-107
W-108
W-109
W-110
W-111
W-112
W-113
W-114
W-115
W-116
W-118
W-119
W-120
W-121
W-122
W-123
W-124

soxob&\&\bbbb&\bbbr\;rar—w»—r—-w~L\L\L\L\&\bL\L\bL\L\&\L\L\

O O OO LW OO0 OO OO

11.1 ~8.46"
10.4 -7.48
19.5 -1.01
5.8 ~-10.69
11.7 -7.36
7.2 -7.57
-- -14.16
2.0 -12.69
20.0 -3.70
19.4 -4.39
19.0 -7.47
10.2 -8.63
25.5 -2.68
- -5.79
25.8 +0.71
-- =4.41
- -4.71
21.6 -3.99
19.7 -3.12
22.4 ~4.03
-- -2.91
- ~2.98
21.0 -6.65
21.9 -5.92
20.9 -3.98
26.4 ~2.26
23.0 -4.06
-- -5.92
- -5.71
- -5.91
-- -5.81
- -5.30
- -4.81
- - -18.69
3.2 -21.12
1.0 ° -17.05
1.5 -20.08
1.8 -16.28
- -21.81
- -17.45
- -16.00
- -17.57
19.5 -4.29
-- -18.57
- ~20.77
- -15.85
- -12.25
- -19.58
- -20.48
- ~20.92
-~ -19.81
- -20.86

=48

2/3/73
7/3/13
11/3/73
16/3/73
264/3/13
414773
8/4/73
9/4/73
23/4/73
2574773
25/5/73
30/5/173
4/6/73
25/2/13
11/7/72
29/5/72
29/5/12
27/6/172
2/6/72
7/7/72
6/72
6/72
27/6/13
15/7/73
22/7/12
25/7/13
10/9/73
10/7/73
15/5/73
16/7/73
23/7/713
26/6/173
6/8/73
4/74
4/74
4/74
4/74
4/74
4/74
4/74
4/74
4174
12/8/172
4/74
22/7/73
8/74
20/8/74
20/8/74
20/8/74
20/8/174

20/8/74 .

20/8/14

pptn
pptn
pptn
pptn
Pptn
pPptn
pptn
pptu
pptn
pptn
pptn
pptn
pptn
sd
sp
sp
sp
$p
sp
Sp
sp
sp
pptn
pptn
pptn
pptn
pptn
sd
sd
sd
sd
sd
sd
gwf
sd
sd
sd
sd
gwf
gwf

- gwf

gwf
pptn
sd
st
ice
PPt
sp
sp
sp
sp
sp

~—
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W-125
W-126
W-127
W-128
W-129
W-130
W-131
W-132
W-133
W-134
W-135
W-136
W-137
W-138
W-139
W-140
W-141
W-142
W-143
W-144
W-145
W-146
W=-147
W-148
W-150
W-153
W-154
W-161
W-167
W-168
W-169
W-172
W-175
W-176
W-177
W-178
W-179
W-180
W-181
W-182
W-183%
W~184*
W-185%
W-186*
W-187%
W-188%

el

CWO VWOV OWMWWWWWWWWSNSNNSNN~NUn NS DSOS NN NSNS0 0 000
N
—
WU MNpOQOWm

sd = stalactite drip (seepage)
pptn = moteoric precipitation
gfw = ground-water flow

sp = spring

*  unpublished data from Wigley (personal communication)

-17.87
-19.20
-18.12
-18.01
-18.17
-18.53
-18.33
-20.61
-4.92
-5.32
-5.96
-6.17
-5.38
-6.08
-7.93
-8.60
-7.91
-7.79
10.07
-7.51
-4.94
-6.82
-6.48
-2.43
-4.99
-5.78
-6.48
-9.97
-8.00
-7.03
-9.03
-2.85
-2.52
-1.05
-1.87
-2.24
-1.80
-2.04
-0.77
-3.86
-20.90
-19.80
-18.70
~22.20
-22.80
-19.5

-149
-156
-138
-140
~-146

-158
-159

42

=34

20/8/74
20/8/74
18/8/74
22/8/74
27/8/74
26/8/74
8/9/74
8/9/74
11/72
11/72
11/72
11/72
11/72
11/72
11/74
11/74
11/74
11/74
10/74
10/74

L

9/74

9/174
9/74
9/74
11/74

11/12/74 .

11/12/74
11/12/74
20/1/75
20/1/75
30/10/74
22/11/74
19/11/74
3/12/74
23/10/74
13/11/74
10/10/74
4774
4174
4/74
4/174
4174
4/74
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gwif
sp
sd
sp
Sp
sp
sp
sp
Lwt
gwit
gwi

gwf
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Isotope Ratios and Calculated Paleotemperatures for 27 Fluid Inclusion

Agc

Samples

. height 18 18 &b, Calculated

Sample Above Base 6 Oc § Oc 6Dfi Temperature

Number calce. o,

(Cm) [\ o ( (')
("/ooPDB)  ——— (" /0OSMOW) -——

BERMUDA

73036:15 16.5 -3.78 26.96 =24.1 -4.26 13.0
:17 0 29.5 ~-3.33 27.43 -24.0 =4.25 11.0
12 31.0 -4.26 26.47 -17.0 -3.38 20.1
110 35.4 -3.58 2?.17 -11.0 -2.63 21.6
:18 44.5 -2.70 28.07 -20.1 -3.76 11.4

75001:04 4.0 -2.27 28.52 -16.4 -3.30 12.0

75003:01 .8 -0.32 30.53 -19.2 -~3.65 2.5

75004:14 13.4 -1.74 29.07 -38.5 =6.06 5.2
105 20.3 -2,78 27.9 -19.9 -3.74 11.8
04 24.3 -2.58 28. -10.3 -2.54 17.7
:07 44.6 -1.84 2896 -19.2 -3.65 7.9
109 54.0 -3.30 7.47 -14.7 -=3.09 17.6
113 65.8 -2.29 28.50 ~24.0 =~4.25 7.2
112 74.5 -1.55 29.25 -8.50 -2.31 14.6
:11 78.2 -2.64 28.14 -8.36 -2.30 19.3

KENTUCKY

72041:02 2.2 ~-6.06 24.61 -39.1 -6.l4 16.6
103 4.9 -6.00 24.67 -48,2 -7.28 11.6
:04 7.6 -5.95 24.73 -45.0 -6.88 13.1
:05 10.0 -6.34 24.32 -49.2 -~7.40 12.5

. :07 16.3 -5.17 25.53 -56.6 -8.32 3.6
:11 21.7 -5.94 24.74 -42.1 -6.51 14.5
12 24.8 4,99 25.72 -45.9 -6.99 8.8
10 27.0 -5.81 24.87 -4,42 -6.78 12.9

SAN LUIS POTOSI

71042:10 5.8 ~3.60 27.15 -37.5 =5.94 7.4
:05 30.0 -3.61 27.14 -32.7 -=-5.34 9.8
:03 40.0 -3.71 27.04 -37.8 ~5.98 7.1
101 44,4 -3.10 27.66 -14.5 -3.06 17.7

(Ka)

185
177
176
172
166

35

128
120
117
114
107
104
101
100

194
179
164
156
139
115
102

98

95
78
55
53




