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ABSTRACT

A detailed chronology for four stalagmites
from three central Texas caves separated by
as much as 130 km provides a 71 000-yr re-
cord of temporal changes in hydrology and
climate. Mass spectrometric 238U-230Th and
235U-231Pa analyses have yielded 53 ages.
The accuracy of the ages and the closed-
system behavior of the speleothems are in-
dicated by interlaboratory comparisons,
concordance of 230Th and 231Pa ages, and
the result that all ages are in correct strati-
graphic order. Over the past 71 000 yr, the
stalagmites have similar growth histories
with alternating periods of relatively rapid
and slow growth. The growth rates vary
over more than two orders of magnitude,
and there were three periods of rapid
growth: 71–60 ka, 39–33 ka, and 24–12 ka.
These growth-rate shifts correspond in part
with global glacial-interglacial climatic
shifts.

Paleontological evidence indicates that
around the Last Glacial Maximum (20 ka),
climate in central Texas was cooler and
wetter than at present. This wetter interval
corresponds with the most recent period of
increased growth rates in the speleothems,
which is consistent with conditions neces-
sary for speleothem growth. The temporal
shift in wetness has been proposed to result
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from a southward deflection of the jet
steam due to the presence of a continental
ice sheet in central North America. This
mechanism also may have governed the two
earlier intervals of fast growth in the spe-
leothems (and inferred wetter climate). Ice
volumes were lower and temperatures in
central North America were higher during
these two earlier glacial intervals than dur-
ing the Last Glacial Maximum, however.
The potential effects of temporal variations
in precession of Earth’s orbit on regional
effective moisture may provide an addition-
al mechanism for increased effective mois-
ture coincident with the observed intervals
of increased speleothem growth. The stalag-
mites all exhibit a large drop in growth rate
between 15 and 12 ka, and they show very
slow growth up to the present, consistent
with drier climate during the Holocene.
These results illustrate that speleothem
growth rates can reflect the regional re-
sponse of a hydrologic system to regional
and global climate variability.

Keywords: caves, Edwards Plateau, geo-
chronology, paleoclimate, speleothems, ura-
nium-series method.

INTRODUCTION

The development of high-precision thermal-
ionization mass-spectrometric techniques for
uranium-series geochronologic measurements
has resulted in significant advances in obtain-
ing high-resolution records of sea-level
change, terrestrial and marine climate, and the

calibration of the 14C time scale (e.g., Edwards
et al., 1987, 1997; Chen et al., 1991; Gallup
et al., 1994; Winograd et al., 1992; Dorale et
al., 1998; Bard et al., 1990). Studies of calcite
deposited from groundwater in caves (speleo-
thems) and fracture fills have demonstrated
the potential for speleothems to record high-
resolution changes in groundwater chemistry,
hydrology, and paleoclimatic variables (e.g.,
Li et al., 1989; Winograd et al., 1992; Gas-
coyne, 1992; Dorale et al., 1992, 1998; Bar-
Matthews et al., 1997, 1999; Banner et al.,
1996). Because Pleistocene through modern
speleothems are precisely datable and can po-
tentially yield continuous temporal and spatial
sequences of growth, these speleothems may
preserve continuous records of aquifer devel-
opment and paleoclimatic parameters.

Constraints on growth rates and the timing
of accelerated or slow growth in speleothems
have provided insight into the timing of gla-
cial and interglacial periods and related vari-
ables such as precipitation and effective mois-
ture. Speleothem growth rates for multiple
sites in Britain and northwestern Europe have
been interpreted to document glacial-intergla-
cial climate variability (e.g., Baker et al.,
1993a, 1995a). In these temperate climates,
speleothem growth can be limited during gla-
cial periods by an ice-locked water supply
and/or glacial cover that restricts recharge to
the cave environment. In contrast, the present
study documents speleothem growth in a re-
gion that was ice free during the glacial
periods.

Speleothem growth is generally associated
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Figure 1. The hydrologic zones of the Edwards aquifer of central Texas; cave and sample
locations are shown. Precipitation contours are from Larkin and Bomar (1983). The Bal-
cones fault zone runs southwest to northeast and is approximated by the boundary be-
tween the catchment area and the recharge area/unconfined aquifer. The downdip limit
of potable water in the aquifer is defined by the bad-water line (1000 mg/L). Caves in the
study (filled circles): 1—Inner Space Cavern, 2—Double Decker Cave, and 3—Cave With-
out a Name. These caves are described in Elliott and Veni (1994).

with an availability of moisture and recharge
(e.g., Genty and Quinif, 1996; Railsback et al.,
1994; Baker et al., 1995a; Brook et al., 1990).
A review of published values indicates that
speleothem growth rates may encompass sev-
eral orders of magnitude of variability, from
0.0002 to 40 cm/yr (Hill and Forti, 1997).
Given the dependence of geologic records of
environmental change on an accurate and de-
tailed chronology, we present rigorously as-
sessed geochronologic data for late Pleisto-
cene to Holocene speleothems from the
Edwards aquifer region of central Texas. The
results document the response of a regionally
extensive hydrologic system to temporal shifts
in climate. Variations in growth rates for cen-
tral Texas speleothems provide a framework
for evaluating the influence of climatic varia-
tions on aquifer development and long-term
patterns of recharge.

HYDROLOGIC AND GEOLOGIC
SETTING

The Edwards aquifer of central Texas is de-
veloped in Lower Cretaceous limestone and
stretches in a narrow band along the Balcones
fault zone (Fig. 1). Rainfall, which may vary
significantly from year to year, is the primary
source of aquifer recharge. Recharge is pre-
dominantly via losing streams as they cross
the Balcones fault zone (Puente, 1975). Nat-
ural discharge occurs at springs within the
fault zone. Tritium variations are consistent
with groundwater residence times of 30 yr or
less near the aquifer’s recharge zone (Pearson
et al., 1975). The Edwards Plateau has exten-
sive karst development including many va-
dose caves and active calcite speleothem de-
position (Elliott and Veni, 1994).

The climate of the Edwards Plateau be-
comes drier from east to west, with rainfall
decreasing and evaporation rates increasing
(Fig. 1). The variable climate and weather of
the region is dominated by the balance of
southerly to southeasterly air masses from the
Gulf of Mexico and northerly continental po-
lar air (Griffiths and Strauss, 1985). Dry and
cool winters and hot summers characterize
this drought-prone region. Approximately
85% of regional rainfall is lost to evapotrans-
piration (Burchett et al., 1986), which ac-
counts for low effective moisture in the mod-
ern setting. Historical records of rainfall,
recharge, and aquifer discharge indicate a
clear link for the modern aquifer system be-
tween rainfall and effective moisture, which
may be controlling the growth of speleothems.

Four stalagmite samples (DDS2, ISS2,
CWN1, and CWN4) were collected from three

caves that are up to 130 km apart on the east-
ern part of the Edwards Plateau (Fig. 1). These
active caves are developed in the Lower Cre-
taceous Glen Rose Formation through the
Lower Cretaceous Edwards Limestone. Owing
to the similar physiographic location of the
three caves with respect to the plateau, the
area around the caves is characterized by sim-
ilar variations in average annual temperature
and rainfall (Fig. 1). The soils and vegetation
of the region vary with effective moisture
(Carter, 1931). Soils are predominantly devel-
oped from underlying limestones and are gen-
erally thin and stony, consisting of calcareous
clay and clay loam (Kier et al., 1977). Al-
though there are local variations, the soils and
vegetation in the areas of the three caves are
not significantly different (McMahan et al.,
1984; Godfrey et al., 1973).

METHODS

Age determinations were made by U-series
isotope measurements on speleothem samples.
Selected growth layers of calcite were drilled
from the stalagmites, followed by chemical
separation of U, Th, and Pa, and then by mea-

surements of U-series isotopes by thermal-
ionization mass spectrometry (TIMS) at the
University of Texas at Austin (UT) and the
University of Minnesota (UM). Because geo-
chronology forms the basis of the present
study and because these are the first U-series
isotope results reported from UT, we present
the details of our methodology (see the
Appendix).

RESULTS

Reproducibility and Interlaboratory
Comparisons

Uranium-thorium-protactinium (U-Th-Pa)
isotope data, 230Th ages, 231Pa ages, and spe-
leothem growth rates are given in Table 1.
Replicate analyses (e.g., ISS2-I-d and ISS2-I-
d-Rep.) were performed at UT on splits of
powders from individual growth layers. Rep-
licate/adjacent analyses were performed by
collecting splits from directly adjacent growth
layers (e.g., DDS2-K30-h and DDS2-K30-
Adj.). Three of the four stalagmites (DDS2,
ISS2, and CWN4) were dated with closely
spaced age determinations (Fig. 2). Of 53 age
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TABLE 1. URANIUM-SERIES DATA FOR CENTRAL TEXAS SPELEOTHEMS

Sample Depth† 238U 62s d234U 62s 232Th 62s 230Th/238U 62s 230Th/232Th 62s 230Th age 62s Growth 231Pa/235U 62s 231Pa age 62s
identification (cm) (ppb) (ppt) activity atomic (yr B.P.) rate activity (yr B.P.)

(ppm) (mm/yr)

Double Decker Cave—Stalagmite 2
DDS2-Y-f 1.2 156 0.2 144.4 1.3 89.9 1.4 0.1504 0.0009 4320 70 15 290 110 0.0464
DDS2-W 4.5 185 0.2 142.6 1.4 253 2 0.1572 0.0009 1900 20 15 990 160 0.0281
DDS2-U* 7.9 135 0.2 171.6 3.6 48.4 6.8 0.1716 0.0027 17 200 300 0.0075 0.3166 0.0186 17 990 1290
DDS2-Q-f 11.4 125 0.2 179.8 1.5 107 2 0.2158 0.0017 4140 70 21 870 200 0.0251
DDS2-M 16.4 89.40 1.37 239 29 812 3 0.2515 0.0049 460 4 23 860 1100 0.0009
DDS2-L-35 17.3 59.90 0.06 215.3 1.9 740 2 0.3445 0.0025 460 4 35 030 1040 0.0007
DDS2-L-30 18.2 71.81 0.08 230.2 1.4 235 2 0.4338 0.0026 2190 20 46 520 430 0.0016
DDS2-L20-b 19.3 81.48 0.10 233.8 1.7 146 1 0.4877 0.0031 4510 50 53 810 470 0.0148
DDS2-K30-h 26.4 93.84 0.17 242.0 1.7 96.2 1.3 0.5245 0.0037 8450 130 58 620 560 0.0038
DDS2-K30 (Adj.) 26.7 90.82 0.15 236.9 1.7 169 1 0.5280 0.0035 4690 1 59 420 550 0.0370
DDS2-K10-f* 31.7 92.70 0.20 234.2 4.5 67.7 7.5 0.5346 0.0029 60 640 550 0.0370 0.7311 0.0191 62 070 3360
DDS2-K10-c (Adj.) 32.1 89.58 0.32 245.7 2.4 35.8 1.5 0.5413 0.0037 22 350 930 60 880 570 0.1167
DDS2-J 37.7 78.76 0.19 242.6 3.2 222 2 0.5443 0.0055 3190 40 61 360 880 0.0329
DDS2-F-30 44.0 77.28 0.55 220.6 3.8 112 1 0.5458 0.0053 6250 90 63 260 880 0.0303
DDS2-D 50.9 70.89 0.08 230.9 1.2 322 2 0.5671 0.0026 2060 20 65 550 540 0.0106
DDS2-A-d 55.1 49.39 0.05 214.3 1.4 146 2 0.5823 0.0029 3260 40 69 460 540 0.0106
Inner Space Cavern—Stalagmite 2
ISS2-Y 0.3 524 0.7 51.7 1.0 68.5 1.7 0.1260 0.0007 15 920 410 13 910 80 0.0038
ISS2-V40 4.5 284 0.3 67.1 0.9 850 2 0.2209 0.0009 1220 6 24 990 300 0.0027
ISS2-T60 6.7 362 0.7 62.8 1.7 15.6 1.5 0.2809 0.0016 107 650 10370 33 400 240 0.0909
ISS2-T 8.7 509 1.3 64.8 2.3 247 2 0.2833 0.0012 9630 80 33 620 190 0.0234
ISS2-S-f 10.9 560 0.8 64.4 1.0 26.5 1.8 0.2896 0.0011 101 040 6680 34 560 160 0.0289
ISS2-R-i 12.6 583 0.7 61.9 0.9 64.8 2.2 0.2930 0.0014 43 540 1500 35 130 200 0.0005
ISS2-Qq-R* 13.7 556 0.6 64.3 2.1 516 8 0.4334 0.0022 56 640 420 0.0030 0.7005 0.0137 56 990 2170
ISS2-Q 15.5 583 0.9 63.4 1.2 54.6 1.4 0.4666 0.0019 82 260 2070 62 640 370 0.0460
ISS2-O 21.8 464 0.7 62.6 1.1 2720 10.0 0.4767 0.0016 1350 5 64 010 620 0.0782
ISS2-I-d 30.4 452 0.9 63.3 1.5 8520 30 0.4943 0.0020 430 2 66 020 1800 0.0644
ISS2-I-d (Rep.) 30.4 451 0.6 64.5 1.4 8720 30 0.4929 0.0025 420 2 65 590 1860 0.0644
ISS2-H-n* 31.1 504 0.4 64.1 1.4 13 300 120 0.4987 0.0022 65 200 3350 0.0644 0.7302 0.0091 61 910 1600
ISS2-E 40.3 501 0.8 55.8 1.3 141 2 0.4895 0.0022 28 650 390 67 550 430 0.0278
ISS2-A20-d 50.0 362 0.6 54.5 1.6 5530 20 0.5141 0.0018 560 3 71 060 1480 0.0278
Cave Without a Name—Stalagmite 4
CWN4–11 0.4 273 0.4 356.3 1.3 9710 30 0.1221 0.0008 60 1 7650 2620 0.0031
CWN4–10 2.0 254 0.3 353.4 1.3 2060 10 0.1565 0.0011 320 10 12 760 600 0.0198
CWN4–9 4.2 459 0.6 350.6 1.3 255 2 0.1626 0.0008 4830 50 13 870 80 0.0417
CWN4–8.05–1 7.2 324 0.3 344.8 1.1 1350 10 0.1724 0.0007 680 10 14 590 310 0.0296
CWN4–8.05–1 (Rep.) 7.2 322 0.6 345.6 1.5 1180 10 0.1727 0.0007 780 10 14 630 280 0.0296
CWN4–8 9.6 413 0.7 344.0 1.4 255 2 0.1783 0.0008 4780 40 15 400 90 0.0063
CWN4–7 13.3 264 0.4 356.6 1.6 483 3 0.2434 0.0015 2200 20 21 280 190 0.0037
CWN4–6 16.0 347 1.3 327.2 1.9 177 2 0.3084 0.0015 10 020 110 28 500 170 0.0211
CWN4–5 20.7 426 0.6 339.2 1.2 137 2 0.3322 0.0013 17 100 250 30 730 140 0.0151
CWN4–4 25.2 244 0.3 274.4 1.3 303 2 0.3428 0.0012 4570 40 33 720 140 0.0431
CWN4–3.9*(Adj.) 25.6 246 0.3 237.1 3.1 121 11 0.3348 0.0017 34 060 230 0.0475 0.5256 0.0146 35 240 1460
CWN4–3 33.9 460 0.6 253.2 1.2 24.7 1.8 0.3534 0.0016 108 570 7810 35 740 150 0.0475
CWN4–2 43.3 408 0.5 248.9 1.0 23.9 1.5 0.3686 0.0011 103 610 6320 37 720 140 0.0563
CWN4–1.1*(Adj.) 47.6 480 0.5 248.2 1.7 203 7 0.3712 0.0016 38 030 230 0.0563 0.5522 0.0068 37 970 720
CWN4–1 47.8 476 0.6 249.6 1.3 316 2 0.3758 0.0013 9350 70 38 520 170 0.0563
Cave Without a Name—Stalagmite 1
CWN-1–1B 1.5 391 0.4 344.2 1.3 2430 10.0 0.1684 0.0009 450 10 14 070 460 0.0444
CWN-1–1A 17.5 364 0.4 291.0 1.2 564 3 0.1951 0.0008 2080 10 17 670 150 0.0444

Notes: Growth rates were calculated by interpolating between dated growth layers. For example, the growth rate between DDS2-Y-F and DDS2-W is 0.0464 mm/yr. The
growth rate between the uppermost sample and the stalagmite tip (not listed here, but shown in Fig. 4) was calculated by using an age and depth of zero. 230Th ages
corrected for initial 230Th/232Th as discussed in Appendix. All errors are 2s of the mean. d234U is present-day value, as defined in Appendix.

*The six 231Pa/235U analyses were performed at the University of Minnesota.
†Refers to the distance of the sampled growth layer from the top of the sample.

determinations, all are in correct stratigraphic
order with no age reversals. Age reversals in
speleothems or any stratigraphically ordered
sequence of samples are indicative of inac-
curacies in either the analytical measurements
or the corrections applied that account for the
initial state of the system. Age reversals may
also indicate diagenetic alteration (i.e., open-
system behavior) or detrital contamination of
the sample.

Ages from replicate analyses and analyses
of directly adjacent growth layers agree within

errors for intralaboratory analyses run at either
UT (230Th-230Th age comparisons) or UM
(230Th-231Pa age comparisons), as well as for
comparisons between the two laboratories
(230Th-230Th age comparisons). Replicate- and
adjacent-sample results show that reproduc-
ibility for 232Th concentration is lower than
that of 230Th ages, [230Th/238U]Act (the activity
ratio of the given isotopes), d234U, and 238U
concentrations (Table 1). This lower reproduc-
ibility likely reflects a heterogeneous distri-
bution of 232Th in the speleothems. The un-

certainties in the 232Th measurements have a
negligible effect on the corrected ages report-
ed in Table 1.

Pa and Th ages are concordant (Fig. 3).
These are among the first reported mass-spec-
trometric 230Th-231Pa age comparisons for spe-
leothems. Limited measurements of 231Pa ages
for speleothem materials have been previously
performed by alpha spectrometry (Whitehead
et al., 1999). Concordant TIMS analyses of
the Devils Hole calcite (Edwards et al., 1997)
and the results presented herein indicate that
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Figure 2. Stalagmite samples and geochronology. Stalagmites are composed predominantly of columnar calcite crystals. ISS2 contains
areas of visible detrital material and columnar-fibrous fabric (based on the classification of Frisia et al., 2000). These areas were avoided
when selecting growth layers for geochronology. Samples analyzed at the University of Minnesota are in italics. All ages are 230Th ages
unless otherwise noted.

Figure 3. 230Th age vs. 231Pa age for six stalagmite growth layers. Comparisons to the 1:1
line illustrate the consistency of the two independent dating methods. All samples plot
within error of the 1:1 line, which suggests that diagenesis has not shifted the pertinent
parent:daughter isotope ratios and that corrections for initial 230Th/232Th are accurate
within the given errors.

combined 230Th-231Pa dating is valid for cave-
deposit and fracture-fill calcites and that the
systems studied behave in a closed manner.
The consistency of the sample and standard
data between the two laboratories, concordant
230Th-231Pa ages, and lack of age reversals in
this large data set all suggest that the ages and
corresponding growth rates are accurate.

All pairs of 230Th-231Pa ages are concordant
despite the fact that we have corrected for ini-
tial 230Th, but not for initial 231Pa. This fact
suggests that corrections for initial 231Pa are
not significant compared to analytical error.
This conclusion is not surprising given that
232Th contents are low and therefore correc-
tions for initial 230Th are well below 1% for
most samples. However, sample ISS2-H-n has
a very high 232Th content (Table 1) and a cor-
respondingly large initial 230Th correction (and
hence a large age uncertainty), yet is concor-
dant without a correction for initial 231Pa. This
relationship indicates that the high-232Th com-
ponent in the speleothem is low in 231Pa. A



1536 Geological Society of America Bulletin, December 2001

MUSGROVE et al.

Figure 4. Growth rate histories for four central Texas stalagmites: (A) Growth-layer 230Th
age vs. depth of the growth layer from the stalagmite tip. The slope of the line for each
sample represents the growth rate. Uncertainties on ages are given in Figure 3 and Table
1. (B) Calculated growth rate vs. time for the past 71 ka. Stepped curves are a result of
interpolating constant growth rate between dated intervals. Shaded bands represent gla-
cial intervals (marine oxygen isotope stages 2 [including the LGM between 20 and 14 ka]
and 4 [left and right, respectively]) based on the time divisions of Imbrie et al. (1984).

likely candidate for this component would be
detrital clay from which Pa has been leached
more strongly than has Th. This inference is
reasonable given that Pa is less efficiently
scavenged from seawater and therefore is gen-
erally more soluble than Th under surface
conditions (Broecker and Peng, 1983).

Growth-Rate Variations

Growth rates are averaged between dated
intervals by interpolation and are considered
to be constant between dated points for the
purpose of discussion. The four stalagmite
samples exhibit growth rates that span more
than two orders of magnitude (Table 1). In
spite of this large range in absolute values, the
stalagmite samples follow similar variations in
temporal shifts and magnitudes of growth
rates (Fig. 4). Two of the stalagmites are ca.
71 ka at their bases (DDS2 and ISS2), whereas
records for CWN4 and CWN1 begin at 39 ka
and 17 ka, respectively. Over the past 71 000
yr, the stalagmites preserved similar growth
histories involving alternating periods of rel-
atively rapid and slow rates of growth. Three
periods of rapid growth occurred in the inter-
vals 71–60 ka, 39–33 ka, and 24–12 ka. For
the 39–33 ka period, sample DDS2 does not
exhibit rapid growth. All four of the stalag-
mites had very slow apparent growth rates
during the Holocene.

Some error in the calculated growth rates is
introduced by averaging between dated inter-
vals. This procedure may, in part, account for
apparent differences in the timing of shifts in
growth rates between samples. The large num-
ber of closely spaced age determinations,
however, provides a rigorous analysis of
growth-rate variations. The large range and
frequent changes in growth rates determined
for the central Texas stalagmite samples dem-
onstrate that speleothem studies may require
detailed geochronology. In addition to growth-
rate variations, variations in trace-element
abundances, stable isotopes of C and O, and
radiogenic Sr isotopes may provide con-
straints on regional climatic and hydrologic
processes (Musgrove, 2000). Oxygen isotopes
in central Texas speleothems, however, likely
do not provide a distinct record of relative pa-
leotemperature or paleoprecipitation owing to
the complexity of multiple factors that may
affect the d18O of local rainfall in this sub-
tropical region (Musgrove, 2000).

FACTORS AFFECTING SPELEOTHEM
CALCITE GROWTH

Speleothem growth is commonly driven by
the degassing of calcite-saturated groundwater

entering a cave (Holland et al., 1964). Al-
though many factors may contribute to spe-
leothem deposition, there are two overriding
conditions that must be met: (1) CO2 levels
elevated above atmospheric values must be
generated in the soil zone, and (2) water must
be available for recharge (Baker et al., 1993a,
1995a). Carbon dioxide production in the soil
zone generally decreases with cooler temper-
atures (Raich and Schlesinger, 1992; Raich
and Potter, 1995). Thus, we infer that the pri-
mary condition promoting increased speleo-
them growth in the central Texas record dur-
ing the last glacial period is increased
moisture. It is also possible that in spite of
cooler temperatures, the increased moisture
during glacial intervals may have resulted in
a positive feedback effect, resulting in greater
soil productivity. Independent records for cen-

tral Texas indicate that soils were thicker dur-
ing the last glacial period (Toomey et al.,
1993), which would be consistent with this
possibility. In temperate regions, recharge will
cease or slow if the ground is frozen, whereas
in arid settings, recharge may only occur dur-
ing wet periods. Regardless of the geographic
setting, if little surplus water is available for
recharge, speleothem growth will slow or
stop.

Previous studies of young cave deposits in
modern hydrologic systems, where climate re-
cords are available for comparison, provide
evidence for a strong link between (1) the
amount of rainfall and, correspondingly, the
supply of infiltrating water feeding a speleo-
them and (2) speleothem growth (Railsback et
al., 1994; Genty and Quinif, 1996). Although
parameters such as evapotranspiration may
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complicate this causal relationship, a link be-
tween the amount of rainfall and correspond-
ing recharge is commonly observed in karst
systems, including the Edwards aquifer of
central Texas (Smart and Friederich, 1986;
Musgrove, 2000). An understanding of these
processes in modern systems provides a
framework within which to interpret older
speleothem growth records.

Studies of speleothem growth rates and cli-
mate have generally been applied to samples
from high-latitude temperate regions, where
glacial intervals are characterized by cool and
dry conditions, in order to determine glacial
versus interglacial conditions (e.g., Atkinson
et al., 1978; Baker et al., 1993a, 1995a; Gor-
don et al., 1989; Gascoyne et al., 1983). A
compilation of speleothem growth variations
for multiple sites in Britain and northwestern
Europe demonstrates a regionally consistent
decrease in speleothem deposition during gla-
cial intervals (Baker et al., 1993a). Thus, the
presence or absence of speleothem growth
during intervals of time may be used as a re-
gional indicator of climatic conditions. In arid
environments where little or no recharge oc-
curs, speleothem growth may be limited to
wetter and/or cooler intervals. The presence of
speleothems in caves of modern-day deserts is
indicative of speleothem deposition during
wetter periods (Brook et al., 1990; Hennig et
al., 1983).

The timing of growth phases in a flowstone
from a cave in Britain demonstrates a close
correlation between episodes of flowstone
growth and solar insolation maxima (Baker et
al., 1995a). Based on the effects of insolation
on global circulation patterns, Baker et al.
(1995a) inferred that insolation highs corre-
spond to an increase in the intensity or amount
of rainfall for the region, which in turn in-
creases recharge to the speleothem. Thus, spe-
leothem growth is sensitive to variations in
rainfall and the nature of rainfall. However, a
later comparison of these data with a coeval
flowstone from a second cave less than 50 km
away demonstrated only limited agreement
(Baker et al., 1996). The differences between
the two records were attributed to variations
in local conditions between the two caves
(Baker et al., 1996). The comparison of these
samples suggests that it is prudent to integrate
records from multiple sites to distinguish re-
gional climatic signatures from local
variations.

Consideration of the physical and chemical
conditions of calcite precipitation has resulted
in the development of a theoretical model for
calcite deposition and speleothem growth
(Dreybrodt, 1980; Buhmann and Dreybrodt,

1985a, 1985b). In this model, calcite precipi-
tation is sensitive to calcium concentration,
temperature, and drip rate; increases in these
variables predict increased growth rate. Al-
though it is difficult to determine these vari-
ables for any speleothem record, several
points are noteworthy for the central Texas
speleothem record.

Temperatures were likely several degrees
lower in the region around the last glacial
maximum (Toomey et al., 1993; Stute et al.,
1992). The speleothem growth-rate model
would predict decreased calcite precipitation
rates as a result, owing to the temperature de-
pendence of the rate constants for the conver-
sion of CO2 to HCO3

– (Buhmann and Drey-
brodt, 1985a, 1985b; Baker et al., 1998). The
higher growth rates exhibited by the central
Texas speleothem record during the last gla-
cial maximum suggest that temperature does
not appear to be a controlling factor for spe-
leothem growth in the region over past 70 ka.

Calcite supersaturation must exist for spe-
leothem deposition to occur. The interplay be-
tween calcium concentration and water supply
may be complex (Baker and Smart, 1995;
Baker et al., 1998). Modern drip waters in
central Texas caves show no consistent cor-
relation between drip rate and calcium con-
centration (Musgrove, 2000). The importance
of calcium concentration may be a threshold-
dependent parameter because calcite supersat-
uration may be maintained over a range of cal-
cium concentrations and drip rates. Calcium
concentration may become a controlling var-
iable only when drip rates become so high that
calcite supersaturation is no longer main-
tained; the system would then become calcium
limited.

The link between increased water supply
and speleothem growth rate is difficult to
quantify, and the effects of changes in drip
rate are modulated by site-specific variables.
Application of the aforementioned theoretical
growth-rate model to a Scottish speleothem
growing over the past 7 ka estimated a 15%
increase in growth rate with a doubling of the
drip rate (Baker et al., 1995b). A study of
modern speleothem growth in a Belgian sam-
ple over a 20-year period yields a more direct
relationship, where a doubling of water supply
results in an approximate doubling of growth
(Genty and Quinif, 1996).

DISCUSSION

The correspondence of growth-rate trends
for the four central Texas stalagmites indicates
that growth-rate variations reflect a controlling
mechanism on the spatial scale of the regional

study area or even larger (Fig. 4). The main
features of the growth histories are rapid
growth during the periods 71–60 ka and 24–
12 ka in all of the available speleothem re-
cords and during the period 39–33 ka for two
of the three records. These rapid growth in-
tervals are followed by periods of speleothem
growth more than two orders of magnitude
slower. The growth-rate record for the stalag-
mites correlates with a number of the global
climatic shifts preserved in the marine oxygen
isotope SPECMAP record (Fig. 5; Imbrie et
al., 1984). Two distinct periods of increased
growth rates are coincident with the timing of
the last glacial period, marine oxygen isotope
stage 2, and the preceding glacial interval, ma-
rine oxygen isotope stage 4 (Figs. 4 and 5).
Very slow growth rates in the speleothems
correspond to interglacial periods of the early
part of marine oxygen isotope stage 3 and the
current interglacial period of the past 12 000
yr. On the basis of the correspondence be-
tween speleothem growth and water supply al-
ready discussed, we propose that the consis-
tent periods of increased stalagmite growth in
central Texas are a result of a regionally wetter
climate with higher effective moisture and a
correspondingly increased water supply for
stalagmite growth. The implications of this in-
ference are discussed subsequently.

Regional Climate During the Last Glacial
Period

Independent evidence indicates that during
the Last Glacial Maximum (LGM), between
20 ka and 14 ka, climate in the central Texas
region was both cooler and wetter than current
conditions. This timing correlates with one of
the periods of increased growth rates in the
speleothems and is consistent with an in-
creased water supply feeding stalagmite
growth. Changes in both faunal remains and
pollen and plant microfossil records in central
Texas provide a continuous record of regional
changes in climate, including effective mois-
ture, over the past 20 000 yr (Fig. 6; Toomey
et al., 1993; Bryant and Holloway, 1985).
These data indicate that the region was cooler,
with more effective moisture, during the last
glacial period (20 ka to 14 ka) and underwent
a subsequent warming and drying trend (13
ka to 10.5 ka), which continued through the
Holocene and the modern semiarid and
drought-prone climate (Toomey et al., 1993).
A Pleistocene–Holocene transition to a drier
climate, with less effective water for speleo-
them growth, is evident in the speleothem
growth rates, which decreased markedly be-
tween 15 ka and 10 ka and remained low
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Figure 5. Compilation of select global climate records for 0 to 80 ka. Shaded bands rep-
resent glacial intervals (marine oxygen isotope stage 2 and 4) based on the time divisions
of Imbrie et al. (1984). (A) Solar insolation record for 608 N from Berger and Loutre
(1991). (B) Marine oxygen isotope SPECMAP record from Imbrie et al. (1984). Troughs
(i.e., positive d18O standard deviations) in the SPECMAP record correspond with glacial
intervals. (C) Record of atmospheric dust from the Vostok ice core (Jouzel et al., 1993).

throughout the Holocene (Fig. 4). A Pleisto-
cene–Holocene transition to a drier climate is
also supported by several other regional re-
cords. These include carbon isotope variations
in pedogenic carbonates and humus and allu-
vial deposits from north-central and central
Texas (Humphrey and Ferring, 1994; Nordt et
al., 1994) and the fluvial landscape history of
central Texas rivers (Waters and Nordt, 1995;
Blum et al., 1994).

The integration of global climate records
from marine sediments, ice cores, and loess
indicates that, throughout the Quaternary, gla-
cial periods have been characterized by drier
and dustier Earth surface conditions (Petit et
al., 1990; Jouzel et al., 1993). These effects
are consistent with studies of speleothem
growth rates already discussed for high-lati-
tude climates that indicate less effective mois-
ture and correspondingly decreased speleo-
them growth during glacial periods.
Conversely, the speleothem growth-rate re-
cord for central Texas indicates that the region
was wetter during the last glacial period and

has become drier during the current intergla-
cial. Toomey et al. (1993) proposed an expla-
nation for this apparent contradiction based on
atmospheric circulation patterns for the North
American continent. Modern-day seasonal
rainfall distribution across the western conti-
nental United States is strongly influenced by
the position of the jet stream. A southward
shift or splitting of the mean jet stream posi-
tion results in dry conditions in the northwest
and wet conditions in the southwest (Thomp-
son et al., 1993). Early studies of the Great
Basin suggested that a large continental ice
sheet over North America may affect the mean
position of the jet stream, resulting in its de-
flection to the south, which would bring in-
creased year-round moisture to the southwest
(Antevs, 1952). The presence of extensive
pluvial lakes in basins of the western United
States during the last glacial period is well-
documented (Smith and Street-Perrott, 1983;
Benson and Thompson, 1987; Benson et al.,
1990). An increase in moisture supplied to the
southwestern United States during the last gla-

cial period is consistent with a southward de-
flection of the jet stream and extensive pluvial
lakes. The presence of permanent lakes in
New Mexico and west Texas during the last
glacial period provides additional evidence of
a regionally cooler and moister (i.e., pluvial)
climate (Allen and Anderson, 1993; Wilkens
and Currey, 1997; Reeves, 1973). Further-
more, major highstands for lakes in the Trans-
Pecos closed basin of west Texas and south-
central New Mexico during the last glacial
maximum are synchronous with highstands of
lakes in central New Mexico (Wilkens and
Currey, 1997).

Studies of pluvial lakes in the southwestern
United States have investigated whether the
increase in moisture is a result of (1) lower
temperatures, (2) increased rainfall, or (3) a
combination of the two. An analysis of the
large southwestern pluvial lakes of the last
glacial period concludes that during the plu-
vial maxima associated with the LGM, most
streams in the western United States carried
as much as an order of magnitude greater
streamflow, groundwater tables were higher,
and precipitation was markedly increased
(Smith and Street-Perrott, 1983). Numerical
modeling experiments addressing the water
balance of western lake basins indicate that
changes in the water balance are driven more
by precipitation variations than temperature
(Phillips et al., 1992). A southward deflection
of the jet stream during the last glacial max-
imum would result in more frequent winter
storms across the western and southwestern
United States. This increased winter precipi-
tation was likely the most effective means of
maintaining high paleolake levels in the Great
Basin and the southwestern United States
(Benson and Thompson, 1987), as well as in-
creased moisture in central Texas.

Regional and Global Glacial Climates

In addition to lake-level data, other studies
support the presence of greater effective mois-
ture and a wetter climate in the Great Basin
and southwestern United States during the last
glacial period (marine oxygen isotope stage
2). Although many of these records do not ex-
tend back to marine oxygen isotope stage 4,
there are still a number of indicators that con-
sistently point to a wetter climate during this
period. U-series dating of travertine deposits
in Grand Canyon National Park, Arizona,
which are inferred to have formed during pe-
riods of greater effective moisture, indicate in-
tervals of deposition centered at ca. 15 and 71
ka (Szabo, 1990). Water-table fluctuations in
southern Nevada have been reconstructed
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Figure 6. Compilation of independent regional climate records for central Texas compared
with the speleothem record for 0 to 20 ka. Climate records indicate a transition to more
arid conditions at the Pleistocene-Holocene boundary, which is consistent with the marked
decrease in speleothem growth rates. Trends for soil thickness, effective moisture, tem-
perature, and seasonality from Toomey et al. (1993).

from calcite deposits precipitated in a subter-
ranean chamber connected to Devils Hole that
indicate similar timing for higher water levels
(i.e., stages 2 and 4) resulting from a wetter
climate in this groundwater basin (Szabo et
al., 1994). The Devils Hole vein calcite record
shows relatively low d18O values at ca. 65 ka,
correlative with marine oxygen isotope stage
4 (Winograd et al., 1992). Groundwater resi-
dence times in the regional aquifer supplying
water to Devils Hole may have been signifi-
cantly reduced during glacial climates as a re-
sult of increased aquifer recharge that flushed
groundwater more quickly through the system
(Winograd et al., 1988). U-series ages of spe-
leothems from Carlsbad Caverns, New Mexi-
co, indicate that speleothem growth was more

rapid during glacial stages over the past 175
ka (Brook et al., 1990; Eubanks et al., 1985).

Results of general circulation model (GCM)
simulations investigating the influence of con-
tinental ice sheets on atmospheric circulation
and on climate-system boundary conditions
support the concept of a southward deflection
of the jet stream over North America during
the last glacial period and a displacement of
storm tracks far to the south (Manabe and
Broccoli, 1985; Kutzbach and Guetter, 1986;
Kutzbach and Wright, 1985; Rind, 1987;
COHMAP Members, 1988). GCM studies
also suggest that mean annual soil moisture
was greater in the western United States and
Mexico during the LGM (Broccoli, 2000).

Our data suggest that climate in central Tex-

as was wet during marine oxygen isotope
stages 4 and 2. Unfortunately, glaciations tend
to obliterate evidence of their precursors.
Thus, the record of the extent of the stage 4
glaciation of North America is not as clear as
the record for the more recent stage 2. Al-
though their geographic extent remains un-
clear, the presence of stage 4 (early Wiscon-
sinan) ice sheets in North America is
supported by independent data from glacial
deposits in the Sierra Nevada and Quebec
(Phillips et al., 1990; Lamothe et al., 1992).
Additionally, there is evidence that lake levels
in the Great Basin were high during stage 4
(Oviatt and McCoy, 1992). We therefore infer
that the relationship documented for marine
oxygen isotope stage 2 that links (1) a wetter
climate in central Texas, (2) Great Basin plu-
vial lakes, (3) a continental North American
ice sheet, and (4) the southward deflection of
the jet stream also played at least a partial role
during stage 4. On the basis of the marine ox-
ygen isotope record, however, this interval
was a period of lower continental ice volume
than stage 2. This interval was also a period
of changing ice volume from relatively high
volume during marine oxygen isotope stage 4
to relatively low volume during the early part
of stage 3 (Fig. 5). During this shift to low ice
volume, central Texas speleothem growth
rates slowed significantly. Global ice volume
may have increased slightly during the middle
of stage 3, which corresponds with an increase
in speleothem growth rates (Figs. 4 and 5).
Thus, the positive correlation between ice vol-
ume and speleothem growth rates, which we
observe for marine oxygen isotope stage 2,
also seems to hold for stages 3 and 4. Conti-
nental ice volume was lower for stages 3 and
4, however, relative to stage 2. For this reason,
the southward deflection of the jet stream (as-
sociated with high ice volume) may not be the
sole cause of high growth rates.

During the latter part of stage 3, an increase
in growth rate is evident in two of the stalag-
mite samples, CWN4 and ISS2, between 39
and 33 ka (Fig. 4). Sample DDS2, however,
does not exhibit this increase. The coincident
increase in growth rates during this period (39
ka to 33 ka) recorded in two of the stalagmites
may reflect regional and correspondingly
global climatic parameters that are not record-
ed in DDS2 owing to some change in local
hydrologic variables that are inconsistent be-
tween the caves. Several independent lines of
evidence indicate that the growth-rate increase
during this time may reflect climatic parame-
ters of at least regional scale. The oxygen iso-
tope record at Crevice Cave, Missouri (Dorale
et al., 1998), is the closest climate record with
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resolution, length, and age control similar to
records analyzed in central Texas. The Crevice
Cave record shows cool to warm climatic
shifts centered at 64 and 37 ka, which corre-
spond with the two earlier intervals of higher
speleothem growth in central Texas. There is
also evidence for high lake levels in the Great
Basin for the 39 to 33 ka period, which, as
already discussed, is consistent with a wetter
climate in central Texas. Although some Great
Basin lakes were at low levels around 35 ka,
there is evidence that Lake Russell and Lake
Searles were at moderate levels, and then
dropped off by 33 ka (Benson et al., 1990).
An expansion of Searles Lake in southeastern
California at 34 ka has been correlated with a
Greenland Summit ice-core interstadial and
proposed to be linked by increased precipita-
tion (Phillips et al., 1994).

Variations in solar insolation may also con-
tribute to fluctuations in rainfall and effective
moisture in the central Texas region. The three
temporal intervals of faster central Texas sta-
lagmite growth occurred during an orbital
configuration when the longitude of the peri-
helion is in spring (March 17 at 65.5 ka, May
17 at 36 ka, and March 4 at 18 ka, respec-
tively; C. Jackson, 2001, personal commun.).
Examination of a low-resolution atmosphere-
slab ocean climate system model’s response to
continuous changes in orbital forcing over the
past 165 ka (C. Jackson and A.J. Broccoli,
2001, personal commun.) shows that preces-
sion (more so than obliquity) is an important
orbital parameter influencing seasonal changes
in Texas precipitation and soil moisture. The
model shows that a spring perihelion in cen-
tral Texas leads to (1) a seasonal late-fall and
early-winter increase in rainfall and (2) a max-
imum in soil moisture during the same sea-
sons. During these seasons, cooler tempera-
tures would favor recharge because of
decreased evaporation. In contrast, during the
Holocene, when the stalagmites exhibited
slow growth rates, the longitude of the peri-
helion has gradually migrated from summer to
winter (July 13 at 10 ka to January 1 at pre-
sent). The observed association of spring peri-
helion and speleothem growth indicates that
the Holocene range of orbital configurations
would favor relatively slow speleothem
growth. In summary, the speleothem growth-
rate record may reflect the climate system’s
response to precessional forcing. More work
is needed to clarify the relevance of this mod-
el’s results, especially given the large changes
in ice-sheet extent over the past 71 ka, which
are not incorporated into the model’s design.

With respect to the individual central Texas
stalagmite records, the following question re-

mains: If the fast growth rates recorded in
CWN4 and ISS2 between 39 and 33 ka are
reflecting a regional or global event, why is
the same event not recorded by increased
growth rates in DDS2? The growth-rate record
of the speleothems ultimately reflects a com-
bination of climate and hydrology, both re-
gional and local, that is specific to the flow-
routing of each stalagmite and each cave.
Temporal changes in soil thickness across the
Edwards Plateau (Toomey et al., 1993) may
also affect recharge processes. Given these
complexities, the approach used herein of in-
tegrating multiple samples and/or multiple
caves may best allow for delineating a region-
al picture of the hydrologic response to cli-
mate variability.

SUMMARY AND IMPLICATIONS

The central Texas speleothem growth re-
cord for the past 71 ka represents the first con-
tinuous regional climate record for central
Texas extending beyond the Last Glacial Max-
imum. A greater than two-orders-of-magni-
tude range in stalagmite growth rates appears
to reflect variations in effective moisture sup-
plied to the stalagmites. Three intervals in the
past 71 ka were characterized by a wetter cli-
mate, evidenced by increased speleothem
growth rates in the region. Speleothem growth
slowed markedly during the climate transition
at the Pleistocene–Holocene transition and re-
mained very low throughout the Holocene, in-
dicative of a pronounced shift to a drier cli-
mate. These results are consistent with
independent climate records.

The results of this study indicate that spe-
leothem growth rates determined by high-res-
olution geochronology have application for re-
constructing regional climatic conditions.
Variability in individual stalagmite samples
shows the necessity of an approach that inte-
grates data from multiple samples and multi-
ple sites in order to distinguish a response to
regional variability versus local conditions.
Large variations in speleothem growth rates
indicate that detailed geochronology is nec-
essary to accurately determine temporal con-
straints on climate records from speleothems.
Concordant 230Th-231Pa age determinations
suggest the potential for accurate age dating
and the closed-system behavior of these types
of geologic materials.

APPENDIX

ANALYTICAL METHODS

U and Th isotope analyses were conducted at the
University of Texas at Austin (UT), and Pa and Th

comparisons were conducted at the University of
Minnesota (UM). The methods described here refer
to those used at UT, except where indicated
otherwise.

Sample Selection

All of the samples analyzed are stalagmites.
Those selected for this study have a simple stratig-
raphy, low porosity, and relatively low common-Th
(i.e., 232Th) concentrations (Table 1). Prior to their
collection, the stalagmites had been broken during
cave development or by vandalism, likely within the
past 50 years. Stalagmites were cut along their
growth axes and polished by using a water saw and
diamond lapidary wheels. Polished samples and thin
sections were evaluated for porosity and detrital
contamination and were inspected petrologically to
screen for recrystallization textures and/or growth
hiatuses marked by detritus and/or dissolution sur-
faces. Porous and permeable calcite may be suscep-
tible to postdepositional alteration by leaching, ce-
mentation, or adsorption due to increased surface
area, or may house detrital material (Ivanovich and
Harmon, 1992). Detrital material within the calcite
may contribute excess 230Th to the sample and yield
an apparent older age (Schwarcz and Latham,
1989). Growth layers with low porosity and low
amounts of detrital material were preferentially se-
lected for geochronology. From a selected growth
layer, ;1 g was sampled by using a dental drill with
carbide-tipped burrs and a binocular microscope,
housed within a class-100 environment. These pow-
dered samples were microscopically examined for
foreign particles and detrital material, which were
subsequently removed.

Chemical Separation

Chemical separation procedures followed those
detailed in Edwards et al. (1987, 1993) and Cheng
et al. (2000). Samples were dissolved in concen-
trated HNO3, then spiked with 229Th and mixed 233U-
236U (233U ù 236U) tracers. U and Th tracer solutions
were calibrated by using gravimetric solutions of
New Brunswick Laboratories (NBL) Standard Ref-
erence Material 112-A (formerly NBS U960) and
purified Th metal prepared by the Standard Mate-
rials Preparation Center at Ames Laboratory, Iowa,
respectively. U and Th were coprecipitated from the
mixed sample-tracer solutions with Fe(OH)3 and pu-
rified by ion-exchange chemistry. A two-column
separation (750 mL and 160 mL) was performed by
using Bio-Rad anion exchange resin AG1 X8, 100–
200 mesh. Yields are ;90% for both U and Th.
Total procedural blanks (chemistry plus filament
loading) are #4.0 pg for U and #2.0 pg for Th.

Mass Spectrometry

U and Th isotope analyses were conducted at UT
on a Finnigan-MAT 261 thermal-ionization mass
spectrometer (TIMS) upgraded with an ion-counting
detection system using a MasCom secondary-elec-
tron multiplier (SEM). U and Th separates were
loaded onto zone-refined Re filaments (prescreened
for Th content) with colloidal graphite and run in
single-filament configuration. All masses were mea-
sured by using the ion-counting system. Ionization
efficiencies for Th average 0.4‰. Instrumental frac-
tionation of U isotopes was corrected by using the
233U/236U ratio of the tracer. The range of fraction-
ation values observed for U measurements is a
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523.2‰ to 11.5‰ per AMU (atomic mass unit;
mean 520.8‰; n 5 73). Applying this range of
fractionation values to the Th isotope measurements
has a negligible effect relative to the analytical un-
certainty. In addition, the change in Th isotope ra-
tios during the course of an analysis is less than the
analytical uncertainty. Thus, Th isotope ratio mea-
surements are not normalized for instrumental
fractionation.

Abundance sensitivity (tail at mass 237/peak at
mass 238) varied within the range 0.6 to 1.1 ppm
during the course of this study. To determine the
effects of tailing from the large 238U and 232Th
peaks, baselines in the U and Th mass range were
profiled in detail under varying run conditions. For
the U mass spectrum from 232.5 to 237, the shape
of the background between adjacent background po-
sitions follows a linear model and allows precise
interpolation and extrapolation of backgrounds from
measurements at 233.5, 234.4, and 235.5. Following
the similar procedures for analysis of the Th mass
spectrum, backgrounds are measured at 229.5.

Mass bias in the SEM was determined (following
Cheng et al., 2000) to be 0.1 6 0.6‰ and 0.1 6
0.2‰ per AMU (lower mass is overcounted), re-
spectively, for the two SEMs used during the course
of this study. Normalization for U fractionation also
accounts for mass bias, and consequently a mass
bias correction is applied only to Th measurements.
The effects of dead time and intensity bias were
calibrated by measurements on isotope standards
over a range of ion-beam intensities, and a correc-
tion for these effects was made to all measurements.
The uncertainties associated with the corrections for
instrumental fractionation, analytical blanks, back-
grounds, mass bias, intensity bias, and dead time are
small compared with the overall analytical uncer-
tainty on the U and Th isotope ratio measurements.

Ages were calculated by using the 230Th/238U de-
cay equation for closed U-Th systems (Broecker,
1963):

230 234Th U
2l 3T2305 1 2 e 1 2 1

238 2381 2[ ] [ ]U UAct Act

l2303 1 2l 2 l230 234

2(l 2l )3T230 2343 (1 2 e ). (A1)

[230Th/238U]Act and [234U/238U]Act indicate the activity
ratios and T is the 230Th age. Values for decay con-
stants l230, l234, and l238 used are 9.1577 3 10–6 y–1

(Cheng et al., 2000), 2.8263 3 10–6 y–1 (Cheng et
al., 2000), and 1.55125 3 10–10 y–1 (Jaffey et al.,
1971), respectively. The 230Th ages and uncertainties
reported in Table 1 include analytical errors (which
are between 60.4% and 1% for all except five sam-
ples), as already discussed, and corrections for ini-
tial 230Th abundance at the time of calcite growth.
Age corrections for initial 230Th were calculated by
using a sample’s measured 232Th concentration and
an assumed initial 230Th/232Th ratio of 1.5 (61.5) 3
10–5. This ratio is a more conservative estimate of
initial 230Th/232Th than the commonly used ratio of
4.4 (64.4) 3 10–6 (the value for a material at sec-
ular equilibrium with an average crustal 232Th/238U
value of 3.8; e.g., Banner et al., 1991; Dorale et al.,
1998). The 1.5 (6 1.5) 3 10–5 value is determined
by the ages and stratigraphic order of neighboring
samples. The corrections to a sample’s 230Th age and
its associated uncertainty for initial 230Th/232Th are
smaller than the analytical errors for most samples.

Sample ISS2-H-n is the most notable exception,
with an error of 5%, because of the high 232Th con-
tent of this sample (Table 1). The uncertainty in
230Th age that is introduced by the uncertainty in the
initial 230Th/232Th value is greater for samples with
high 232Th contents and for younger samples (e.g.,
CWN 4–11), for which the fractional error in age
introduced by the correction may be large compared
to the amount of radiogenic 230Th. Analysis of mod-
ern speleothem calcite, the insoluble residues of
speleothem calcite, and modern cave drip waters
will place more rigorous constraints on initial 230Th/
232Th values.

NBL Standard Reference Material 112-A was
used as a U standard. Uranium isotope compositions
are reported as d234U in per mil notation:

234 234 238 234 238d U 5 {[( U/ U)/( U/ U) ] 2 1}eq

33 10 . (A2)

(234U/238U)eq is the atomic ratio at secular equilibri-
um and is equal to l238/l234. Note that our d234U
values are calculated with a recently determined l234

value (Cheng et al., 2000), which gives a d234U val-
ue about 3‰ lower (for materials close to secular
equilibrium) than values calculated by using earlier
decay constant values (e.g., those used in Edwards
et al., 1987). Thirty-three measurements of NBL-
112A over the three-year course of this study yield
a mean d234U value of237.0‰ 6 3.2‰ (error 5
external 2s). This compares with values reported
from the University of Minnesota of237.1 6 1.2
‰ (n 5 8, error 5 external 2s, Edwards et al.,
1993, recalculated with the Cheng et al., 2000, l234

value) and236.9‰ 6 2.1‰ (n 5 21, error 5 ex-
ternal 2s, Cheng et al., 2000). In terms of accuracy,
the UT value is in agreement with the true isotope
value of NBL-112A (–36.9 6 1.7, 2smean of 21 mea-
surements plus systematic errors; Cheng et al.,
2000) and is also in agreement within error with
values reported by other laboratories (e.g., Chen et
al., 1986; Goldstein et al., 1991; Stirling et al.,
1995).

235U-231Pa Analysis

In order to test the accuracy of the 230Th ages, six
additional samples were analyzed for both 230Th
ages and 231Pa ages at UM. The combined 231Pa and
230Th systems provide two independent chronome-
ters, analogous to those of the U-Pb system, which
can potentially be used to determine the extent of
diagenetic alteration (Edwards et al., 1997; Cheng
et al., 1998). 231Pa ages are based on the radioactive
decay of 235U to 231Pa (half-life 5 32 760 yr; Robert
et al., 1969). The 231Pa age equation is (Ku, 1968)

231Pa
2l 3T2315 1 2 e . (A3)

235[ ]U Act

Samples analyzed for U-Pa were also analyzed
for U-Th at UM so that comparisons between the
dating systems could be made on the same solution.
Pa procedures are those of Pickett et al. (1994),
modified as described by Edwards et al. (1997). U-
Th analyses are modifications of those of Edwards
et al. (1987), as described in Edwards et al. (1993)
and Cheng et al. (2000). Calcite samples of ;3 g
were dissolved and divided into two aliquots, one
for Pa analysis and one for U-Th analysis. The Pa
aliquot was spiked with a 233Pa tracer milked from

a solution of 237Np. The Pa, U, and Th fractions
were isolated by Fe(OH)3 coprecipitation and ion-
exchange chemistry and run on a Finnigan MAT-
262-RPQ TIMS. Both Pa and Th were run on single
zone-refined rhenium filaments with colloidal
graphite. Uranium was run by using double rhenium
filaments without graphite.
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