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U-Th and Sr Analytical Methods 
Data in this report were determined at USGS laboratories in Denver, CO.  Powdered 

speleothem subsamples were weighed in 7-ml Teflon® PFA vials, then wetted with deonized 
water.  High-purity nitric acid was added to digest the carbonate fraction of the samples followed 
by addition of a weighed amounts of a highly purified mixed U-Th tracer solution with known 
quantities of 236U, 233U, and 229Th.  Vials were capped, heated overnight on a 120°C hotplate, 
then taken to dryness under dry-nitrogen gas flow.  Digested salts were dissolved and 
equilibrated in 7N nitric acid.  Samples were centrifuged at 10,000 rpm and the supernate was 
transferred to a second vial.  Any remaining residue was transferred back to the original vials 
using concentrated hydrofluoric and nitric acids and allowed to digest overnight on a 120°C 
hotplate.  After evaporation, all residue dissolved in 7N nitric acid, which was added to the 
original digestion.  Therefore, all analyses were made on total digestions of the samples to 
eliminate laboratory fractionation of U and Th.  Sr analyses were made on the same digestions. 

mesh) resin were used to purified uranium and thorium.  Strontium separates were obtained from 
the same solutions by piggy-backing separate columns containing 0.25 ml of Sr-Spec™ resin 
beneath U columns.  After initially washing the loaded columns using 7N nitric acid, U and Sr 
columns were separated and processed independently. The Th cut was eluted from AG1×8 resin 
using 6N HCl, after which the U was eluted using 0.05N HNO3.  Typically, Th required a 
second cleanup on the same resin, whereas U was sufficiently purified after the first pass.  Sr 
resin was purified by additional washes using 7N HNO3 (about 35 resin volumes in total; De 
Muynck et al., 2009) followed by elution using 0.05N HNO3.  

Purified U salts were loaded on the evaporation side of double-Re
 sandwiched between layers of 

graphite suspension. Isotope ratios were obtained using a Thermo Finnigan Triton™ thermal 
ionization mass spectrometer equipped with an RPQ electrostatic filter which reduced abundance 
sensitivity on a theoretical 237U mass to <5 ppb. Atomic ratios of 234U/235U, 235U/236U, 
230Th/229Th, and 232Th/229Th were determined using a single ETP™ electron multiplier operating 

amount of tantalum-oxide.  87Sr/86Sr ratios were collected on the same instrument using faraday 
cups and a triple- -dynamic peak-hopping routine.   

Raw U and Th data were corrected for mass fractionation using the known 236U/233U 
value in the spike solution for U and a factor of 0.008%/amu for Th, as well as spike 
contributions, and procedural blanks. Measured 234U/235U were converted to 234U/238U assuming 
a 238U/235U of 137.88, and were normalized relative to a standard value of 0.0000529 for the 
234U/238U atomic ratio in NIST SRM 4321B run during the same barrel  
contributions varied between 5–10 picograms of uranium and 10–50 picograms of thorium. 
Corrected ratios were converted to picomole abundances of each isotope and converted to 
[232Th/238U], [230Th/238U], and [234U/238U] (square brackets used to denote activity ratios) using 
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values for radioactive decay constants given by Steiger and Jäger (1977) for 238U and 232Th and 
Cheng et al. (2013) for 234U and 230Th.   

Uranium isotopic compositions of the international U-isotope standard, NIST 
SRM4321B, determined over the same period yielded results within analytical uncertainties of 
the certified 234U/238 ar 

(Ludwig et al. , 1985) yielded results that are analytically indistinguishable from the secular 
equilibrium value of 1.0000 ([234U/238U] = 1.0001 ±0.0033 ±2×standard deviation for N=37, and 
[230Th/238U] = 0.9988±0.0037 ±2×standard deviation for N=31). Analyses of a USGS late 
Pleistocene Acropora coral dating standard (mean age of 119.6 ±1.9 ka for N=17 determined by 
Watanabe and Nakai, 2006) processed in an identical manner as the unknown samples yielded an 
average age of 119.4 ±1.2 ka and an initial 234U/238U activity ratio of 1.154±0.006 (N=16). All 

 
Measurable amounts of common thorium (that is, 232Th) implies that some 230Th not 

associated with the in-situ decay of parent isotope 234U is present in the sample.  To avoid 
calculating erroneously old 230Th/U ages, any initial 230Th derived from detrital sources must be 
eliminated.  This was done mathematically based on the measured [232Th/238U], and an 

(Ludwig 
and Paces, 2002). The detrital component is assumed to have an atomic Th/U of 4 with the 

232Th/238U] = 1.276±0.64; [234U/238U] = 1.0±0.1; and 
[230Th/238U] = 1.0±0.25.  Detrital corrected ratios are used to calculate 230Th/U ages, initial 
[234U/238U] and associated errors using convent (Ludwig, 2012). 

87Sr/86Sr ratios were normalized for instrumental fractionation using the accepted 
86Sr/88Sr value of 0.1194.  Data for 84Sr/86Sr were also collected during the same run to monitor 
the effectiveness of the fractionation correction.  Total-process blank contributions for Sr varied 
between 100 and 500 picograms. 

The mean 87Sr/86Sr value obtained for 230 analyses of the NIST international Sr-isotope 
standard, SRM987, including the period of analysis was 0.710250 ±0.000007 (2×standard 
deviation), which is within uncertainty of the accepted value of 0.710248±0.000006 (McArthur 
et al. , 2001).  The 87Sr/86Sr values determined for unknown samples are normalized to the 
accepted value using the average value obtained for each batch of analyses.  A secondary USGS 
Sr-isotope standard, EN-1, analyzed as an unknown with each batch, yielded a mean normalized 
87Sr/86Sr value of 0.709173 ±0.000012 (2×standard deviation for 127 analyses) which is identical 
to the accepted value of 0.709174±0.000002 (±2×standard error; McArthur et al. , 2006).   

Purification and isotope analysis of water samples followed the same procedures as 
speleothems except that 12 to 157 grams of water were weighed, spiked for U isotope dilution, 
and evaporated prior processing chemical separations as above.  A separate small aliquot of 
water (~0.5 gram) was spiked with a known amount of 84Sr-enriched tracer solution and run 
separately to determine Sr concentration by isotope dilution.  All determinations of 87Sr/86Sr 
were done on unspiked aliquots. 
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Sample Name Site name Collection 
date

Latitude, longitude
(in degrees, WGS84)

Hydro-
geologic
domaina

Aquiferb

Wind Cave drips
DP2-150605 Drip site 2 6/5/2015 43.55522, -103.47614 Vadose Madison

DP3-150605 Drip site 3 6/5/2015 43.55742, -103.47894 Vadose Madison

PUP-111210 Pile Up 11/12/2010 43.54998, -103.489062 Vadose Madison

RT66-111210 Route 66 11/12/2010 43.54459, -103.49060 Vadose Madison

DEEP_140329 Deep End 3/29/2014 43.54099, -103.49079 Vadose Madison

Cave water bodies
WTHL-110818 What the Hell Lake 8/18/2011 43.54965, -103.47709 Vadose Madison
WTHL-120804 What the Hell Lake 8/4/2012 43.54965, -103.47709 Vadose Madison
WTHL-150605 What the Hell Lake 6/5/2015 43.54965, -103.47709 Vadose Madison
CL-110818 Calcite Lake 8/18/2011 43.54873, -103.47523 East Madison
CL-150605 Calcite Lake 6/5/2015 43.54873, -103.47523 East Madison
VGA-111210 Vega Lake 11/12/2010 43.54162, -103.48934 West Madison

JwlCv_160214 Jewel Cave Lake 2/14/2016 43.7161, -103.8450 West? Madison

Artesian springs
KIDsp-110801 Kidney Spring 8/1/2011 43.434697, -103.481840 Artesian 1 Madison
KIDsp-120805 Kidney Spring 8/5/2012 43.434697, -103.481840 Artesian 1 Madison
HSIsp-110803 Hot Springs Intake Spring 8/3/2011 43.442430, -103.482260 Artesian 1 Madison

HBsp-120805 Hot Brook Spring 8/5/2012 43.451691, -103.509503 Artesian 1 Minnelusa

MNKsp-120805 Minnekahta Spring 8/5/2012 43.434708, -103.485938 Artesian 1 Madison

BCsp-110802 Beaver Creek Spring 8/2/2011 43.524164, -103.375259 Artesian 2 Madison

COOsp-110801 Cool Spring 8/1/2011 43.341162, -103.554852 Artesian 2 Madison

CASsp-110801 Cascade Spring 8/1/2011 43.335290, -103.551726 Artesian 2 Madison

BRsp-120803 Boland Ridge Spring 8/3/2012 43.590357, -103.378968 Artesian 2 Unknown

CBsp-120805 Cold Brook Spring 8/5/2012 43.462248, -103.492702 Artesian 2 Unknown

Shallow springs
PARsp-120803 Parker Spring 8/3/2012 43.621443, -103.398576 East White River

HSsp-120805 Horse Shelter Spring 8/5/2012 43.549250, -103.451960 East Minnelusa

NCsp-120805 Negro Canyon Spring 8/5/2012 43.553595, -103.446436 East Minnelusa

EMsp-120805 Elk Mountain Spring 8/5/2012 43.559190, -103.488320 West Minnelusa

WITsp-120806 Witch Spring 8/6/2012 43.566442, -103.603197 West Minnelusa

WCsp-120805 Woodcock Spring 8/5/2012 43.515169, -103.538458 West Minnelusa

SLsp-120806 Southerland Spring 8/6/2012 43.672590, -103.583780 Precambrian Precambrian

RGPsp-120803 Reeves Gulch Pegmatite Spring 8/3/2012 43.599964, -103.489829 Precambrian Precambrian

Surface flow
BEVcr-151009 Beaver Creek Sink 10/9/2015 43.584272, -103.459843 Precambrian Precambrian

HIGHcr-120803 Highland Creek sink 8/3/2012 43.629297, -103.439094 Precambrian Precambrian

FRcr-120806 Falls River Creek at the falls 8/6/2012 43.401776, -103.410402 Artesian 1 Madison

a Hydrologic domain based on results of principal component and cluster analyses  of Long et al. (2012, Table 2), except for 
Highland Creek sink and Beaver Creek sink, which were classified on the basis of elevated Sr isotopic compositions, and Vega and 
Jewel Cave lakes which were not included in earlier studies.

b Aquifer classification is from Long et al. (2012).

Table S2.  Collection dates, locations, and aquifer classifications for water samples near
          Wind Cave National Park.
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