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A B S T R A C T   

Cave calcite deposits (“speleothems”) are widely-used archives of terrestrial paleoclimate signals, in large part 
because they can be accurately and precisely dated using 238U-series disequilibria (U-series dating) measured by 
mass spectrometry. Difficulties arise when growth layers in stalagmites incorporate detrital material during 
calcite deposition that contains significant amounts of 230Th (“detrital 230Th”). U-series ages must be corrected 
for detrital 230Th either by 1) assuming a detrital 230Th content (expressed as the ratio 230Th/232Th), or by 2) 
developing isochron models for each stalagmite. We examine two alternative correction approaches for detrital 
230Th/232Th: analysis of calcite grown on artificial substrates in central Texas caves (i.e., present-day or “zero- 
age” calcite) and analysis of soil leachates from the recharge zones of the caves. Samples collected over three 
years yield elevated detrital atomic 230Th/232Th values, ranging from 5.4 to 28.1 parts per million  (ppm) ± 0.5 
ppm (1σ uncertainty for a typical measurement), compared with the commonly used “bulk earth” value of 4.4 
ppm. Agreement between soil leachate and calcite 230Th/232Th values suggests that soil material is a source of 
detrital Th in the stalagmites in central Texas. Correlations between Fe, Mn, and Th concentrations in soil 
leachates from above caves suggests that Th sorbs on to Fe and Mn colloidal material. Independent estimates of 
detrital 230Th/232Th in a young (< 100 years) stalagmite from central Texas reveal higher 230Th/232Th (~4 to 11 
ppm) than bulk earth, consistent with measurements from zero-age calcite and soil (~5 to 20 ppm). These results 
offer a new method for improving U-series chronologies of stalagmites.   

1. Introduction 

The utility of speleothem proxy time series is dependent on the ac
curacy and precision of the 238U-series disequilibrium dating method (U- 
series) (Edwards et al., 1987, 1993; Cheng et al., 2000, 2013; Musgrove 
et al., 2001; McDermott, 2004; Wong and Breecker, 2015; Wendt et al., 
2021). U-series dating involves measuring the concentrations of 238U, 
and the intermediate daughter products of 238U decay, 234U and 230Th 
(e.g., Edwards et al., 1987; Schwarcz and Latham, 1989; Zhao et al., 
2009; Richards and Dorale, 2003). Stalagmite geochronology based on 
238U decay assumes that essentially all of the daughter product (230Th) 
that is measured in a sample is from the decay of 234U (Richards and 
Dorale, 2003; Wendt et al., 2021). However, stalagmites can incorporate 
detritus containing Th during deposition or can incorporate Th into the 

mineral lattice (Przybylowicz et al., 1991; Labonne et al., 2002; Zhao 
et al., 2009; Blyth et al., 2015) as do some pedogenic silica‑carbonates 
(e.g., Ludwig and Paces, 2002). Such Th inclusion in stalagmite calcite 
introduces uncertainties to measured ages that may be large relative to 
the instrumental errors of the U-series isotope measurements (Fig. 1). 
The 230Th concentration measured in stalagmite calcite ([230Th]measured) 
thus has two sources, 230Th from the radioactive decay of 234U 
(“[230Th]radiogenic” hereafter) since deposition and 230Th that was 
incorporated at the time of deposition (“[230Th]detrital”) (Eq. 1). 
[230Th

]

measured =
[230Th

]

radiogenic +
[230Th

]

detrital (1) 

Correction for detrital 230Th (Eq. (1)) in calcite requires the mea
surement of 232Th and knowledge of the 230Th/232Th ratio of the detritus 
(herein referred to as detrital 230Th/232Th ratio). There are two 
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correction techniques. The first assumes the detrital component has the 
estimated bulk earth 230Th/232Th value of 4.4 ppm. This value is ob
tained using 1) an empirically derived average for Th/U in terrestrial 
upper continental crust that ranges from 3.6 to 3.8, as the source of 
detritus (Taylor and McLennan, 1995; Wedepohl, 1995), and 2) the 
assumption that the detrital component is sufficiently old such that 
230Th is in secular equilibrium with 238U in this source (Zhao et al., 
2009; Richards and Dorale, 2003). Using this method, variability in the 
detrital 230Th/232Th can impact age uncertainty in stalagmites (Fig. 1). 
Uncertainty in stalagmite ages increase 1) with increasing measured 
232Th/238U (Fig. 1A), or 2) with decreasing stalagmite age for a given 
232Th/238U. In the latter case, as stalagmite age decreases the contri
bution from detrital 230Th/232Th becomes a greater portion of the 
measured stalagmite 230Th/238U (Fig. 1B; Eq. (1)). The bulk earth 
assumption is not problematic for samples in which the 232Th/238U ratio 

is small and/or the stalagmite is old enough to allow the in-growth of 
large amounts of radiogenic 230Th relative to detrital 230Th (Eq. (1); 
Fig. 1). Additionally, the bulk earth assumption is commonly applied 
with an assumed uncertainty of 50–100% (Table 1). Notably, these bulk 
earth uncertainties can propagate to large stalagmite age uncertainties 
in young stalagmites. Alternatively, the absolute value of the analytical 
uncertainty in U-series ages increases with age, such that the contribu
tion to the age uncertainty from the uncertainty associated with bulk 
earth assumption decreases with age (Fig. 1). Propagation of this un
certainty associated with the value of the bulk earth assumption is 
illustrated in Fig. 1A and B (Supp. Material). Uncertainty in estimating 
detrital 230Th/232Th and its impact on the uncertainty of calculated U- 
series ages is especially relevant for young stalagmites, as represented by 
a suite of stalagmites aged 0 to 60 ka (Table 1; Fig. 1A, B, and C). For 
stalagmites of any age that are detrital-rich (‘dirty’), the detrital 

Fig. 1. Diagram of the contribution of the estimated detrital 230Th/232Th assumption to the overall uncertainty on the age in relation to the measurement of (A) 
232Th/238U, (B) 230Th/238U, and an illustration of the impact on absolute age (C). (A and B) Contours are theoretical and data points are measurements on stalagmites 
from the literature. Contours represent a calculated relationship between age uncertainty and (A) 232Th/238U and (B) 230Th/238U over variable 230Th/232Th values. 
Notably, the calculations for the contours must use constant values for some pieces of the age equation to evaluate the contribution to age uncertainty from the 
detrital 230Th/232Th (constants given in Table S1). Alternatively, data points (A and B) represent the measured relationship between age uncertainty and (A) 
232Th/238U and (B) 230Th/238U in various stalagmites in the literature. The data points reveal a more nuanced story with the uncertainty assigned to detrital 
230Th/232Th value playing a role in the age uncertainty noted in this diagram as illustrated by the larger age uncertainty in both A and B for data that use 100% 
uncertainty with the detrital 230Th/232Th assumption. In combination, the contours and the data points show the contribution that both the value of the detrital 
230Th/232Th (contours) and the uncertainty assigned to that value (data points) have on the uncertainty of ages from stalagmites. The bulk earth value of 4.4 ppm is 
highlighted as a black dashed line. With increasing value of estimated detrital 230Th/232Th used in age calculations, age uncertainty increases in relation to the 
232Th/238U (A) and 230Th/238U (B). Age uncertainty is highest for high 232Th/238U values, reflecting samples with a high detrital component and/or low U. Previously 
published data are presented as published (Musgrove et al. (2001); Hellstrom (2006); Wong et al. (2015); Zhao et al. (2009); Hardt et al. (2010); Meckler et al. (2012, 
2015); Lachniet et al. (2014); Denniston et al. (2013); Carolin et al. (2016).) For illustration purposes only, C represents an idealized schematic of the relationship 
between age uncertainty and age in a stalagmite based on current understanding of the relative contributions of uncertainties in U-series measurements. The 
increased uncertainty related to the estimate of detrital 230Th/232Th is crucial for younger samples (<50–60 ka based on the data used here) whereas the uncertainty 
related to analytical measurements is increasingly important in older samples (>120 ka based on the data used here). The dashed lines indicate different theoretical 
amounts of detrital Th incorporated in a detrital rich or “dirty” speleothem. 
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230Th/232Th value must be well constrained to reduce U-series age un
certainty (Fig. 1D). The large range of assumed uncertainty used for the 
bulk earth detrital estimate (± 50–100%) reflects the difficulty of using a 
single value to represent all variability in the composition of detritus 
from different terrestrial environments (Taylor and McLennan, 1995; 
Wedepohl, 1995). An incorrect assignment of the detrital 230Th/232Th 
value, regardless of the uncertainty, has a large impact on the correction 
to the measured 230Th/238U values used in calculating ages. Thus, both 
using an accurate value of detrital 230Th/232Th and minimizing the 
uncertainty associated with that value are important to constrain ac
curate ages (Fig. 1). 

The second approach to correct for detrital 230Th/232Th is to sub
sample and analyze a single growth layer in a stalagmite to calculate an 
isochron that provides a more precise estimate of detrital 230Th/232Th 
(Table 1). This method yields a reduced uncertainty of the age model 
(Fig. 1A & B) and an accurate estimate of the detrital 230Th/232Th values 
for this layer. The isochron method, however, is time and material 
intensive and is sometimes unsuccessful because multiple Th sources can 
complicate isochron interpretation (Lin et al., 1996; Richards and Dor
ale, 2003; Denniston et al., 2013). In summary, complications in 
applying U-series dating to stalagmites that are detritus-rich and/or 
young may lead to excluding such samples for paleoclimate re
constructions, highlighting the need for developing additional or 
improved methods to correct for detrital 230Th. 

We propose a novel method of characterizing and correcting for 
detrital 230Th/232Th in speleothems by measuring the 230Th/232Th ratio 
in soils and in zero-age calcite grown on artificial substrates in modern 
cave settings. We demonstrate that zero-age calcite 230Th/232Th ratios 
measured in this study are elevated in comparison to the bulk earth 
value and that the measured values agree with an independent estima
tion of detrital 230Th/232Th in a stalagmite from one of the same caves 
(WC3; Carlson et al., 2018). This study is particularly relevant for spe
leothem samples of Holocene age and samples that have a high con
centration of detrital material (commonly referred to as ‘dirty’ 
speleothems). The source of high detrital 230Th/232Th values in calcite 
from one site is the overlying soil, based on measurements of 
230Th/232Th in calcite and in soil, and the Th, Fe and Mn concentrations 
in cave calcite and soil. 

2. Hydrogeologic setting 

We focus on three central Texas caves: Natural Bridge Caverns (NB), 
Inner Space Cavern (IS), and Westcave Preserve (WC) (Musgrove and 
Banner, 2004; Banner et al., 2007; Wong et al., 2011; Casteel and Ban
ner, 2015; Feng et al., 2014). All three caves are developed within the 

Edwards Plateau, a karstified carbonate platform of lower Cretaceous 
age (Elliot and Veni, 1994; Fig. 2). Cave NB is located within both the 
upper Glen Rose Limestone and the Walnut formation of the Edwards 
Group Cretaceous limestones (Musgrove and Banner, 2004; Cowan 
et al., 2013). Cave IS is formed solely in Edwards Formation (Kastning, 
1983; Banner et al., 2007) and WC is formed in the Cow Creek formation 
(Casteel and Banner, 2015). 

The climate of the Edwards plateau has decreasing precipitation 
from east to west (Larkin and Bomar, 1983) with a 30-year normal 
precipitation for Comal, Travis, and Williamson Counties (counties 
containing NB, WC, and IS, respectively) ranging from 71 to 81 cm/year 
(PRISM Climate Group, 2015a). The seasons amount to dry, hot sum
mers, wetter springs and falls, and dry, mild winters, with a 30-year 
normal temperature ranging from 17 to 22 ◦C (PRISM Climate Group, 
2015b). Central Texas is generally prone to droughts with intermittent 
wet periods (Banner et al., 2007). The sampling period of 2012 to 2013 
was considered a time of moderate to severe drought (Climate Predic
tion Center (CPC), 2015). 

Two of the three cave systems (NB and IS) are “deep” caves that 
experience near-constant cave temperatures and seasonal variability in 
cave-air pCO2 (Banner et al., 2007; Wong et al., 2011; James et al., 
2015). In NB and IS, CO2 rises during the summer when surface air 
temperature is greater than cave-air temperature, resulting in a decrease 
to cessation of calcite precipitation (Banner et al., 2007; Wong et al., 
2011; James et al., 2015). In contrast, WC is ventilated year-round as a 
result of the cave morphology. WC has a small internal volume and a 
large opening area that leads to a small opening area to volume ratio of 
~0.02 m−1 (Feng et al., 2014; Cowan et al., 2013). The cave morphology 
at WC allows for cave-air pCO2 to remain near atmospheric values 
leading to calcite growth throughout the year (Casteel and Banner, 
2015; Carlson et al., 2018) in contrast to the seasonality in calcite 
growth observed at NB and IS. 

3. Methods 

To characterize the detrital 230Th/232Th value of actively growing 
calcite, we primarily sampled calcite grown on artificial substrates for 
monthly intervals from 2012 to 2013 at all three caves. Additionally, we 
subsampled two artificial substrates that were deployed in WC in 2010 
and were retrieved as part of this study in 2012. The artificial (glass) 
substrates are etched, acid cleaned, microscopically inspected prior to 
deployment, and then sampled under a binocular microscope taking 
precaution to avoid the glass surface while sampling the calcite. We used 
two different types of plates for two different intervals of time. First, we 
used cleaned watch-glasses (curved plates) that were placed at sites WC- 
C1 and WC-C2 for two years (2010–2012; Fig. 2) and were collected in 
the summer of 2012. In the summer of 2012, we switched to 20 cm × 20 
cm flat plates. The flat plates were placed under active drip-sites (n = 2 
at WC, n = 1 at NB, n = 2 at IS) at the caves for approximately four weeks 
at a time between the summer of 2012 and the summer of 2013 (Fig. 2). 
All plates were placed horizontally under active drip-sites. Calcite grown 
on each substrate (‘zero-age calcite’ hereafter) was collected following 
the protocol of Banner et al. (2007). Cave IS drip-sites (Fig. 2) used in 
this study were previously characterized by Casteel (2011) and Hule
wicz (2012) and demonstrated regular calcite growth during the year. In 
previous publications these sites were named ISS3 and ISS4. 

After calcite substrate collection, selected areas of each plate were 
gently scraped under the binocular microscope with an acid-cleaned 
stainless-steel tool to remove the calcite for U-series measurements 
(Table 2). Each calcite sample was dissolved, and chemical separation of 
U and Th was completed using iron co-precipitation and ion exchange 
chemistry in the Isotope Clean Lab at University of Texas, Austin 
(Musgrove et al., 2001; Wong et al., 2015). 230Th/232Th ratios were 
measured using a ThermoScientific Triton thermal ionization mass- 
spectrometer (4 calcite samples) (Musgrove et al., 2001; Wong et al., 
2011) at University of Texas, Austin (UT) and using a ThermoScientific 

Table 1 
Previously published values of initial 230Th/232Th.*   

230Th/232Th 
(ppm) 

Uncertainty 
(%)a 

Commonly assumed initial values 1.5 to 4.4 50 to 100% 
Moseley et al., 2014 (Isochron) 2.4 to 17.3 50% 
Carolin et al., 2016 (Isochron) 55 to 127 9 to 50% 
James, 2017 (Isochron) 14.7 25% 
Labonne et al., 2002 (Isochron) 3.1 to 3.2 13 to 17% 
Polyak et al., 2004 (Isochron) 5 to 60 50% 
Scroxton et al., 2016 (Stratigraphic Constraint 

Modeling (common method): code from  
Hellstrom (2006)) 

16.2 25% 

Lachniet et al., 2014 (Isochron) 8.6 to 15 50% 
Denniston et al., 2013 (Isochron not used for 

age calculation) 2.4 17%  

* Refs: Banner et al., 2007; Dorale et al., 2004; Musgrove et al., 2001; Wagner 
et al., 2010; Hardt et al., 2010; Novello et al., 2012; Cai et al., 2017; Denniston 
et al., 2013; Steponaitis et al., 2015; Lachniet et al., 2014; Oster et al., 2020. 

a Uncertainty percentages are calculated from the ± uncertainty reported in 
each citation. 
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Neptune multi-collector inductively coupled plasma mass spectrometer 
(12 calcite samples) (MC-ICP-MS; Shen et al., 2002) at the University of 
Minnesota (UM; Edwards et al., 1987, 1993; Table 1; Fig. 2). 

The typical blank for 232Th is 1 ± 1.6 pg for measurements at UT 
Austin. Blank measurements for 230Th are not performed because the 
230Th signal of the blank is indistinguishable from the ion counter dark 
noise of 0.02 counts per second (cps). Dark noise is the background 
signal of the detector and independent of specific masses being 
analyzed. The ratio of the calculated mass of 230Th ionized from the 

filament (assuming 1% ionization efficiency) to measured 230Th signal 
intensity is 0.3 fg/cps. Accordingly, the 0.02 cps dark noise corresponds 
to 6 ag, a maximum estimate for 230Th analytical blank. Five analyses of 
the in-house standard (‘White Flowstone’) using the ThermoScientific 
Triton thermal ionization mass-spectrometer, a Micromass Isoprobe 
Multicollector Inductively Coupled Plasma Mass-Spectrometer, and a 
MAT 261 Thermal Ionization Mass Spectrometer (all at UT Austin) 
yielded a 230Th /232Th ratio of 2.09 ± 0.01 (1σ). A long-term conser
vative estimate of the blank for analyses of 232Th on calcite at UM is 0.5 

Fig. 2. Central Texas maps (A-C) are within the Edwards Aquifer and Recharge Zone (grey shaded region). Maps of the caves are generalized to illustrate the relative 
location of soil samples and calcite samples, modified from Musgrove and Banner (2004) and Casteel (2011). (A) Natural Bridge South Cave (NB) is the southern most 
cave. The NB calcite sampling location (crossed circle; NB-C1) is ~240 m from the entrance of the cave and was chosen to be near one of the previously sampled soil 
(grey hexagon; NB-S1 and NB-S2; Musgrove and Banner, 2004). Soil sample NB-S2 is above the north cave at NB off of the scope of the map. (B) Westcave Preserve 
(WC) is a small cave with a large entrance to cave volume ratio (Cowan et al., 2013), calcite samples (WC-C1 and WC-C2) were taken near entrances and soil samples 
(WC-S1 and WC-S2) were taken directly above them. Lined filled regions in WC indicate cave walls (C) Inner Space Cavern (IS) is the northern most cave of this study, 
calcite samples (IS-C1 and IS-C2) are ~300 m from the entrance and soil samples (Musgrove and Banner, 2004) are at locations above the cave (IS-S2 and IS-S3). Line 
filled regions indicate cave fill. 

Table 2 
Calcite measurements.  

Measured at UM 

Sample name Sample location 232Th 230Th 230Th/232Th 

pg/g 1 SE abs fg/g 1 SE abs Atomic ppm 1 SE abs 

WC-13 WC-C1 9500 ±52 65.7 ±4.1 7 ±0.4 
B03 WC-C1 10,121 ±39 185.7 ±4.4 18.5 ±0.4 
WC-B04 WC-C2 3851 ±14 78.1 ±2.1 20.5 ±0.5 
WC-B04-R WC-C2* 3859 ±11 80.2 ±2.2 21 ±0.6 
WC-14 WC-C2 5973 ±21 32 ±2.7 5.4 ±0.5 
IS- 1428 IS-C1 9577 ±32 267 ±4.4 28.1 ±0.5 
IS- 1430 IS-C2 12,402 ±44 233.7 ±5.7 19 ±0.5 
IS -1444 IS-C2 17,684 ±58 423.7 ±7.9 24.2 ±0.5 
NB- 1458 NBC1 10,560 ±41 171.1 ±4.8 16.3 ±0.5 
NB 1400 NBC1 2689 ±10 48.3 ±1.6 18.1 ±0.6 
NB- 1400R NBC1* 2703 ±8 47.8 ±1.7 17.8 ±0.6  

Measured at UT 
BO2Big WC-C1 – – – – 15.3 ±0.7 
BO2Small WC-C1 – – – – 14.6 ±0.8 
WC13Big WC-C1 – – – – 5.96 ±0.6 
WC14small WC-C2 – – – – 5.8 ±0.6  
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± 0.5 pg and the blank for analyses of 230Th is 20 ± 20 ag. 
Soil samples at IS and NB were collected previously (site descriptions 

and data in Musgrove and Banner (2004)) (Fig. 2). The same methods 
(Musgrove and Banner, 2004) were used at two additional sites at WC 
(Fig. 3). Each sample (Table 3) was homogenized in a clean plastic bag 
and split into two portions. The soils were air dried. One portion was 
leached with 1 M ammonium acetate (AA; pH = 8) three times for 24 h 
and the soil supernatant was collected and dried (Musgrove et al., 2001) 
to analyze for AA-exchangeable cations (Bohn et al., 1985). The second 
portion was leached with 18 MΩ deionized water (DI; pH 7.57) to flush 
remaining soil pore water analyze for and dissolve water-soluble salts 
(Bohn et al., 1985) and water-exchangeable ions. Supernatant from 
these leachates were separately collected, acidified, and dried. The 
elemental concentrations of U, Th, Fe, and Mn in each leachate were 
measured using an Agilent 7500ce quadrupole inductively coupled 
plasma mass spectrometer at UT Austin. Additionally, the 230Th, 232Th, 
and 238U of the soil leachates were analyzed using the same methods as 
described above for the calcite isotopic measurements (Table 3). 

4. Results 

230Th/232Th values in zero-age plate calcite for all three caves range 
from 5.4 to 28.1 ± 0.5 ppm (Table 2; Fig. 3). WC zero-age calcite 
230Th/232Th values (n = 5) range from 5.4 to 21.0 ppm (Table 2, Fig. 3). 
NB zero-age calcite 230Th/232Th values (n = 2) ranged from 16.3 to 18.1 
± 0.5 ppm and IS calcite (n = 3) ranged from 19.0 to 28.1 ± 0.5 ppm 
(Table 2; Fig. 3). There is not a geographic or temporal trend in the data. 

DI water leachates of soils yield a 230Th/232Th range of 4.5 ± 0.3 to 
17.2 ± 0.6 ppm for all three caves (Table 3). The ammonium acetate 
leachates yield 230Th/232Th values that range from 5.7 ± 0.6 to 16.4 ±
0.8 ppm (Table 3). The AA soil leachates result in a narrower 
230Th/232Th range than the DI leachates from the same cave (Fig. 4). Soil 
and zero-age calcite 230Th/232Th analyses from WC agree within un
certainty. All soil and calcite values are above the bulk earth value of 4.4 
ppm, however, the soil 230Th/232Th values from NB and IS do not agree 
with the zero-age calcite 230Th/232Th values at these two sites (Fig. 4). 

While elemental concentrations (Th, U, Mn, and Fe) of all the soil 
samples are routinely higher in DI leaches than AA leaches (Table 3), the 
230Th/232Th values of both leach types agree (Table 2; Table 3; Fig. 4). 
Th concentrations at WC strongly correlate with Fe and Mn concentra
tions in both DI and AA leachates (r2 > 0.97, p < 0.05 for all cases; Fig. 4) 

and a significant correlation between the Th and U concentration in the 
AA leachates from WC (r2 = 0.99, p < 0.05). There is not a significant 
correlation between Th concentrations and other trace and major ele
ments (Supp. Table 1). 

5. Discussion 

5.1. Zero-age calcite 230Th/232Th values 

Measurements of atomic 230Th/232Th in zero-age calcite are above 
the bulk earth value of 4.4 ppm in all central Texas caves measured here 
and in agreement with other estimates of detrital 230Th/232Th values 
(Fig. 3; Table 1). These results agree with other studies that report U- 
series stalagmite dates using isochron methodologies, which find a 
detrital 230Th/232Th value that is higher than the bulk earth value and 
that varies through time in each stalagmite (e.g., Labonne et al., 2002; 
Polyak et al., 2004; Carolin et al., 2016). Moreover, in a central Texas 
cave not monitored in this study, isochron models estimate detrital 
230Th/232Th values of 14.7 to 20.7 ppm (James, 2017), which is within 
the range of 5.4 to 28.1 ppm we find for zero-age calcite 230Th/232Th 
measurements (Fig. 3). Furthermore, Richards et al. (1998) found a 
230Th/232Th value of 81 ppm measured on very young (assumed zero- 
age) soda straws from Middle Caicos, British West Indies (Richards 
et al., 1998), suggesting that the detrital 230Th/232Th value in that sys
tem is much higher than bulk earth. Results from central Texas and these 
other studies highlight that the bulk earth value is an average; therefore, 
it does not always represent the spatial variability inherent in karst 
systems. Assuming bulk earth 230Th/232Th values can lead to large un
certainties in U-series ages in stalagmite studies (Fig. 1). Understanding 
the true contribution of detrital 230Th/232Th can significantly improve 
the uncertainty in U-series ages (Fig. 1). Monitoring for the contribution 
of detrital 230Th/232Th could improve the uncertainty in age models 
developed from these caves, and it may also lead to a better under
standing of the sources and drivers of variable 230Th/232Th. 

5.2. Evaluating detrital 230Th/232Th measurements within stalagmite 
WC3 

To better assess the measured detrital 230Th/232Th from WC zero-age 
calcite, we modeled the detrital 230Th/232Th values for WC using the U- 
series measurements (Feng et al., 2014) and independently derived ages 
(Carlson et al., 2018; Carlson et al., 2019) from stalagmite WC3 (Fig. 5). 

Fig. 3. Zero-age calcite and soil 230Th/232Th values. Soil (grey) 
and calcite (white) 230Th/232Th values represented as box and 
whisker plots with individual data points represented as black 
circles. The bulk earth assumption of 4.4 ± 2.2 ppm is shown 
as a dashed line and shaded region. Soil and calcite values at 
WC agree with each other on average are within the uncer
tainty of the bulk earth value, however, many individual values 
are above bulk earth. Soil and calcite values at NB and IS do 
not significantly agree and are both significantly elevated from 
the bulk earth value.   
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Feng et al. (2014) measured three U-series ages for WC3 (90 mm long): 
two from the middle of the stalagmite (65 and 50 mm from the top; 
WC3T and M, respectively) and one from the bottom (85 mm, WC3B). 
The first attempt at U-series dating for WC3, however, was unsuccessful 
due to the low 230Th concentrations and, at that time, it was difficult to 

constrain the detrital 230Th/232Th contribution in the stalagmite and 
cave (Feng et al., 2014). However, Carlson et al. (2018) was able to 
constrain the age of stalagmite WC3 using the seasonal cycles in the δ18O 
time series. Based on this method, the dates for three growth layers in 
WC3 are 33, 40, and 49 years BP (top to bottom; Fig. 5; Table 3; Table 4) 

Table 3 
Soil samples measurements.  

Sample name Leach type 232Th 230Th 230Th/232Th 238U 

pg/g 1 SE abs fg/g 1 SE abs atomic ppm 1 SE abs ng/g 1 SE abs 

IS-S2 AA 1080.6 3.4 11.0 0.9 10.2 0.8 4.9 0.1 
IS-S2 DI 2364.8 6.4 24.3 1.6 10.3 0.7 6.3 0.0 
IS-S3 AA 2295.0 6.7 37.4 1.8 16.4 0.8 5.0 0.0 
IS-S3 DI 2781.6 7.5 47.3 1.7 17.2 0.6 2.4 0.0 
NB-S1 AA 1388.2 4.5 19.2 1.7 13.9 1.3 3.1 0.0 
NB-S1 DI 2406.4 8.4 35.6 1.8 14.9 0.8 3.8 0.0 
NB-S2 AA 2386.6 9.3 23.9 1.1 10.1 0.5 3.4 0.0 
NB-S2 DI 3488.7 75.1 41.3 2.2 11.9 0.7 1.8 0.0 
WC-S1 AA 2156.1 6.2 14.8 1.0 6.9 0.5 0.9 0.0 
WC-S1 DI 3888.8 10.1 17.4 1.0 4.5 0.3 1.1 0.0 
WC-S2 AA 1042.0 3.0 5.9 0.7 5.7 0.6 1.0 0.0 
WC-S2 DI 1102.9 4.1 9.7 1.4 8.9 1.3 0.5 0.0  

Sample Name Leach type 
Th Fe Mn   
ppb 1σ (ppb) ppb 1σ (ppb) ppb 1σ (ppb)   

WC-S1 AA 1.1 0.02 3489.9 36.1 119.3 0.5   
WC-S1 AA 3.6 0.25 9950.9 141.3 375.8 30   
WC-S1 DI 49.7 0.25 278,615.2 557.2 1987.7 12.7   
WC-S2 DI 26 0.19 144,162.2 562.2 1076 4.8   
WC-S1 DI 30.6 0.17 161,999.5 550.8 1123.9 5.4   
WC-S2 DI 5.7 0.05 32,988.9 112.2 326 2.3    

Fig. 4. Soil leach results for both ammonium acetate (AA) and deionized water (DI) leaches. (A) plots of Th concentration vs Fe concentration for AA leaches (black 
squares) and DI leaches (open diamonds) of WC soils. (B) Same as (A) for Th vs Mn concentraiton. (C) A box-and-whisker plot showing the 232Th concentration in 
soils from NB, IS, and WC for the two leach types. (D) A box-and-whisker plot showing the 230Th/232Th values for the AA and the DI leachates. 

B.E. Wortham et al.                                                                                                                                                                                                                            



Palaeogeography, Palaeoclimatology, Palaeoecology 596 (2022) 110978

7

(BP = 2010). The independently derived ages for WC3 allow for the 
detrital 230Th/232Th values in WC3 to be calculated. The calculated 
detrital 230Th/232Th for the three layers in WC3 are 3.9 ppm (WC3B), 
9.0 ppm (WC3M), and 11.2 ppm (WC3T). We consider the 230Th/232Th 
values based on the ages from Carlson et al. (2018) to yield indepen
dently constrained 230Th/232Th values and compare them to the 
measured 230Th/232Th values of the zero-age calcite from WC (Fig. 5). 

The comparison between the independently constrained and calcu
lated detrital 230Th/232Th values from WC3 and the measurements from 
zero-age calcite from WC (Fig. 5) highlight two important results: 1) 
Zero-age calcite is accurately describes the detrital 230Th/232Th values 
incorporated in stalagmite calcite from this cave, and 2). Variability in 
230Th/232Th values from zero-age calcite (variable by a factor of 3.8) is 
captured in stalagmite calcite (variable by a factor of 2.9). These two 
results suggest that the monitoring of 230Th/232Th in zero-age calcite can 
reliably determine the detrital 230Th/232Th values to use in the U-series 
dating of stalagmite calcite. Further, the potential variability in 
230Th/232Th values that may impact U-series dating and the ages 
determined can be captured by the monitoring method described here. 
Consequently, this method presents an alternative approach to isochron 
techniques in U-series dating and a more accurate approach to bulk 
earth assumption techniques. 

5.3. The source of elevated 230Th/232Th values in calcite 

The elevated soil 230Th/232Th values (4.5 to 17.2; Fig. 3) as 
compared to bulk earth at all three cave sites suggests that soil could be a 
contributor to the Th incorporated into the zero-age calcite in these 
systems. We outline a mechanism for this below. Th has a low solubility 
in natural waters; however, it commonly adsorbs onto clay minerals and 
humic acids (Morton et al., 2001; Reiller et al., 2002; Nascimento et al., 
2019). This absorption allows Th to be mobile in natural waters when 

sediment is suspended and transported. For instance, the adsorption of 
Th to humic acids and clay minerals accounts for up to 90% of Th in the 
suspended phase of groundwater in Russia (Rachkova et al., 2010). 
Additionally, Th has been shown to rapidly adsorb to suspended parti
cles in marine environments and in saline groundwaters (i.e., Banner 
et al., 2007). To our knowledge there are no previous studies measuring 
the amount of Th absorbed to clay minerals or humic acids in central 
Texas karst systems or cave dripwater. The amount of clay minerals and 
humic acids in central Texas ground water and cave dripwater, however, 
has been measured. In the Edwards aquifer, central Texas, clay minerals 
compose between 30 and 50% of the suspended sediment in ground
water after storm events (Mahler and Lynch, 1999). Because clay- 
mineral-rich Edwards aquifer groundwater is part of central Texas 
karst systems we conclude that it is highly likely there are clay minerals 
in cave dripwater. Further, it has been shown that luminescence in 
stalagmites is due to soil-derived fulvic or humic acids (White and 
Brennan, 1989; Baker et al., 1993, 1997, 1998; Huang et al., 2001; 
Richards and Dorale, 2003; Orland et al., 2014; Blyth et al., 2015). We 
note, however, that soil-sourced humic acids are not found in Edwards 
aquifer well water, potentially because the tortuous flow path in the 
karst system limits their mobility (Birdwell and Engel, 2009). This 
discrepancy highlights the need to better understand the relative influ
ence of clay particulates and humic acids on Th transport in central 
Texas cave systems. 

After incorporation in natural waters, Th may co-precipitate with 
iron and manganese (Fe and Mn) hydroxides (Morton et al., 2001). For 
instance, Th concentrations are significantly correlated to Fe and Mn in 
the Ipojuca River of Brazil, both upstream (r2 = 0.62 and 0.63, p-values 
<0.05, respectively) and downstream (r2 = 0.66 and 0.79, p-values 
<0.05, respectively) of industrial and urban development on the river 
(e.g. Nascimento et al., 2019). Similar correlations have been observed 
in streams in China downstream from uranium mines (Wang et al., 
2017), and introducing Fe and Mn oxides has been proposed as a way to 
remove Th from mine tailing discharge (Reiller et al., 2002; Xiu et al., 
2019). The correlation of Th concentration in DI and AA leachates to Mn 
and Fe concentrations (Fig. 3), observed in WC dripwater, suggests that 
Th is transferred through the karst system to dripwater with clay par
ticulates from central Texas soil and co-precipitates with Fe or Mn (oxy)- 
hydroxides. In summary, the most-likely mechanism for soil to 
contribute Th to stalagmites is for Th to adsorb on clay minerals in soils, 
the Th-bearing minerals transported as particulates through the karst 
system, and the Th precipitates out of solution with iron and/or 
manganese-oxides. Measurements on dripwater and stalagmite calcite 
(2 to 90 ka) from Soreq Cave, Israel reveals that high 232Th in calcite is 

Fig. 5. Schematic of stalagmite WC3 polished slab (Feng 
et al., 2014; Carlson et al., 2018) illustrating the locations 
of the original drilled U-series dating pits (A). Values in 
Table 4. Ages for WC3B (circle), WC3M (triangle), and 
WC3T (square) were constrained using an age model 
based on the seasonal cycle of δ18O in stalagmite calcite, 
radiocarbon and U-series analyses (Carlson et al., 2018). 
The δ18O-cycle ages are and the original U-series data are 
used to model the detrital 230Th/232Th for WC3 (Feng 
et al., 2014). (B) These modeled 230Th/232Th values are 
shown in comparison to the soil and calcite measured 
230Th/232Th values. The modeled values for WC3M and 
WC3B agree with the measured values in this study.   

Table 4 
Modeleda detrital Th.  

Sample name 230Th/232Th modeled (ppm) δ18O-cycle dates (year BPb) 

WC3B 11.2 49 
WC3M 9.0 40 
WC3T 4.0 33  

a Values were modeled using the U-series measurements from these samples 
and constrained using the ages estimated by the δ18O-cycle (Carlson et al., 
2018). 

b Year BP indicates 2010. 
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correlated with Fe, Al, and Si, consistent with Th absorbed to clay par
ticulates that are being transported by drip-water and deposited on 
stalagmite surfaces (Kaufman et al., 1998). The significant relationship 
between Th, Fe, and Mn in our study (Fig. 4), and the consistency be
tween the signal observed in caves globally and in Texas, suggests that 
soil Th is being transferred to stalagmite calcite. 

Although the 230Th/232Th values for soil at all three cave sites are 
elevated compared with bulk earth, the soil and zero-age calcite 
230Th/232Th values agree at WC, but do not at NB and IS (Fig. 3). We 
suggest that the disagreement between cave calcites and soils at NB and 
IS, as opposed to WC, may be the result of cave morphology and dif
ferences in bedrock between the three sites. NB and IS are ‘deep caves’ 
that may allow for a greater proportion of Th to be sourced from bedrock 
to impact the zero-age calcite measured here. This source was not 
characterized as part of this study. The Edwards Group Limestones and 
Cow Creek Formation, in which the cave sites described here reside, 
includes 1) the argillaceous Georgetown Fm. that is stratigraphically 
above NB and IS and has undergone chertification (Abbott, 1975), 2) the 
Glen Rose formation with argillaceous units (Golab et al., 2017) above 
NB, and 3) the Hensel Formation with basal fluviatile or estuarine clays 
(Stricklin Jr. and Smith, 1973) above WC. The clay in these units may 
contribute to the elevated 230Th/232Th in the zero-age calcite measured 
here. Furthermore, chert in the Edwards Group Limestones has a Th 
concentration of 0.01 to 2.29 ppm (Speer, 2014; personal communica
tion). We note, however, that the half-life of 230Th (~75 ka) and the 
resistance of chert to weathering, may limit the contribution of these 
bedrock sources to zero-age calcite. Additionally, some caves in central 
Texas, including IS, have a relict soil within them that is no longer above 
the cave today and is potentially derived from the Del Rio Clay (Toomey 
et al., 1993; Cooke et al., 2007). More measurements of 230Th/232Th in 
cave dust, host bedrock, and in dripwater could help constrain the 
sources of detrital 230Th/232Th in NB and IS. 

Ammonium acetate leachates of the soils from all three caves have 
lower concentrations of 232Th, 230Th, Fe, and Mn than the DI water 
leachates from the same soil samples (Fig. 4; Table 2). Leaching with 
ammonium acetate buffered to pH 8 is hypothesized to readily strip 
exchangeable cations from soils (e.g., Harrison et al., 1989). DI water, by 
contrast, would allow for characterization of the elements within soil 
pore waters, loosely bound to mineral surfaces, and salts within the soils 
alone (McLaren et al., 1998). DI water, and thus rainwater, is likely a 
more aggressive solvent based on the results of this study (pH 7.57) and 
may leach some acid labile material from the soil that is not in pore 
water or in salts. Buffering from the calcite in the soil, however, may 
dampen the effect (Lee and Touray, 1998). Moreover, the 230Th/232Th 
values of both leachate types on the same samples agree within uncer
tainty at all three caves (Supp. Fig. 1). Consequently, we suggest that the 
leach types may be sampling from the same sources of Th in the soils and 
that the DI water is more efficient at leaching these components than the 
ammonium acetate. 

6. Conclusions and recommendations 

We monitored and analyzed calcite growth at five dripwater sites in 
three caves in central Texas to determine the concentration of detrital 
230Th in zero-age calcite. 230Th/232Th values are elevated in zero-age 
calcite and soil relative to the bulk earth value (4.4 ppm) that is 
commonly used to correct measured U-series ages. The results from the 
soil analysis suggest that soil is a contributor to detrital Th in calcite at 
the cave sites studied here. The zero-age calcite 230Th/232Th values (5.4 
to 28.1 ppm) are similar to detrital 230Th/232Th values from central 
Texas as previously determined using stalagmite isochrons (14.7 to 20.7 
ppm) and modeled using a < 100-year-old stalagmite from WC (3.9 to 
11.2 ppm). We conclude that the bulk earth value is not an accurate 
proxy for the detrital Th used in U-series age determinations for many 
central Texas speleothems. We recommend:  

1. For speleothems with a low U content, that are “dirty”, or that are 
particularly young we suggest that the zero-age calcite method 
should be considered to correct the U-series ages as opposed to the 
bulk earth assumption. We recognize that this method can only be 
applied in locations where caves can be monitored. Given the 
extensive network of cave monitoring studies globally (e.g., Baker 
et al., 2019), however, this method may be useful to many re
searchers. Furthermore, applying this method to correct for detrital 
230Th/232Th in appropriate speleothems may reduce the bias against 
dirty speleothems in the global paleoclimate record.  

2. The zero-age calcite method outlined here helps access the sources 
and fluxes of detrital 230Th in a cave system. Consequently, we 
recommend monitoring cave environments across seasons and 
decadal periods to help characterize the detrital Th flux and isotopic 
ratios as they relate to climate. For example, analyzing zero-age 
calcites from substrates collected in the 18-year monitoring studies 
in central Texas (e.g., Banner et al., 2007; Feng et al., 2014) would 
lead to improvements in U-series age models for stalagmites from the 
region and would improve our understanding of the processes that 
control variations in 230Th/232Th values in stalagmite calcite.  

3. We note that speleothems that have a high concentration of uranium 
and are relatively “clean” of detrital content are not the intended 
target for this method. In these cases, bulk earth assumptions, or 
estimates of detrital 230Th/232Th based on other data, do not 
contribute significantly to the U-series age determined or its 
uncertainty. 
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