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Abstract 

Understanding the age and movement of groundwater is important for predicting the 

vulnerability of wells to contamination, constraining flow models that inform sustainable 

groundwater management, and interpreting geochemical signals that reflect past climate. Due to 

both the ubiquity of groundwater with order ten-thousand-year residence times and its 

importance for climate reconstruction of the last glacial period, there is a strong need for 

improving geochemical dating tools on this timescale. Whereas 
14

C of dissolved inorganic 

carbon and dissolved 
4
He are common age tracers for Late Pleistocene groundwater, each is 

limited by systematic uncertainties related to aquifer composition and lithology, and the extent of 

water-rock interaction. In principle, radiogenic 
40

Ar in groundwater acquired from decay of 
40

K 

in aquifer minerals should be insensitive to some processes that impact 
14

C and 
4
He and thus 

represent a useful, complementary age tracer. In practice, however, detection of significant 

radiogenic 
40

Ar signals in groundwater has been limited to small number of studies of extremely 

old groundwater (>100 ka). Here we present the first high-precision (<1‰) measurements of 

triple Ar isotopes (
40

Ar, 
38

Ar, 
36

Ar) in groundwater. We introduce a model that distinguishes 

radiogenic 
40

Ar from atmospheric
 40

Ar by using the non-radiogenic Ar isotopes (
36

Ar, 
38

Ar) to 

correct for mass-dependent fractionation. Using this model, we investigate variability in 

radiogenic 
40

Ar excess (Δ
40

Ar) across 58 groundwater samples collected from 36 wells 

throughout California (USA). We find that Δ
40

Ar ranges from ~0‰ (the expected minimum 

value) to +4.2‰ across three study areas near Fresno, San Diego, and the western Mojave 

Desert. Based on measurements from a network of 23 scientific monitoring wells in San Diego, 

we find evidence for a strong dependence of Δ
40

Ar on aquifer lithology. We suggest that Δ
40

Ar is 

fundamentally controlled by the weathering of old K-bearing minerals and thus reflects both the 

degree of groundwater-rock interaction, which is related to groundwater age, and the integrated 

flow through different geological formations. Future studies of Late Pleistocene groundwater 

may benefit from high-precision triple Ar isotope measurements as a new tool to better interpret 
14

C- and 
4
He-based constraints on groundwater age and flow. 
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1. Introduction 

 

The abundance and isotopic composition of noble gases in groundwater are governed by 

inputs from the atmosphere and solid Earth, and by subsequent modification due to physical 

processes. As noble gases are chemically and biologically inert, they are sensitive only to 

physical fractionation mechanisms. Despite this apparent simplicity, our understanding of noble 

gases in groundwater continues to evolve as new groundwater systems are studied and new 

levels of analytical precision are achieved. For decades, it has been widely recognized that the 

dissolved noble gas content of recently recharged groundwater is set primarily by temperature-

dependent diffusive equilibration with atmosphere-derived soil air (e.g. Mazor, 1972; Andrews 

and Lee, 1979), and secondarily by the dissolution of entrapped soil air bubbles leading to 

―excess air‖ (e.g. Aeschbach-Hertig et al., 2000; Heaton and Vogel, 1981; Stute et al., 1995). 

Once isolated from soil air, groundwater progressively ―ages‖ in an aquifer (e.eg. Andrews and 

Lee, 1979; Bethke and Johnson, 2008; Suckow, 2014) and can acquire additional inert gases 

from crustal or mantle sources (e.g., Ballentine and Burnard, 2002; Deeds et al., 2008; 

Kulongoski et al., 2005). The isotopic composition and abundance of groundwater helium are 

particularly sensitive to non-atmospheric sources of noble gases, owing to the low solubility, and 

thus, small atmosphere-derived component of helium in groundwater (e.g., Kulongoski and 

Hilton, 2012). In particular, the radiogenic 
4
He content of groundwater—derived from alpha 

decay of U and Th, which are both ubiquitous in crustal aquifer minerals—has been widely used 

as a groundwater dating tool on ten-thousand-year timescales (e.g., Andrews and Lee, 1979; 

Solomon et al., 1996), especially where complications associated with dissolved inorganic 

carbon (DIC) chemistry prohibit the direct application of 
14

C as an age tracer (e.g., Aeschbach-

Hertig et al., 2002; Clark et al., 1997). However, the relationship between groundwater residence 
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time and radiogenic 
4
He is complex, requiring consideration of (i) the U/Th content, chemical 

weatherability, and age of aquifer minerals; (ii) fault enhancement of He transport; and the (iii) 

susceptibility of various minerals to diffusive helium loss to groundwater (Kulongoski et al., 

2005; Solomon et al., 1996; Stute et al., 1992; Torgersen and Clarke, 1985). 

 Another radiogenic noble gas isotope that offers promise as a hydrogeological tracer in 

groundwater is 
40

Ar, which is produced in aquifer minerals via the electron capture decay 

pathway of 
40

K (McDougall and Harrison, 1999). However, because 
40

Ar is three orders of 

magnitude more abundant than helium in the atmosphere (COESA, 1976) and roughly four times 

more soluble (Jenkins et al., 2019), radiogenic 
40

Ar signals in groundwater are often dwarfed by 

background atmospheric 
40

Ar. Consequently, few previous studies have detected radiogenic 
40

Ar 

signals in groundwater (Andrews et al., 1989; Lippmann et al., 2003; Andrews et al., 1991; 

Torgersen et al., 1989). For clarity, we refer to a radiogenic 
40

Ar signal as a measured 
40

Ar/
36

Ar 

ratio above the atmospheric value accompanied by an atmosphere-like ratio of the two stable 

non-radiogenic isotopes of Ar (
38

Ar and 
36

Ar). For example, roughly 1-10% anomalies of 

40
Ar/

36
Ar relative to the atmosphere have been detected in order 100 ka groundwater in Australia 

(Torgersen et al., 1989), in methane-rich shale-confined groundwater in Canada (Andrews et al., 

1991), as well as in mixtures between relatively young (orders 1 to 10 ka) groundwaters and 

much older (>1 Ma) brines in Scandinavia (Andrews et al., 1989). In a deep South African 

system, 
40

Ar/
36

Ar ratios ~3 to 30 times the atmospheric value were observed in roughly 1-100 

Ma groundwater (Lippmann et al., 2003). The highest dissolved 
40

Ar/
36

Ar ratios ever reported, 

over 100 times the atmospheric value, were measured in up to 2.64 Ga fracture fluids in the 

Canadian Shield (Holland et al., 2013). Notably, however, in order 100-ka groundwater samples 

from the Guarani aquifer in South America that were precisely dated with 
81

Kr (Aggarwal et al., 
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2015), all measured 
40

Ar/
36

Ar ratios were found to be equal to the atmospheric value within order 

0.1% analytical uncertainties.  

Given the wide range of radiogenic 
40

Ar/
36

Ar anomalies measured in old groundwaters, it 

remains unclear whether radiogenic argon isotope signals (below the analytical precision of 

conventional static mass spectrometry, ~1‰) exist in younger groundwaters. A further 

complication at the 1‰ level and below is that physical isotopic fractionation of atmosphere-

derived argon due to soil air processes (Seltzer et al., 2019b; Seltzer et al., 2017; Severinghaus et 

al., 1996) and isotopic solubility differences (Seltzer et al., 2019a) must be taken into account to 

isolate radiogenic signals. A related example is high-precision measurement of argon isotopes in 

occluded air bubbles in glacial ice (0.01‰; Severinghaus et al., 2003). Studies of ice-core Ar 

isotopes over the last two decades have successfully separated radiogenic from physical signals 

of fractionation by measuring all three stable Ar isotopes at high precision (0.005‰; Bender et 

al., 2008; Higgins et al., 2015; Yan et al., 2019). A similar approach is needed to resolve 

radiogenic 
40

Ar anomalies in groundwater at the 1‰ level or lower. 

Given the prevalence of order ten-thousand-year old groundwater throughout aquifers 

worldwide (Befus et al., 2017), its important role as a source of drinking water (Gleeson et al., 

2016; Jasechko et al., 2017), and its value for paleoclimatic reconstruction of the last glacial 

period (e.g., Aeschbach-Hertig and Solomon, 2013; Seltzer et al., 2021), there is a strong need 

for additional tracers to complement existing geochemical tools (i.e., 
14

C and 
4
He) used on this 

timescale, and to better constrain groundwater residence times and flow models. Recent 

advances in analytical techniques have permitted order 0.01‰ precision measurements of 

dissolved noble gas isotope ratios in groundwater (Seltzer et al., 2019a), as well as a more 

comprehensive view of the physical fractionation mechanisms in soil air (Seltzer et al., 2019b; 
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Seltzer et al., 2017) and the isotopic solubility and diffusivity differences in water (Bourg and 

Sposito, 2008; Seltzer et al., 2019a; Tempest and Emerson, 2013; Tyroller et al., 2018, 2014). 

Consequently, the conceptual and analytical basis for investigating Ar isotopes in younger 

groundwater is now well established. In this study, we present Ar isotope data from 58 

groundwater samples collected from 36 wells throughout California groundwater systems, along 

with 
3
H, 

14
C of DIC,

 
alongside major, minor, and trace element chemistry previously measured 

and reported by the United States Geological Survey. Using these data, we explore the potential 

for high-precision triple argon isotope measurements as a new hydrogeological indicator on ten-

thousand-year timescales.  

 

2. The Expected Triple Argon Isotope Composition of Groundwater 

In this study, we assume that the 
40

Ar content of groundwater is derived from two 

sources: the atmosphere and radioactive decay of 
40

K in aquifer minerals. We neglect any 

potential mantle sources of Ar, given that mantle He sources have been demonstrated to be rather 

small, even in the western Mojave Desert regional aquifer, which is the nearest of our study areas 

to the San Andreas Fault and contains groundwater previously shown to have up to 6% mantle-

derived helium (Kulongoski et al., 2003). As an illustrative example, because Ar is ~4 times 

more soluble than He (Jenkins et al., 2019) and ~1800 times more abundant in the atmosphere 

(COESA, 1976), assuming the 
4
He/

40
Ar ratio of the upper mantle is ~2 (Marty and Zimmermann, 

1999) and the 
3
He/

4
He ratio is ~8 times larger than the atmospheric ratio (Sarda and Graham, 

1990), the maximum observed mantle-derived 
3
He fraction in Mojave Desert groundwater of 

~6% (Kulongoski et al., 2003) translates to a 
40

Ar excess (relative to air-saturated water) of 

0.00001% (0.0001‰ or 0.1 per meg). Since this value is two orders of magnitude below our 
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analytical precision, we can dismiss mantle derived Ar as a significant contribution to the 

measured Ar isotopic ratio.  

We define δ values with respect to the modern atmosphere (in ‰), such that: 

δ
H
/LAr ≡ (

H
Ar/

L
Ar)meas/(

H
Ar/

L
Ar)atm - 1 (1) 

where the superscripts H and L refer to heavy and light isotope masses, respectively, and the 

subscripts meas and atm refer to measured and atmospheric ratios, respectively. We then define 

excess radiogenic 
40

Ar (Δ
40

Ar) in groundwater using the ratio of radiogenic 
40

Ar (
40

Arrad) to 

atmosphere-derived 
40

Ar (
40

Aratm-d). Similar to Bender et al. (2008), we posit that all physical 

fractionation of atmosphere-derived 
40

Ar/
36

Ar is linearly proportional to physical fractionation of 

38
Ar/

36
Ar, with respect to modern atmospheric air. In other words, we define Δ

40
Ar (in ‰) as: 

Δ
40

Ar ≡ 
40

Arrad/
40

Aratm-d = δ
40

/36Armeas – a x δ
38

/36Armeas + b   (2) 

where δ
40

/36Armeas and δ
38

/36Armeas refer to relative differences between measured and modern 

atmospheric ratios of 
40

Ar/
36

Ar and 
38

Ar/
36

Ar (Eq. 1), respectively, and a and b refer to the 

regression coefficients of a linear fit between δ
40

/36Ar and δ
38

/36Ar simulated by a physical 

fractionation model.  

To estimate a and b, we used the coupled soil air/dissolution/excess air model presented 

in Seltzer et al. (2019b) to carry out simulations over a wide range of plausible combinations of 

water table depth, surface air humidity, geothermal gradient, recharge temperature, and excess 

air parameters. Briefly, our model considers physical isotopic fractionation of atmosphere-

derived Ar that occurs due to steady-state diffusive processes in soil air as well as isotopic 

solubility differences and associated sensitivity to excess air input. In soil air, we assume that 

heavy Ar isotopes are enriched relative to lighter isotopes by gravitational settling (Schwander, 

1989), but depleted due to the ternary effect of steady-state diffusion of atmospheric Ar into the 
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unsaturated zone (UZ) against an upward flux of water vapor (Seltzer et al., 2017; Severinghaus 

et al., 1996). In addition, thermal diffusion acts to favor the lighter isotopes with depth due to the 

geothermal gradient (Grachev and Severinghaus, 2003). At the water table, we model the 

preferential dissolution of heavy Ar isotopes using their well-constrained isotopic solubility 

differences (Seltzer et al., 2019a), and account for entrapment and partial dissolution of soil air 

bubbles using the Closed-system Equilibrium (CE) model (Aeschbach-Hertig et al., 2000). Our 

model considers combinations (n=4800) of plausible water table depths between 0 and 120 m, 

geothermal gradients between 0 and 0.06 K m
-1

, surface atmospheric water vapor mole fractions 

between 0 and 2%, water table temperatures between 10 and 25°C, and entrapped air and 

fractionation parameters (A and F in the CE model) from 0 to 0.05 cm
3

STP g
-1

 and 0 to 1, 

respectively.  

Modeled deviations of groundwater Ar isotope ratios (δ
40

/36Ar and δ
38

/36Ar) with respect 

to the modern atmosphere are shown in Figure 1. As expected, there is a strong linear 

relationship between simulated δ
40

/36Ar and δ
38

/36Ar (R
2
 = 0.9996) such that a = 1.9918 and b = -

0.02‰ in equation 1. Whereas we expect an exact mass proportionality for gravitational 

fractionation (which is generally the leading fractionation mechanism in soil air; Seltzer et al., 

2017), slight departures from ~2:1 fractionation of δ
40

/36Ar and δ
38

/36Ar are expected for thermal 

diffusion, water-vapor flux fractionation, and solubility fractionation (Seltzer et al., 2017; Seltzer 

et al., 2019a), the latter of which primarily gives rise to the slightly negative, non-zero b value. 

Residual values of δ
40

/36Ar from the linear regression (Figure 1 inset) are small, with a 95% 

confidence range between -0.027 and +0.025‰. Combining these model residuals with the 

measurement uncertainties for δ
40

/36Ar and δ
38

/36Ar, we conservatively suggest a total ±2σ 

uncertainty of 0.1‰ for Δ
40

Ar. To avoid potential confusion, we emphasize that while Δ
40

Ar is 
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expected to be positive in groundwater samples containing 
40

Arrad, the similar definition of Δ
40

Ar 

for studies of ice core air bubbles (Bender et al., 2008) makes use of the concept that Δ
40

Ar will 

be negative in samples of ancient air because the atmosphere is gradually accumulating 

radiogenic 
40

Ar that is degassing from the solid Earth. Since the rate of 
40

Ar accumulation in the 

atmosphere is ~0.066‰ Ma
-1

 (Bender et al., 2008), the total bias introduced in our definition of 

Δ
40

Ar by assuming no atmospheric change over time is only ~0.007‰ for 100 ka groundwater, 

which is well below our analytical precision. Thus, over the ten-thousand-year timescale 

considered in this study, we neglect paleo-atmospheric changes in 
40

Ar in our definition of Δ
40

Ar 

(i.e., equation 2).  

 
Figure 1: Simulated deviations of atmosphere-derived groundwater Ar isotopes (δ

40
/36Ar and δ

38
/36Ar) with respect 

to the modern atmosphere, for 4800 combinations (grey dots) of water table depth, geothermal gradient, surface air 

humidity, water table temperature, and excess air parameters. The linear regression (red line) yields coefficients 

a=1.9918 and b=-0.02‰ in equation 2, with correlation coefficient r=0.9998. The distribution of simulated δ
40

/36Ar 

residuals from the linear fit is shown in the inset and has a 95% confidence range between -0.027 and +0.025‰.  
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3. Groundwater sampling and analysis 

This study is focused on the stable isotopic composition of dissolved Ar in groundwater 

samples that were collected in evacuated 2-L glass flasks, quantitatively degassed by helium 

sparging, and analyzed via dynamic dual-inlet isotope ratio mass spectrometry (IRMS) in 2018 

in the Noble Gas Isotope Laboratory at Scripps Institution of Oceanography (SIO; Seltzer et al., 

2019a). This new analytical technique differs from traditional static noble gas measurements of 

copper tube samples and is described in detail in Seltzer et al. (2019a). Briefly, the technique 

achieves two orders-of-magnitude higher precision than conventional copper tube samples (e.g., 

Beyerle et al., 2000) by collecting, processing, and then analyzing large purified noble gas 

aliquots (~0.5-1.0 mLSTP of Ar, and roughly air-equilibrated noble gas ratios) on a Thermo-

Finnigan MAT253 IRMS. The use of large gas samples eliminates the need for a carrier gas, as 

the total gas pressure in the IRMS bellows can be maintained at ~40 mbar throughout an ~8-hour 

analysis by compression of the bellows. Before analysis, 2-L samples are first degassed by 

sparging for 90 minutes with gaseous helium at 1 atm. Then, extracted gases are collected on a 

flow-through stainless-steel dip tube immersed in a 4-K liquid helium dewar, before being 

purified by gettering with Ti sponge and SAES Zr/Al sheets at 900 ⁰C, which removes all 

reactive gases. Next, pure noble gas aliquots are cryogenically transferred into another stainless-

steel dip tube immersed in liquid helium. After three hours of equilibration in the dip tube at 

room temperature, noble gases are introduced to the MAT253 inlet and analyzed against an 

internal reference gas. Air samples collected from the SIO pier are routinely analyzed against the 

same internal reference gas, and all final groundwater data are thus reported as deviations from 

the well-mixed atmosphere, based on the mean of all air standard analyses. We refer the reader to 

Seltzer et al. (2019a) for additional details. 
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The original purpose of these groundwater measurements was to investigate gravitational 

settling signals recorded by the isotopic composition of dissolved Kr and Xe as a tracer of past 

water table depth (Seltzer et al., 2019b). In addition to Kr and Xe isotope measurements and 

dissolved Ar, Kr, and Xe concentrations, 
40

Ar/
36

Ar and 
38

Ar/
36

Ar ratios were also measured at 

~0.02‰ precision (±1σ) in the same extracted dissolved gas aliquots. However, these Ar isotope 

data were not included in Seltzer et al. (2019b) because Ar isotopes are less sensitive to 

gravitational settling relative to non-gravitational sources of fractionation in soil air (Seltzer et 

al., 2017) and equilibrium solubility isotope effects (Seltzer et al., 2019a). Additionally, 
40

Ar is 

affected by radioactive decay of 
40

K in aquifer minerals whereas Kr and Xe lack any appreciable 

radiogenic sources in sedimentary aquifers over ten-thousand-year timescales, rendering Ar 

isotopes more difficult to interpret in the context of gravitational setting signals. These Ar 

isotope measurements thus provide a unique opportunity to investigate and distinguish signals of 

physical fractionation of atmosphere-derived Ar and radiogenic 
40

Ar accumulation in 

groundwater. To demonstrate the reproducibility of these measurements, in Supplementary 

Figure S2 we show a histogram of replicate groundwater Δ
40

Ar anomalies (from the mean of all 

replicates, typically two per well).  

Groundwater samples were collected from supply and monitoring wells in three 

sedimentary groundwater systems: unconfined aquifers near Fresno, California and in the 

western Mojave Desert, and both a confined regional aquifer and unconfined local groundwater 

system in San Diego, California. In total, five samples from two wells were collected from 

Fresno, 18 samples from 11 wells were collected from the western Mojave Desert, and 35 

samples from 23 scientific monitoring wells across six sites with multiple wells accessing 

different depth intervals were collected from San Diego. All samples were collected after 
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flushing three casing volumes from each well. For additional important context in interpreting 

these Ar isotope data, we include previous measurements of other key geochemical parameters in 

samples collected from each of these 36 wells by the USGS, following standard USGS 

groundwater sampling protocols (Arnold et al., 2018, 2016). For these additional data, the carbon 

isotopic composition of DIC was analyzed at the Woods Hole Oceanographic Institution 

National Ocean Sciences Accelerator Mass Spectrometry lab (Roberts et al., 2010); major and 

trace elements were measured via ICPMS/AES, AAS, and ion chromatography at the USGS 

National Water Quality lab (Fishman, 1993; Garbarino et al., 2006); water isotopes at the USGS 

Reston Stable Isotope Lab (Revesz et al., 2009); tritium at the USGS Menlo Park Tritium Lab 

(Oestlund and Dorsey, 1977); and noble gas abundances (for the Mojave Desert samples only) at 

USGS Denver Noble Gas Laboratory (Hunt, 2015).  

 

4. Results and Discussion 

4.1. Inter-aquifer Trends and Variability in Δ
40

Ar 

Across all groundwater samples analyzed in this study, observed δ
40

/36Ar values vary 

between 0.81‰ and 6.26‰ while δ
38

/36Ar values vary between 0.41‰ and 1.67‰ (Figure 2). In 

total, 30 of 58 samples (from 21 of 36 wells) plot within error of the simulated line of best fit for 

physical fractionation of atmosphere-derived argon (i.e, |Δ
40

Ar|< 0.1‰), including all samples 

that predominantly reflect recharge over the past several decades [i.e., samples with tritium 

activities above 0.5 tritium units (TU)]. We observe a maximum Δ
40

Ar value of 4.27 ± 0.10‰ 

(2σ) and a minimum of -0.11‰ ± 0.10‰ (2σ). In Figure 3, we find that samples with 
14

C 

activities of DIC greater than 50 percent modern carbon (pmC) have zero Δ
40

Ar, within error. 

Our finding that virtually all samples have positive Δ
40

Ar – including those dominated by recent 
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(<5 ka) recharge, as indicated by high 
14

C and/or 
3
H activities – suggests that our implementation 

of equation 2 successfully separates radiogenic sources of 
40

Ar from the atmosphere-derived pool 

of 
40

Ar. We note that one could use Δ
40

Ar to determine the concentration of 
40

Arrad ([
40

Arrad]) 

using the following conversion: 

 
40

Arrad  =
 
40
Ar  

1+1 Δ
40
Ar 

 (3) 

Because total 
40

Ar concentrations ([
40

Ar]) are quite similar for all samples analyzed in this study 

(with a mean of (3.6 ± 0.28) x 10
-4

 cm
3

STP g
-1

), 
40

Arrad and Δ
40

Ar are extremely well correlated 

(R
2
=0.9994 with a linear regression coefficient (zero intercept) of 3.7 x 10

-7
 cm

3
STP g

-1
 ‰

-1
) 

(Supplementary Figure S1). Thus, we hereafter interpret Δ
40

Ar as equivalent to 
40

Arrad.  
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Figure 2: Measured δ
40

/36Ar vs. δ
38

/36Ar in California groundwater samples alongside the expected linear 

relationship for physical fractionation of atmosphere-derived argon (red line; same as in Figure 1). Samples with 

observed 
3
H activities above 0.5 TU (i.e., dominated by post-1950s recharge) are represented as cyan circles, while 

all other samples are shown as dark blue circles. Error bars indicate measurement uncertainty (±2σ).  
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Figure 3: Δ
40

Ar and 
14

C activity of DIC across all samples analyzed in this study. Study areas are distinguished by 

marker type. Samples with observed 
3
H activities above 0.5 TU are displayed in cyan, while all other samples are 

displayed in dark blue. Error bars indicate combined measurement and physical-model uncertainties for Δ
40

Ar 

(±2σ). The red line indicates the expectation if all 
40

Ar is atmosphere-derived (i.e., Δ
40

Ar=0), as shown in Figures 1 

and 2.  

 

 

In Figure 3, the highest observed Δ
40

Ar value (> 4‰) is found in a Mojave Desert well 

and replicated in three separate samples. The highest observed Δ
40

Ar among San Diego samples 

is +2.27‰, measured in a sample collected from a 607-m deep artesian monitoring well with 

negligible 
14

C activity (<0.2 pmC). This well was previously found to have an 
81

Kr activity of 

~41% the modern atmospheric value, implying a mean age of ~300 ka (Seltzer et al., 2019b). In 

both San Diego and the Mojave Desert, some samples were found to contain no 
40

Arrad 

(Δ
40

Ar=0), both in cases where 
14

C activities were high (e.g., >50 pmC) and low (e.g., <10 

pmC). In samples collected near Fresno, replicate samples from a shallow monitoring well (with 
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high 
3
H and 

14
C activities) were found to contain no excess radiogenic 

40
Ar, while samples from 

a deeper supply well with a 
14

C activity of ~50 pmC and negligible 
3
H activity were observed to 

have small but significantly non-zero Δ
40

Ar values (mean Δ
40

Ar = +0.154‰, n=3). Given the 

small number of Fresno samples, we focus the remaining discussion on the San Diego and 

Mojave Desert systems.  

 

4.2.1 Overview of Δ
40

Ar and Hydrogeology in San Diego Groundwater System 

In the San Diego groundwater system, we report Δ
40

Ar measured in 35 samples collected 

from 23 scientific monitoring wells. As shown in Figure 4, these wells are distributed among six 

separate locations and each is screened at a distinct depth interval (screen opening ~6m), 

between ~50 and 600 meters below the land surface (mbls). The names of the six multiple-depth 

sites are shown alongside site-specific markers in Figure 4. The groundwater system consists of a 

shallow, unconfined aquifer and a deeper, regional confined aquifer (Anders et al., 2013). Both 

of these aquifers are composed of coastal sediments that progressively filled in the pull-apart 

basin formed by regional faulting (Keller and Ward, 2001) due to changes in sea-level and uplift 

over geological time (Hanson et al., 2009). Although the groundwater flow characteristics and 

pathways are under-constrained, the flow direction is generally westward, and recharge to the 

regional system is assumed to occur to the east of the wells sampled for this study near the 

transition from steep volcanic surficial geology to more permeable sediments (Flint et al., 2012; 

Seltzer et al., 2019b). While most old groundwater (
14

C-derived mean ages > 10 ka) is found 

below 150 mbls, at the northernmost site (SDAQ), artesian wells containing old groundwater are 

found as shallow as 50 mbl (Supplementary Figure S3).  
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Figure 4: Map of San Diego groundwater system. Multiple-depth monitoring well site locations are indicated by 

blue markers, and the presumed recharge area boundary and predominant flow directions are indicated by the green 

box and arrow, respectively. Red lines indicate locations of quaternary faults (Haller et al., 2004). Inset: Location of 

study area within State of California. 

 

 

In San Diego groundwater, replicate-mean Δ
40

Ar ranges from -0.11 to +2.27‰. In 

general, we find that Δ
40

Ar is positively correlated with well depth, groundwater age, and total 

dissolved solids (TDS). In Figure 5, replicate-mean Δ
40

Ar is plotted against TDS, with marker 

shading corresponding to dissolved potassium concentrations. Several key patterns emerge from 

Figure 5 that are central to our interpretation of the predominant controls on Δ
40

Ar in this system. 

First, we note that the seven wells with the lowest TDS, which are all below 950 mg L
-1

, have 

zero Δ
40

Ar within error. Similarly, the two highest Δ
40

Ar values found in San Diego correspond 

to two of the three highest TDS values. Overall, the positive correlation between Δ
40

Ar and TDS 

points towards weathering of aquifer minerals as a dominant mechanism by which Δ
40

Ar is 
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released into groundwater. Notably, the dissolved potassium concentration appears largely 

unrelated to Δ
40

Ar, as three of the highest observed K concentrations – corresponding to wells 

labeled a, b, and c in Figure 5 and subsequent figures – are associated with zero Δ
40

Ar, within 

error. We emphasize that these three wells, which are from three distinct sites, also markedly 

deviate from the observed general trend between Δ
40

Ar and TDS (Figure 5). These wells all have 

high TDS (between ~2000 and 2700 mg L
-1

), but lack Δ
40

Ar. Notably, these three wells also 

have apparent 
14

C ages between ~10 and 20 ka and broadly plot along a linear depth-age trend 

(Supplementary Figure S3; R
2
=0.80) that describes most wells (n=19), except the three 

shallowest artesian SDAQ wells and the >600-mbls deep, ~300 ka 
81

Kr-dated well. Thus, we 

suggest that the anomalously low Δ
40

Ar in wells a, b, and c is unrelated to groundwater age or 

flow, since the groundwater in these wells appears to have experienced similar water-rock 

interaction of comparable extent as other wells of similar depth and age.  
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Figure 5: Replicate-mean Δ
40

Ar versus total dissolved solids (TDS) in San Diego groundwater samples. Marker 

shapes correspond to multiple-depth sites and shading indicates dissolved potassium concentration. Wells a, b, and 

c, which are central to the interpretation of Δ
40

Ar controls in this system, are specifically identified here and in later 

figures. Error bars indicate ±2 SE. 

 

 

In Figure 6, replicate-mean Δ
40

Ar is shown as a function of depth below the land surface, 

with marker shading proportional to 
14

C-derived apparent groundwater ages (reported by Seltzer 

et al., 2019b). Note that the surface elevations of all the sites are similar (between 4 and 33 

meters above sea level). In the four of the five wells shallower than 100 mbls, Δ
40

Ar is zero 

(within error) and no well shallower than 300 mbls shows Δ
40

Ar above +0.5‰. The three outlier 

wells identified in Figure 5 (a, b, c) are perforated at depth intervals within the ~150-300 mbls 

range, in which several other samples with apparent 
14

C ages >10 ka have small but statistically 
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non-zero Δ
40

Ar values. Notably, Δ
40

Ar is ≥ +1‰ in 7 of 23 total wells, all of which have 

perforated depth intervals below 300 mbls.  

 
Figure 6: Depth trends in replicate-mean Δ

40
Ar from San Diego groundwater samples. Marker shapes correspond to 

multiple-depth sites and shading indicates apparent 
14

C age (Seltzer et al., 2019b). Error bars indicate ±2 SE. 

 

 

 

4.2.2. Discussion of mechanistic controls on Δ
40

Ar in San Diego 

In light of the observed relationships between Δ
40

Ar, apparent 
14

C age of groundwater, 

and TDS, we suggest that the accumulation of 
40

Ar in San Diego groundwater depends upon 

three key factors: (i) a long (order 10 ka) groundwater residence time and both (ii) high 

weatherability and (iii) old age of aquifer minerals along the integrated flow path of groundwater 

in the system. When any of these conditions is not met, Δ
40

Ar appears to be negligible. Below, 
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we briefly outline three examples within the San Diego groundwater data set in which Δ
40

Ar is 

low and evidence suggests that one of these conditions is not satisfied.  

First, based on Figures 5 and 6, we point out that all shallow (<100 m), young (<10 ka 

14
C age), low TDS (<1000 mg L

-1
) samples have negligible Δ

40
Ar. Put simply, we suggest that 

young groundwaters have experienced limited opportunity to dissolve aquifer minerals and 

thereby liberate radiogenic 
40

Ar from K-bearing minerals. Second, we focus on the three SDAQ 

wells, which range in apparent 
14

C age from ~28 to 37 ka (Supplementary Figure S3) but all have 

low Δ
40

Ar values and TDS < 1000 mg L
-1

 (Figures 5 and 6). The SDAQ wells are anomalous, in 

that they are shallower than other wells containing similarly old groundwater (Supplementary 

Figure S3) and they are located further north than the other multiple-depth well sites (Figure 4). 

The flow path of SDAQ wells is distinct from other wells, in that the relatively shallow, slow 

flow of these order ten-thousand year old waters likely passed through primarily metavolcanic 

rocks before flowing to the Eocene sedimentary formation that begins only several kilometers to 

the east of the SDAQ site. Because metavolcanic rocks are considerably less weatherable than 

sedimentary formations, we suggest that the unique flow path of these groundwaters explains 

both their anomalously low TDS and low Δ
40

Ar for their high apparent 
14

C ages. Third, we call 

attention to the outlier wells in Figure 5 (a, b, and c), which contain old (>10 ka) groundwater 

with high TDS but zero Δ
40

Ar.  

The co-occurrence of high TDS and zero Δ
40

Ar in these old groundwater samples implies 

that these groundwaters have exclusively interacted with either young or K-poor aquifer 

minerals. Either condition would lead to 
40

Ar-poor aquifer minerals that are inherently unable to 

release substantial 
40

Ar to groundwater upon weathering. To the extent that the dissolved major 

element composition of high-TDS groundwater reflects the source composition of aquifer 
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minerals that were dissolved over the lifetime of groundwater in the aquifer, we can rule out the 

latter hypothesis (K-poor minerals) based on comparison of Δ
40

Ar to dissolved K concentrations 

(Figure 5). While no clear overall trend is apparent, several important features are notable. First, 

Δ
40

Ar is zero for nearly all cases in which K concentrations are low (<6 mg L
-1

). Second, the 

highest observed Δ
40

Ar value is associated with an intermediate K concentration. Third, and 

most notably, the three highest observed K concentrations correspond to the low Δ
40

Ar, high-

TDS samples of interest (a, b, and c). Taken together, these observations strongly suggest that 

the closure age of K-bearing minerals (i.e., the time at which K-bearing minerals originally 

reached their closure temperature and began to accumulate radiogenic 
40

Ar), rather than the 

overall K content of dissolved aquifer minerals, controls the Δ
40

Ar of groundwater in this 

system.  

In the broader context of the geological differences among the six multiple-depth well 

sites, these considerations further support the conclusion that 
40

Ar in groundwater is 

predominantly derived from weathering of old aquifer minerals. For instance, among wells of 

comparable 
14

C age, no apparent relationship exists between Δ
40

Ar and the proximity of well 

locations (or their associated east-west flowlines) to known Quaternary faults (e.g., Figures 4 and 

6) or 
14

C age (Supplementary Figure S3). Whereas faults might provide efficient conduits for a 

flux of crustal radiogenic gases like 
4
He, which readily diffuses from minerals into groundwater 

(Solomon, 2000), the diffusive loss of 
40

Ar (which is heavier and larger than 
4
He) at cold 

temperatures (<200°C) is known to be minimal (Andrews et al., 1989). Conversely, faults can act 

as effective seals, thereby isolating groundwater from a hypothetical crustal 
40

Ar flux. If either 

scenario were to have been the case in the San Diego groundwater system, we might have 

expected to see a coherent relationship between Δ
40

Ar and proximity to faults.  
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4.2.3. Potential Source of 
40

Ar in Deep San Diego Groundwater  

We observe a compelling relationship between Δ
40

Ar and the stratigraphy of sedimentary 

formations at each site, as reported by the U.S. Geological Survey based on core logs (Figure 7). 

Briefly, five main sedimentary units of spatially varying extents and thicknesses exist across the 

0-600 mbls depth range within the study area: Quaternary sediments, the upper and lower San 

Diego formation, the Otay formation, and various Eocene formations. Below the Quaternary 

sediments, which are present at each site but highly variable in thickness, the San Diego 

Formation is found at all sites except for SDAQ. The San Diego formation consists of two units 

formed in the Pliocene: 1) an upper unit that is both marine and non-marine, consisting of fine- 

and coarse-grained sandstones as well as thick conglomerates, and 2) a lower unit consisting of 

marine sediments including fine-grained sandstones and thin conglomerates (Demere, 1983). 

Below the San Diego formation is the Otay formation, which was formed in the Oligocene and 

consists of a bottom conglomerate layer, middle gritstone layer, and upper sandstone/mudstone 

layer (Walsh and Demere, 1991). Waxy bentonites are abundant in the upper-layer and have 

been dated to the Oligocene (Berry, 1999). Finally, sandstone units formed during the Eocene 

(Kennedy et al., 2008) are found below the Otay formation at SDSW, SDBP, and SDHF, and 

directly below the Quaternary sediments at SDAQ.  

As shown in Figure 7, we find that six of the seven wells for which Δ
40

Ar is ≥ 1‰ have 

perforated depth intervals within Eocene sedimentary formations. Perhaps, the most striking 

example of the relationship between stratigraphy and Δ
40

Ar is seen in wells at ~300 mbls (±17 

m) at the SDBP, SDHF, SDEP and SDSW sites (purple box in Figure 7). Whereas the 

groundwater samples from these four wells are similar in age (~20 ka; Supplementary Figure 

S3), samples from wells perforated within the Eocene formations (SDBP, SDHF) have Δ
40

Ar 
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~1.0‰ (Figure 6), while both samples from wells perforated above the Eocene formations 

(SDEP, SDSW) have virtually no radiogenic 
40

Ar (Δ
40

Ar < 0.18‰; Figure 7).  

 
Figure 7: Stratigraphy at each multiple-depth well site (map provided in Figure 4). The lowest reported depth at 

each site indicates the maximum drilling depth. Markers indicate perforated depth intervals of wells sampled in this 

study, and marker shading corresponds to Δ
40
Ar. Notably, all wells with Δ

40
Ar ≥ 1‰ are perforated within the 

Eocene formations or deep Otay formation (in the single case of the deepest SDEP well). The purple box indicates 

samples at comparable depths (~300 mbls) with markedly different Δ
40

Ar values. Note that the depth interval 

associated with Eocene sediments is unknown at the SDEP site because the bottom of the drilling core was within 

the Otay formation. 

 

Why is Δ
40

Ar so strongly associated with Eocene sandstone units? To explore the link 

between these geological formations and Δ
40

Ar, we consider the broader regional geological 

background and suggest that the presence of >1 Ga-old K-feldspar within the Eocene sandstone 

units is likely source of 
40

Ar. Late Cretaceous-Tertiary forearc stratigraphic sequences in coastal 

southern California and northern Baja California are characterized by a distinct late-

Paleocene/late-Eocene provenance shift from local to extra-regional sediment input sources 
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(Ingersoll et al., 2013). Turonian-Maastrichtian forearc strata were derived from local Cretaceous 

Peninsular Ranges magmatic arc sources in association with progressive ~5-15 km of erosional 

unroofing of the batholith (Grove et al., 2003). The subsequent transition to Laramide flat-slab 

subduction (~75-55 Ma) allowed for eastward expansion of drainages into the Jurassic 

arc/Proterozoic crystalline basement of southwest Laurentia, and transport of this extra-regional 

sediment westwards to the coast across low relief erosional surfaces of the Peninsular Ranges. 

Late-Eocene/earliest-Oligocene surface uplift in the northern Peninsular Ranges associated with 

east-side-up reactivation of late Cretaceous structures disrupted and rerouted these extra-regional 

rivers (Axen et al., 2000), so that from the Oligocene through the Pliocene, local sources of sand 

again dominated in southern California (Ingersoll et al., 2013).  

The extra-regional nature of late-Paleocene/late-Eocene sediment was first documented 

by the presence of mid-Jurassic age rhyolite clasts in fluvial-alluvial sequences; these include the 

conspicuous Eocene Poway-type red rhyolite clasts in San Diego (Abbott and Smith, 1989). 

Subsequently, detrital zircon U-Pb provenance analysis has been widely applied through the 

southern California Late Cretaceous-Tertiary sequences (Ingersoll et al., 2013, 2018; Sharman et 

al., 2014). The application of detrital zircon geochronology allows for expansion of provenance 

analysis to include sandstone, and particularly marine sandstone sequences that are the dominant 

lithological component of the Paleocene-Eocene sequences. A recent study applied U/Pb dating 

to extra-regional detrital zircon in Eocene sandstone strata in San Diego from five separate 

samples: two from fluvial-alluvial sandstone interbedded from Poway Group conglomerates, and 

three from shallow marine sandstone of the La Jolla Group (Sharman et al., 2014). A histogram 

of extra-regional zircon U/Pb ages shows a major peak at ~1700 Ma and a secondary peak at 

~1400 Ma (Supplementary Figure S4). Cratonal basement sources for these zircon include 
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voluminous granite and granodiorite that would have supplied biotite and K-feldspar to the 

southern California extra-regional rivers. K-feldspar is relatively resistant to both weathering and 

in situ diagenetic alteration compared to plagioclase, or biotite which readily undergoes 

weathering to chlorite. Overall, the five samples analyzed by Shaman et al. (2014) contain 30-

50% Proterozoic zircon, implying that substantial percentages of Proterozoic detrital K-feldspar 

should also be present in these Eocene strata. 

While the ratio of extra-regional Proterozoic detrital zircon to K-feldspar in San Diego 

Eocene sandstones is unknown, we can draw inferences from an analogous geologic setting. Late 

Cretaceous forearc strata of the Nainamo basin in southern British Columbia experienced a 

closely comparable local to extra-regional provenance shift to the Southern California forearc 

sequences. There, 54% of the extra-regional detrital zircon is Proterozoic age, and 47% of the 

detrital K-feldspar yield 
40

Ar/
39

Ar ages defining a continuous distribution up to 1.03 Ga that are 

interpreted as partially degassed Proterozoic K-feldspar (Isava et al., 2021). The implication is 

that detrital K-feldspar is present is approximately equivalent abundance to Proterozoic zircon. 

An ongoing study in the northern Santa Ana Mountains also demonstrates the presence of 

partially outgassed Proterozoic K-feldspar in Eocene sandstone units that is absent from 

underlying and overlying locally sourced facies (Grove, person. com., 2021). 

How much dissolution of Proterozoic K-feldspar in Eocene sandstone would be required 

to produce the observed groundwater Δ
40

Ar signals? As an illustrative (non-unique) example, we 

calculate an expected Δ
40

Ar value of +0.96‰ if a parcel of groundwater dissolves 0.01% of 

aquifer rock within the Eocene strata. In our idealized calculation, we assume that one third of 

the K within the Eocene strata has an age consistent with the peak in the zircon U/Pb age 

distribution (1.7 Ga). We also assume 20% aquifer porosity, 5% K content, a 
40

K decay 
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branching ratio (to 
40

Ar versus 
40

Ca) of 0.1048 (Marshall, 2006), a uniform aquifer rock bulk 

density of 2.5 g cm
-3

, and an initial (atmosphere-derived) 
40

Ar content of groundwater equal to 

air-saturated freshwater at 1 atm and 20°C (Jenkins et al., 2019). The details of the calculation 

are provided in Appendix A. While these input parameters are underconstrained, our calculation 

in principle supports the notion that weathering of Proterozoic K-feldspar in Eocene strata is a 

plausible source of the Δ
40

Ar we observe in San Diego groundwater. Importantly, this calculation 

satisfies mass balance considerations. For example, extrapolating the weathering rate by 

assuming a mean groundwater residence time of 30 ka and lithification age of Eocene strata of 

30 Ma implies that ~10% of Eocene deposited units may have dissolved over time. A corollary 

to this result from San Diego is that similar or greater groundwater 
40

Ar anomalies might be 

expected from the Los Angeles basin and surrounding areas (McCulloch et al., 2000) where 

Eocene extra-regional strata in general has greater proportions of Proterozoic zircon compared to 

San Diego, with individual samples containing >70% Proterozoic zircon in the Los Angeles 

basin. 

 

4.3. Insights from Paired Δ
40

Ar and He measurements in the Mojave Desert 

In the western Mojave Desert, 18 groundwater samples were collected from 11 supply 

wells across a wide spatial extent (from 34.4 to 35.0 °N and from 117.4 to 118.1 °W). We find 

that replicate-mean Δ
40

Ar ranges from virtually zero to +4.2‰, with the latter value replicated in 

three samples from the same well (Figure 8). Notably, Δ
40

Ar is significantly non-zero in samples 

from only two of 11 Mojave Desert wells. Given the limited number of samples, the potential for 

mixing due to the long perforated depth intervals of some wells, and the spatially wide study area 

that encompasses multiple shallow local and deep regional flow systems from the Mojave River 
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Basin (Kulongoski et al., 2009, 2003) and Antelope Valley groundwater system (Siade et al., 

2014), we are unable to provide a comprehensive analysis of the Mojave Desert samples. 

Nonetheless, because 
4
He and 

14
C data exist from past U.S. Geological Survey measurements 

(Arnold et al., 2018, 2016), we briefly discuss the correspondence between Δ
40

Ar and these two 

groundwater age tracers.  

 

 
Figure 8: Mojave Desert replicate-mean Δ

40
Ar versus excess 

4
He (panel A) and 

14
C activity (panel B). Note that 

excess 
4
He data are available for only 8 of 11 total Mojave Desert wells sampled for Ar isotope analysis, while 

14
C 

data are available for all 11 wells. Error bars indicate ±2 SE. 

 

 

 

Using measured Ne, Ar, Kr, and Xe data and the PANGA software (Jung and Aeschbach, 

2018), we determine the expected non-radiogenic 
4
He concentrations (i.e., from air-saturated 

water and excess air) by assuming a recharge elevation of 1100 m (Kulongoski et al., 2009) and 
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by employing the Closed-system Equilibration (CE) model (Aeschbach-Hertig et al., 2000). We 

then determined excess 
4
He by subtracting non-radiogenic 

4
He from measured 

4
He. As shown in 

Figure 8, we observe a four order-of-magnitude range of variability in excess 
4
He, and find that 

the two highest excess 
4
He values (1.1 x 10

-5
 cm

3
STP g

-1
, 1.8 x 10

-6
 cm

3
STP g

-1
) correspond to the 

two highest Δ
40

Ar values (4.2‰, 0.2‰). Similarly, the well with the highest excess 
4
He and 

Δ
40

Ar also shows the lowest 
14

C activity of DIC (1.4 pmC). However, the relationship between 

Δ
40

Ar and groundwater age is clearly complex across this large region with variable groundwater 

flow and lithology, as four of the six wells containing groundwater with 
14

C activities below 11 

pmC have Δ
40

Ar values of zero (Figure 8). In light of this complexity, we suggest that 

groundwater age is clearly a first-order control on Δ
40

Ar in the western Mojave Desert, as is the 

case in San Diego. The weatherability and age of aquifer minerals are also likely to play key 

roles in setting Δ
40

Ar in the Mojave. 

 

5. Conclusions 

In this study, we have detected robust, non-zero signals of radiogenic 
40

Ar in order ten-

thousand-year-old groundwaters for the first time from multiple study areas in California. By 

using the non-radiogenic Ar isotopes to correct for physical fractionation processes that impact 

40
Ar, we have successfully isolated radiogenic signals and demonstrated that our model is 

physically valid, finding only positive values of Δ
40

Ar (within uncertainty) that occur exclusively 

in 
3
H-free, low 

14
C groundwater. In a network of 23 scientific monitoring wells in San Diego – 

the most extensive portion of this study – we have found compelling evidence linking 
40

Ar 

accumulation in groundwater to weathering of old, K-bearing minerals. Based on the San Diego 

data, we suggest that the presence of 
40

Ar requires three factors: (i) aquifer minerals high in K, 
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which have been (ii) sufficiently aged and weathered, and (iii) groundwater residence times long 

enough for water-rock interactions to dissolve the K-rich aquifer minerals. Our observations in 

the western Mojave Desert, though limited in number, are compatible with these observations. 

We note that our argument in favor of an exclusive weathering control on 
40

Ar accumulation in 

groundwater, rather than a diffusive flux from aquifer minerals, is also consistent with prior work 

(Andrews et al., 1989). 

We suggest that Δ
40

Ar may represent a useful complementary tracer to 
4
He and 

14
C in 

future studies of Late Pleistocene groundwater. For example, because excess 
4
He is thought to be 

predominantly controlled by diffusion from aquifer minerals (Solomon, 2000), groundwater that 

has interacted only with poorly weatherable U- and Th-bearing minerals might contain excess 

4
He but lack excess 

40
Ar, if 

40
Ar

 
accumulation is primarily controlled by weathering. In this 

sense, coupled with a general understanding of the stratigraphy and geochemical composition of 

aquifer minerals, the combined application of 
4
He and triple Ar isotopes may provide insight into 

the integrated lithology along a given groundwater flow path. Similarly, whereas 
14

C of DIC is 

arguably the most widely used dating tool for Late Pleistocene groundwater, it suffers from 

dilution of the DIC 
14

C pool by introduction of 
14

C-free DIC from water-rock interaction
 

(Cartwright et al., 2020). To the extent that Δ
40

Ar reflects integrated weathering of aquifer 

minerals, it may provide additional insight (along with δ
13

C) into the deconvolution of 
14

C 

signals in groundwater and thereby improve the accuracy of groundwater dating with 
14

C. 

Finally, we note that high-precision measurements of Δ
40

Ar may also aid in constraining 

nucleogenic 
39

Ar input to groundwater. For young groundwater (<1500 years), Δ
40

Ar may serve 

as a proxy for nucleogenic 
39

Ar and thereby provide additional confidence in the use of 

atmosphere-derived 
39

Ar to date groundwater (e.g., Loosli, 1983). For example, where Δ
40

Ar > 0, 
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39
Ar ages that assume only an atmospheric source of 

39
Ar should be treated with caution. On 

longer timescales, the ratio of nucleogenic 
39

Ar to radiogenic 
40

Ar is a promising, yet 

underutilized, tracer of fluid-rock interaction and groundwater residence time that may benefit 

from high-precision measurements of Δ
40

Ar (Yokochi et al., 2012). We therefore recommend the 

inclusion of triple argon isotope measurements in future studies as a valuable complement to (a) 

14
C and 

4
He in Late Pleistocene-aged groundwater, and (b) 

39
Ar on both short (centennial) and 

long (>10 ka) timescales.  
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Appendix A 

We predict Δ
40

Ar in groundwater by accounting for the release of radiogenic 
40

Ar from 

weathering of old K-bearing aquifer minerals. In this idealized calculation, we first consider a 

single 1 cm
3
 aquifer volume with bulk rock density ρ (g cm

-3
), porosity φ, and fractional K 

abundance (by weight) FK. The total K content (Ktot) within this 1 cm
3
 volume is given (in mol) 

by: 

Ktot = ρ (1-φ) FK M
-1

 (A1) 

where M is the atomic weight of K. We then assume that some fraction (Fold) of the total K is 

sourced from extremely old minerals that have undergone substantial decay, while the remainder 

of the K is young and has experienced minimal radioactive decay. The initial 
40

K content derived 

from old minerals (
40

K0) is given by:  

40
K0 = Ktot Fold F40K (A2) 

where F40K is the initial 
40

K/K ratio. Next, we calculate the radiogenic 
40

Ar content in this 1 cm
3
 

volume of aquifer rock (
40

Arrock) based on the mean age τ of the old minerals (in Ma): 
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40
Arrock = 

40
K0 β e

-λτ
 (A3) 

where λ is decay constant of 
40

K (5.55 x 10
-4

 Ma
-1
) and β is the branching of 

40
K decay to

 40
Ar 

versus 
40

Ca (0.1048). We assume that some fraction (FWEATHER) of aquifer rock is weathered by 

groundwater and quantitatively releases its 
40

Ar, yielding an amount of dissolved radiogenic 
40

Ar 

(
40

Arrad-diss) given by: 

40
Arrad-diss

 
=

 40
Arrock FWEATHER (A4) 

We determine the atmosphere-derived 
40

Ar (
40

Aratm-diss) dissolved in groundwater in the 1 cm
-3

 

volume by assuming equilibrium with the atmosphere at a given temperature T, pressure P, and 

salinity S: 

40
Aratm-diss =

 
ρ s(T,S,P)  (A5) 

where s is the solubility of 
40

Ar in water in mol g
-1
. Finally, we calculate Δ

40
Ar as follows (in 

‰): 

Δ
40

Ar = 
40

Arrad-diss/
40

Aratm-diss (A6) 
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