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Abstract 17 

Groundwater is an important source of drinking and irrigation water. Dating groundwater 18 

informs its vulnerability to contamination and aids in calibrating flow models. Here, we report 19 

measurements of multiple age tracers (14C, 3H, 39Ar, 85Kr) and parameters relevant to dissolved 20 

inorganic carbon (DIC) from 17 wells in California's San Joaquin Valley (SJV), an agricultural 21 

region that is heavily reliant on groundwater. We find evidence for a major mid-20th century shift 22 

in groundwater DIC input from mostly closed- to mostly open-system carbonate dissolution, which 23 

we suggest is driven by input of anthropogenic carbonate soil amendments. Crucially, enhanced 24 

open-system dissolution, in which DIC equilibrates with soil CO2, fundamentally impacts the 25 

initial 14C activity of recently recharged groundwater. Conventional 14C-dating of deeper SJV 26 

groundwater, assuming an open system, significantly overestimates residence time and thereby 27 

underestimates susceptibility to modern contamination. Because carbonate soil amendments are 28 

ubiquitous, other groundwater-reliant agricultural regions may be similarly affected. 29 
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INTRODUCTION 51 

 52 

Billions of people are reliant upon groundwater as a source of drinking water (1, 2) and for 53 

irrigating nearly half of all global agriculture (3). Although the vast majority of Earth's 54 

groundwater is ancient, having been recharged centuries to millennia ago (4, 5), it remains 55 

vulnerable to anthropogenic contamination (6) and depletion (7–10) due to increasing groundwater 56 

extraction. Accurately determining groundwater residence times is important for understanding 57 

groundwater contaminant sources and transport pathways, calibrating models of groundwater flow 58 

that aid in sustainable management, and contextualizing human impacts on groundwater systems 59 

(11).  60 

Here we investigate groundwater residence time distributions in the central-eastern San 61 

Joaquin Valley using a combination of geochemical modeling and analytical constraints informed 62 

by multiple independent age tracers. We measured radiocarbon (14C), tritium (3H), and a 63 

comprehensive suite of groundwater geochemical parameters from a network of 17 wells (36.65-64 

36.75 ⁰N, 117.55-117.85 ⁰W) south of Fresno, California, which are or have been surrounded by 65 

irrigated farmland over the past 50 years (Figure S1). We also measured noble gas age tracers 39Ar 66 

(n=3) and 85Kr (n=4), which have historically been underutilized for groundwater dating (12, 13), 67 

in a subset of wells to independently explore potential chemical controls on 14C. The SJV is 68 

California’s largest and most productive agricultural region, and it is particularly vulnerable to 69 

contamination and long-term declines in groundwater reserves due to drought, increased rates of 70 

extraction, and seepage from irrigation (10, 14–16). The natural groundwater system in the SJV 71 

has been fundamentally altered by agricultural activities over the past several decades including 72 

both enhanced discharge and recharge due to groundwater pumping and irrigation seepage, 73 

respectively (10, 16–19). Given the influence of modern agriculture on groundwater in the SJV, 74 

this region serves as an ideal field-scale laboratory to assess the impact of anthropogenic 75 

perturbations to groundwater chemistry on residence time estimates.  76 

 The primary aim of this study is to understand natural and anthropogenic controls on the 77 

radiocarbon content of dissolved inorganic carbon (DIC), which is the most widely used 78 

groundwater age tracer (20). Measured trends in inorganic carbon chemistry in the SJV are 79 

modeled and interpreted in combination with multiple independent age tracers, from a subset of 80 

wells, to precisely isolate geochemical controls on 14C activity. The use of multiple age tracers that 81 

are sensitive across a range of timescales, including inert dating tools like 39Ar, provides key 82 

constraints for disentangling the impacts of groundwater mixing and DIC chemistry on 14C. Using 83 

these data, we model the extent to which agricultural perturbations have impacted 14C of DIC and, 84 

in turn, affected 14C-based groundwater dating. Our results have broad implications for the 85 

susceptibility of deep groundwater to modern contamination. 86 

 87 

Radiocarbon Dating of Groundwater 88 

Radiocarbon activity of DIC is a ubiquitous groundwater dating tool because of its relative 89 

ease of sampling, inexpensive analytical cost, and applicability across a wide temporal range. 14C 90 

has a 5,730-year half-life (T1/2) but also a modern atmospheric excess from 20th century bomb 91 

testing (21), rendering it dually sensitive on time scales of both thousands of years and recent 92 

decades. However, the direct translation of measured 14C activity to groundwater residence time 93 

is frequently complicated by 14C-free inputs of DIC (22), isotopic exchange of DIC with soil CO2 94 

(23, 24), and by the mixing of groundwater water parcels of different age (25–27). Using 14C to 95 

estimate groundwater residence times therefore requires conceptual models both for DIC 96 

chemistry and for groundwater flow and mixing. 97 

The application of 14C of DIC as a groundwater dating tool requires precise knowledge of 98 

the initial 14C activity of DIC ( 𝐶0 
14 ) at the time of recharge. The measured 14C activity ( 𝐶𝑚  

14 ) in 99 
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groundwater (in the absence of mixing between different-aged waters) is linked to residence time 100 

(τ) by the decay equation: 101 

 102 

𝐶𝑚 =  
14 𝐶0𝑒−𝜆𝜏

 
14  = Γ 𝐶𝑎𝑡𝑚𝑒−𝜆𝜏

 
14   (1) 103 

 104 

where 𝜆 is the decay constant (0.121 ka-1), 𝐶𝑎𝑡𝑚 
14  is the atmospheric 14C activity at the time of 105 

recharge, and Γ is a scalar that relates 𝐶0 
14  to 𝐶𝑎𝑡𝑚 

14  such that 𝐶0 
14 =  𝛤 𝐶𝑎𝑡𝑚 

14 . While the history of 106 

𝐶𝑎𝑡𝑚 
14  over the relevant time range for groundwater dating is well constrained (21, 28), input of 107 
14C-free DIC sources to groundwater can dilute the overall 14C concentration in DIC (by lowering 108 

the 14C/12C ratio) to values considerably lower than 𝐶𝑎𝑡𝑚 
14 . In this sense, Γ represents the effective 109 

lowering of groundwater 𝐶0 
14  from the contemporary atmospheric value (~100 pmc prior to the 110 

1950s and >100 pmc since then), which is essential for separating signals controlled by DIC 111 

chemistry from decay-related 14C signals and thereby accurately quantifying residence times. 112 

Groundwater DIC is intrinsically linked to exchange between dissolved and gaseous soil 113 

CO2. The respiration of soil organic carbon generates steady-state CO2 partial pressures (pCO2) 114 

above the water table that often exceed pCO2 in the atmosphere by an order of magnitude or more 115 

(22). This large reservoir of soil CO2 contributes to groundwater DIC both directly, by dissolving 116 

in water, and indirectly, through the generation of acidity that leads to weathering of minerals 117 

present in soil and aquifer rocks. Differences in isotopic composition between these sources of 118 

DIC partially govern both the stable (13C, 12C) and radioactive (14C) carbon isotopic compositions 119 

of DIC. However, (i) gas exchange between DIC and CO2 and (ii) equilibrium fractionation among 120 

DIC species further modify the isotopic composition of DIC. Where carbonate minerals are present 121 

in soils and rocks, it is commonly assumed that DIC in groundwater is derived from two primary 122 

sources: 14C-rich soil CO2 and 14C-free carbonate minerals. Soil CO2 is characteristically depleted 123 

in 13C (δ13C between -15 and -30 ‰VPDB (22)) and is typically assumed to have a roughly 124 

atmospheric 14C activity arising from the respiration of recently formed organic matter. The 14C 125 

activity of CO2 and DIC in the vadose zone can be somewhat lower due to the production of CO2 126 

from deeper and older organic material (29) and from drought-related impacts on water-sediment 127 

interaction (30). Conversely, carbonate minerals are generally 14C-free, with δ13C near 0‰VPDB 128 

(20, 22). For a closed system in which carbonate dissolution occurs beneath the water table in 129 

isolation from soil CO2, the dissolution of carbonates tends to increase DIC concentrations and 130 

δ13C while decreasing 14C activity by adding 14C-free DIC with δ13C of ~0‰ to the DIC pool (31, 131 

32). Thus, relatively young groundwater that has experienced closed-system carbonate dissolution 132 

may have lower 14C activity and higher δ13C than DIC acquired purely from dissolution of soil 133 

CO2. This assumption forms the basis of conventional closed-system dissolution models for 134 

groundwater 14C dating that are constrained by observed values of δ13C (31, 32) or DIC (33). For 135 

an open system in which carbonate dissolution occurs in the presence of soil CO2, isotopic 136 

equilibration between soil CO2 and DIC leads to a near atmospheric 14C activity of recently 137 

recharged groundwater (22). More complex models that involve complete or partial equilibrium 138 

isotope exchange and fractionation (23, 24, 34) and account for multiple reactions and processes 139 

(35) that alter 14C have also been developed. In each conceptual model, the nature of interaction 140 

between soil CO2, groundwater DIC, and mineral weathering collectively determine the isotopic 141 

composition of DIC, pH and total DIC content.  142 

 143 

RESULTS 144 

 145 

Systematic Controls on Radiocarbon Activity 146 

Across the 17 SJV wells sampled in this study, we observe surprising, yet coherent, 147 

relationships between groundwater 14C, DIC, and pH (Figure 1). Specifically, 14C activity 148 

increases with DIC, from ~40 pmc (percent modern carbon) at ~2 mmol L-1 DIC to ~120 pmc at 149 
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~10 mmol L-1 DIC, in direct contrast to the common inverse relationship expected for closed-150 

system dissolution of 14C-free carbonates (33), in which the progressive dissolution of carbonates 151 

in isolation from soil CO2 yields an anticorrelation between 14C activity and DIC, pH, and  δ13C 152 

(36). In the SJV samples, 14C activity consistently decreases with increasing pH, and DIC is 153 

positively correlated with Mg, Ca, and Sr concentrations (Figures 1 and S8), consistent with the 154 

general expectation for carbonate dissolution. Mean 3H activities (T1/2 = 12.5 years) indicate the 155 

presence of predominantly decades-old water (3H activity > 1 TU; where 1 TU = 1 tritium unit = 156 

0.118 Bq L-1) in wells where high DIC and low pH (<7.5) are observed. Despite the close 157 

correspondence between 14C, DIC, and pH, we observe no coherent relationship between any of 158 

these parameters and the stable carbon isotopic composition of DIC (δ13C). Taken together, closed-159 

system dilution of DIC by 14C-free carbonate dissolution – the common expectation for natural 160 

systematic 14C variability in many global aquifers (37) – cannot explain these observed trends in 161 

the SJV.  162 

The highest observed 14C activities (~120 pmc) in tritiated modern samples clearly indicate 163 

that DIC of recently recharged groundwaters experienced near-complete isotopic equilibration 164 

with soil CO2, as the mean northern hemisphere atmospheric 14C activity between 1955 and 2010 165 

was ~125 pmc (21). The δ13C values associated with high-14C (>100 pmc) samples fall within a -166 

16.5 to -13.5‰ range, also consistent with open-system equilibrium exchange between DIC and 167 

biogenic soil CO2 after accounting for equilibrium isotopic fractionation between DIC and CO2 168 

(Appendix S2). While δ13C values in lower-14C samples are slightly below those of the higher-14C 169 

samples, we note that the predicted sensitivity of δ13C to open- and closed-system dissolution is 170 

small relative to potential end-member variability (Appendix S2; Figure S5). Given the high 171 

potential for major changes in carbonate and soil CO2 end-member δ13C changes driven by 172 

fundamental reconfiguration of the SJV groundwater system due to irrigation-derived recharge 173 

over the past century, we suggest that shifts in end-member δ13C have likely overprinted 174 

meaningful signals related to open- or closed-system dissolution.  However, the conspicuous 175 

relationships between 14C and DIC, and 14C and pH, with marked concave-down curvatures, 176 

strongly indicates that a systematic process besides progressive closed-system carbonate 177 

dissolution – and not radioactive decay – controls much of the observed 14C variability in this 178 

system. Here, we investigate whether DIC chemistry and physical transport and mixing processes 179 

can account for the observed relationships between 14C, DIC, and pH, and evaluate the implications 180 

for the reliability of 14C-based groundwater residence times. 181 

Typically, initial 14C activity ( 𝐶0 
14  in equation 1) is inferred from various combinations of 182 

measured DIC, δ13C, and major and trace ion concentrations by using models of varying 183 

complexity (24, 31, 32, 34, 38). Among existing single-sample models used to estimate 𝐶0 
14  (38), 184 

carbonate dissolution is assumed to occur under either entirely open- or closed-system conditions, 185 

whereby a portion of DIC isotopically exchanges with soil CO2 (23, 24, 34) or carbonate minerals 186 

(23, 24) while the remainder of DIC does not. Conventionally, an appropriate model is chosen and 187 

validated based on observed trends in 14C, δ13C, and DIC in modern groundwater with high 3H 188 

activity (39). However, if fundamental changes to the DIC system have occurred over recent 189 

decades due to human activity, observed trends in modern groundwater (e.g., increases in 14C 190 

activity with DIC) may not be representative of the preceding natural processes in older 191 

groundwater. In the specific context of SJV measurements (Figure 1), it is therefore critical to 192 

understand if the inference of near-atmospheric 14C0 for modern groundwater (Γ~1 based on the 193 

>100 pmc 14C activities of tritiated samples) is representative of natural, pre-development 14C0. In 194 

other words, if it is assumed that the 14C0 of deeper, 3H-free groundwater is similarly near-195 

atmospheric (Γ~1), then the lowest observed 14C activities imply mean residence times of 196 

thousands of years; but if this assumption is invalid (e.g., Γ<1), then 14C measurements would 197 

imply considerably shorter residence times. 198 

 199 
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Insights from multiple age tracers 200 

Radioactive noble gas isotopes such as 39Ar (T1/2 = 269 yr) and 85Kr (T1/2 = 10.8 yr) are 201 

inert and thus insensitive to any chemical process linking 
14C, DIC, and pH, making them ideal for 202 

understanding groundwater flow and mixing processes (13). While 85Kr is sensitive on the same 203 

decadal time scale as tritium, 39Ar is a unique intermediate age tracer, filling a gap between tritium 204 

and 14C (40). Because of their conceptual simplicity as monatomic, unreactive dissolved gas tracers 205 

with well constrained input functions (40, 41), 85Kr and 39Ar offer valuable physical constraints 206 

but have remained underutilized due to analytical challenges (12, 13), with only a handful of 207 

studies having employed this set of age tracers in the same groundwater samples (e.g., 40, 41). In 208 

our SJV study area, these noble gas age tracers constitute a powerful tool to independently evaluate 209 

whether the observed low 14C activities in low-DIC, high-pH, 3H-free groundwaters (Figure 1) 210 

arise from systematic chemical processes that lowered 𝐶0 
 14 . In this study, we sampled a subset of 211 

six wells for analysis of inert age tracers in addition to 14C and 3H to test for consistency among 212 

independent age tracers under physically realistic mixing scenarios. 213 

Prior work in the eastern SJV has demonstrated that the unconfined hydrogeologic setting 214 

is well-characterized by two distinct regimes: (i) a deeper (3H free) portion of the aquifer recharged 215 

naturally by precipitation and river runoff before major agricultural and urban development, and 216 

(ii) a shallower, mostly tritiated (i.e., non-zero 3H activity) portion recharged over the past 50-100 217 

years at substantially higher rates by local irrigation seepage (16). We refer to these regimes as 218 

pre-development and post-development respectively. Notably, the modern rates of irrigation-219 

derived recharge in the SJV are known to exceed natural recharge by roughly seven-fold (10, 18). 220 

This substantial influx of agriculturally impacted water also flows laterally (19), therefore 221 

influencing groundwater chemistry in more urban regions near irrigated farmland (17). Based on 222 
3H, the interface between these two regimes in the study area appears to fall between 50 and 100 223 

meters below the land surface (Figure S2b), similar to previous findings to the north (16). Here, 224 

we first focus on three wells for which 39Ar was measured, which are screened entirely in the pre-225 

development regime and thus provide the simplest opportunity to compare inert tracers with 14C 226 

without needing to account for mixing between pre- and post-development groundwater. 227 

Direct comparison of 14C-derived and 39Ar-derived age estimates requires physical 228 

assumptions about mixing of different aged groundwaters in each well (Appendix S1). All three 229 

deep wells are 3H-free, with 39Ar in the range ~23-50 pmAr (percent of modern atmospheric 39Ar 230 

activity) and 14C in the range ~43-69 pmc (Table S1). It is readily apparent that residence time 231 

estimates based on 39Ar and 14C that neglect mixing (i.e., Eq. 1) are incompatible with a 14C scaling 232 

factor Γ of 1, as both 39Ar and 14C observations across each well fall in the range of ~50% modern 233 

activity although the half-lives of the two tracers differ by an order of magnitude. However, even 234 

when groundwater mixing is rigorously accounted for by using a physical model,  Γ must be well 235 

below unity in each well in order to reconcile 14C with 39Ar (Figure 2). During pumping, water is 236 

drawn into each well through a screened interval, inducing mixing that leads to a distribution of 237 

groundwater ages in the sample. In the deeper pre-development portion of the aquifer, an 238 

exponential age-depth profile is expected based on the unconfined nature of the aquifer (16, 44, 239 

45). Our parameterization of mixing assumes a partial-exponential distribution of groundwater 240 

ages (e.g., panel b in Figure 2) that represents the fraction of each water mass sampled by a given 241 

well. We then (i) convolve this distribution with the 39Ar and 𝐶𝑎𝑡𝑚 
14  (21, 28) atmospheric histories 242 

(e.g., panel a in figure 2), using different scaling factors for 𝐶0 
14 , and (ii) account for radioactive 243 

decay to predict present-day measured 39Ar and 14C activities in these wells. We constrain the age 244 

distributions based on known well geometry and for maximum agreement between simulated and 245 

measured 39Ar, such that an optimal 14C scaling factor Γ can then be independently determined by 246 

comparing simulated 14C with observations for each well (Appendix S1). Figure 2 shows the 247 

results of this analysis for well 180-1, as an example. For all deep wells (Figures S7, S10-11), we 248 

find that all optimal scaling factors Γ are substantially below unity (0.44-0.73). Critically, we find 249 
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that the assumption of no 14C dilution (Γ=1) yields mean residence times between 3,200-8,300 250 

years for these wells, whereas 39Ar-optimized Γ values (Γ<1) yield smaller mean residence times 251 

of 240-840 years (Table S2).  252 

Two shallower wells with screened intervals from 49-95 and 66-69 meters below the 253 

surface were found to have detectable 85Kr activity and 3H above 1 TU, indicating substantial 254 

contributions from modern recharge (Figures S8-9). Therefore these wells likely represent more 255 

complicated bimodal distributions of waters from both pre-development and post-development 256 

regimes (16), and a single-distribution modeling approach is thus overly simplified. However, 257 

comparison of 85Kr with 14C provides qualitative insights into potential temporal changes in Γ 258 

factors. Following the same partial exponential mixing (PEM) modeling approach for the deeper 259 

wells, but using 85Kr instead of 39Ar to tune age distributions, we find considerably higher Γ factors 260 

for these wells (0.85 and 0.91). Therefore, our inert tracer-14C age comparison case study points 261 

towards a shift from low 𝐶0 
14  to higher 𝐶0 

14  in both shallow and deep wells. This is interpreted to 262 

be associated with the transition from the natural, pre-development to modern recharge systems. 263 

Because a failure to account for this modern shift (i.e., by assuming Γ = 1) would yield 14C-derived 264 

residence times in the deeper wells that are thousands of years older than those independently 265 

implied by 39Ar, it is essential to understand the underlying mechanisms.  266 

 267 

DISCUSSION 268 

 269 

Mid-century shift to open system dissolution 270 

To explain the apparent shift in 𝐶0 
14  in groundwater over recent decades, we propose a 271 

simple conceptual DIC model that largely reproduces observed trends in 14C, DIC, and pH, as well 272 

the findings of low 14C scaling factors Γ in deeper wells. The model assumes that groundwater 273 

DIC is acquired through varying proportions of open-system (i.e., in the vadose zone, exposed to 274 

soil CO2) and closed-system (i.e., below the water table) carbonate mineral dissolution (Appendix 275 

S2). The model also assumes that when carbonate minerals dissolve in the vadose zone, the 276 

isotopic composition of resultant carbonate-derived DIC is nearly atmospheric (Γ~1) due to rapid 277 

isotopic equilibration with soil CO2 via gas exchange (22, Appendix S3). Conversely, when 278 

carbonate dissolution occurs in isolation from soil CO2 under closed-system conditions (i.e., 279 

beneath the water table), the resultant 14C-free carbonate-derived DIC dilutes the 14C activity of 280 

the DIC pool, thereby driving down 𝐶0 
14 .  281 

In the DIC model, the extent of “system openness” is parameterized based on the total DIC 282 

content of a groundwater parcel at the water table (DICiso), acquired under open-system conditions, 283 

before it is isolated from soil CO2 by displacement beneath the water table due to subsequent 284 

recharge. Prior to any carbonate dissolution, the equilibrium dissolution of soil CO2 in water 285 

provides a minimum DIC (DIC0) in solubility equilibrium with soil CO2. If carbonate dissolution 286 

occurs rapidly enough to achieve equilibrium at or above the water table, before isolation, then 287 

groundwater will obtain a maximum open-system DIC (DICeq,open) in isotopic equilibrium with 288 

soil CO2. However, if groundwater is isolated from soil CO2 before reaching DICeq,open, additional 289 

closed-system carbonate dissolution below the water table will consume acidity and dilute the DIC 290 

pool with 14C-free input without replenishment by soil CO2, thereby limiting the equilibrium DIC 291 

(DIC <DICeq,open) and raising the equilibrium pH. Here, we define a system openness parameter 292 

(f) as the fraction of DIC that is acquired under open-system conditions before isolation from 293 

overlying soil CO2: 294 

𝑓 ≡
𝐷𝐼𝐶𝑖𝑠𝑜−𝐷𝐼𝐶0

𝐷𝐼𝐶𝑒𝑞,𝑜𝑝𝑒𝑛−𝐷𝐼𝐶0
  (2) 295 

 296 

The openness parameter (f) ranges from 0 (fully closed system) to 1 (fully open system). 297 

Figure 3 shows measured groundwater data alongside the modeled relationship between 14C 298 

activity and pH, for varying system openness (f). At greater f, 14C is higher, a larger fraction of 299 
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DIC exists as CO2(aq), and, correspondingly, the pH is lower. In Figure 3, we demonstrate that this 300 

direct relationship between f and pH – rather than radioactive decay – can account for the inverse 301 

relationship between 14C and pH observed in Figure 1. Notably, our idealized carbon model 302 

predicts a positive, concave-down curved relationship between 14C and DIC, similar to the data 303 

plotted in Figure 1 (Figure S4) with a small range of variability in δ13C relative to source 304 

endmember uncertainties (Figure S5). Importantly, f is quasi-conservative with respect to mixing, 305 

such that the DIC and 14C activity of an admixture of waters with different f values will closely 306 

approximate the model-predicted DIC and 14C activity for their average f (Figure S7). In Figure 3, 307 

comparison of measured data with the model curves suggests a shift at f ~0.5, such that 308 

groundwaters with substantial modern recharge fractions (3H >1 TU) are best explained by mostly 309 

open-system dissolution (f >0.5) with near-modern atmospheric 14C of soil CO2 (120 pmc). In 310 

contrast, older samples (3H <1 TU) are best explained by mostly closed-system dissolution (f <0.5) 311 

with a pre-development 14C of soil CO2 (100 pmc).  312 

We hypothesize that the central-eastern SJV experienced a shift from mostly closed-system 313 

to mostly open-system carbonate dissolution regimes after the mid-1950s (Figure 4). This 314 

conceptual framework suggests a major shift in 𝐶0 
14  from as low as 50% atmospheric (Γ~0.5) 315 

before the 1950s to nearly 100% atmospheric (Γ~1) since the 1950s. Thus, for observed pre-316 

development (deeper) groundwater 14C activities between ~40 and 70 pmc, the contribution of 317 

radioactive decay to lowering 14C is estimated to only be ~1-10 pmc, resulting in 14C-derived age 318 

estimates that are closer to those implied by 39Ar (Table S2).  319 

We caution, however, that while this idealized carbon model predicts coherent trends that 320 

are consistent with system-wide observations, it neglects processes that may be important for 321 

individual wells. For example, (i) silicate weathering likely accounts for some portion of DIC, (ii) 322 

observations of low modern pH imply heterogeneity in modern soil pCO2 such that some locations 323 

exceed the uniform value (2.1%) prescribed in the model, (iii) enhanced open-system dissolution 324 

of natural carbonates driven by acidic agricultural infiltration could lead to excess DIC with 325 

modern atmospheric 14C activity, and (iv) soil 14C activities may have been somewhat lower than 326 

the atmosphere in the pre-development system, since modern irrigation seepage likely more 327 

efficiently delivers modern organic carbon to the vadose zone. For example, a greater contribution 328 

of soil CO2 produced from respiration of older organic matter deeper in the vadose zone may have 329 

further lowered pre-development 14C0 (29).  330 

Our model is similar to several existing models for partially open-system dissolution of 331 

carbonate minerals (23, 24, 34), but differs in a subtle but important way. These existing models 332 

assume that DIC is comprised of (i) dissolved CO2 in isotopic equilibrium with soil CO2, and 333 

bicarbonate derived from carbonate mineral dissolution that is either (ii) in isotopic equilibrium 334 

with CO2 or (ii) isolated from CO2 (thereby retaining the carbon isotopic composition of the 335 

carbonate minerals). These models parameterize an absolute concentration (q) of bicarbonate in 336 

equilibrium with soil CO2. Unlike these models, our approach defines a fraction (i.e., f) of the 337 

maximum equilibrium concentration of DIC that can be acquired via open-system carbonate 338 

dissolution (DICeq,open) relative to the minimum concentration of DIC in which only soil CO2, but 339 

no carbonate minerals, dissolve in the unsaturated zone. Our approach hence enables prediction of 340 

the evolution of carbon isotopic composition and total DIC as a function of f (i.e., system 341 

openness), whereas previous models do not directly parameterize total DIC as a function of q. The 342 

curved relationship between 14C and DIC that our model predicts is an important clue in 343 

interpreting these groundwater data. However, it is crucial to note that, like previous models, our 344 

idealized approach accounts for just one of many potentially important processes. We suggest that 345 

idealized models and simple graphical approaches (e.g., 39) are helpful in identifying dominant 346 

processes and complement more complex geochemical models (e.g., 35) that include multiple 347 

mechanisms, but are often under-constrained. 348 



Science Advances                         Agricultural Lime Impacts Groundwater Dating                         Page 8 of 15 

 

Importantly, the indication of a general modern shift towards greater system openness 349 

points to an anthropogenic influence on groundwater chemistry, which we suspect is linked to 350 

irrigation seepage into shallow groundwater. While such a shift from closed- to open-system 351 

conditions directly affects the DIC of wells that draw mixtures of pre- and post-development 352 

groundwater (i.e., wells screened throughout the ~50-100 m interface between these two regimes; 353 

Figure S2), it also substantially impacts the interpretation of 14C in deep wells that are unaffected 354 

by direct mixing with modern groundwater. That is,  conventionally inferring that a near-355 

atmospheric 14C0 (Γ ~ 1), consistent with observations of high 14C in shallow modern wells,applies 356 

to deeper wells, would yield erroneously long residence times. In this sense, this modern shift to 357 

system openness masks the closed-system nature of deeper, pre-development groundwater and 358 

thereby obfuscates 14C dating of these wells without the additional insight from inert age tracers 359 

and consideration of broader trends in parameters related to DIC chemistry. 360 

Like many other major agricultural regions worldwide (46, 47), human activities have 361 

substantially influenced groundwater in the SJV since the mid-20th century. Groundwater overdraft 362 

has induced meters of land subsidence (15), and land-use changes have both increased 363 

groundwater salinity (14) and led to contamination by agriculture (48, 49). Here we propose that 364 

irrigation seepage has directly influenced groundwater DIC in the SJV through the delivery of 365 

carbonate soil amendments, known as agricultural lime, to shallow groundwater. Agricultural lime 366 

(finely ground calcite, dolomite, and/or magnesite; hereafter AL) is ubiquitously used as a buffer 367 

for acidic soils on farmlands in the SJV (50) and globally. Inefficient tillage and limited depth 368 

mobility of AL in crop soils (51) can lead to surface excesses of these particulate carbonate 369 

minerals, which can be advected by precipitation or irrigation seepage into the subsurface. 370 

Crucially, the availability of easily dissolvable carbonate in the vadose zone, where pCO2 is far 371 

higher than the atmosphere even at shallow depths, is key to raising the equilibrium groundwater 372 

DIC content via open-system dissolution. The prevalence of farmland throughout the study area 373 

(Figure S1) raises the possibility that the spatial distribution of recharge may have changed over 374 

recent decades, providing widespread pathways for alteration of groundwater chemistry and 375 

delivery of AL to the vadose zone. Previous work has identified prominent geochemical signals 376 

associated with AL dissolution in groundwater recharged by irrigation seepage (52). Because AL 377 

is designed to dissolve rapidly, due to its high surface area, transport of this particulate carbonate 378 

through the vadose zone would result in enhanced rates of open-system carbonate dissolution 379 

relative to the natural pre-development system, in which carbonate dissolution in subsurface rocks 380 

and soils was slower and thus occurred predominately beneath the water table. Although the 14C 381 

activity of AL (sourced from old, naturally occurring,14C-free carbonate minerals) is negligible, 382 

rapid isotopic equilibration of DIC with the large reservoir of soil CO2 via gas exchange would 383 

efficiently reset the 14C activity of DIC to a near-atmospheric value over a timescale of weeks to 384 

months (Appendix S3). Figure 4 presents a schematic of pre-1950s closed-system and post-1950s 385 

open-system carbonate dissolution, where the mid-20th century shift is driven by anthropogenic 386 

carbonate input to groundwater. 387 

The hypothesized agricultural influence on modern groundwater chemistry is further 388 

supported by measurements of elevated Sr2+, NO3
-, and SO4

2- accompanying high DIC, Mg2+, and 389 

Ca2+ in low-pH, tritiated groundwaters (Figure S8). While NO3
- and SO4

2- are common indicators 390 

of agricultural seepage (49, 53), Sr2+ is associated with AL dissolution due to its compatible 391 

valence and thus frequent incorporation into carbonate minerals (52). Irrigation seepage carrying 392 

particulate agricultural carbonates to the vadose zone thus provides a compelling mechanism for a 393 

modern shift toward greater open-system carbonate dissolution, leading to near atmospheric 14C 394 

activities and higher DIC in modern tritiated groundwaters (Figure 1). Critically, if this widely 395 

used soil amendment (i.e., AL) has led to masking of natural closed-system dilution of 14C 396 

throughout the SJV, corresponding to thousands-of-year overestimations of groundwater age, it 397 
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likely affects the use of 14C as an age tracer in other global aquifers that are relied upon for major 398 

agricultural production worldwide.  399 

 400 

Implications for groundwater dating 401 

 In this study, we observe two independent lines of evidence indicating a major mid-20th 402 

century shift in groundwater DIC in the central-eastern SJV: a residence-time modeling case study 403 

constrained by inert age tracers, and a wider consideration of geochemical trends corroborated by 404 

an idealized DIC model. These two approaches point to a transition from mostly closed-system to 405 

mostly open-system dissolution of carbonates, which we hypothesize is due to anthropogenic input 406 

of AL. This modern shift in DIC chemistry has masked underlying natural closed-system carbonate 407 

dissolution, which led to low 𝐶0 
14  under pre-development conditions. A key consequence of this 408 

finding is that without multiple age tracers and a mechanistic consideration of regional controls on 409 

inorganic carbon chemistry, apparent 14C-based groundwater residence times in the deeper, pre-410 

development portion of the aquifer (under the assumption that Γ=1, as suggested by modern 411 

tritiated water), would in fact be overestimated by hundreds to thousands of years. Specifically, 412 

we find that inert 39Ar-derived mean age estimates in deeper wells, which range from ~240-840 413 

years, are an order of magnitude younger than those implied by 14C (if Γ=1), which range from 414 

~3,200-8,300 years. 415 

  Erroneously long estimates of recharge timescales would invariably lead to 416 

underestimation of the susceptibility of deeper groundwater to modern contamination and can 417 

impact calibration of groundwater flow models that are important for sustainable management. 418 

Indeed, a new understanding that the deeper wells considered in this study have mean residence 419 

times of centuries, rather than millennia, raises the concern that continued groundwater withdrawal 420 

in the SJV and depression of the regional water table may soon allow modern irrigation-derived 421 

recharge to reach the depths of these wells. These findings have broad relevance to other global 422 

aquifers that have experienced fundamental changes from predominantly natural to anthropogenic 423 

recharge over the past century, driven by large-scale agricultural development (46, 47). We 424 

therefore suggest that a combined inert-gas and inorganic carbon-system modeling approach 425 

represents the best means of improving estimates of groundwater residence times in groundwater 426 

systems susceptible to DIC perturbations by recent agricultural activity, without the added 427 

uncertainties introduced by more complex models. Additionally, we emphasize that the 428 

agricultural regions most prone to masking of natural dilution of 𝐶0 
14  by irrigation seepage are 429 

often those most heavily reliant on groundwater, and therefore most vulnerable to declines in 430 

groundwater quality and quantity.  431 

 432 

MATERIALS AND METHODS 433 

 434 

Groundwater measurements: 435 

The wells selected for this study were sampled either as a part of this work or in previous 436 

USGS groundwater measurement programs (54). Groundwater samples were collected following 437 

standard USGS protocols and analyzed at U.S. Geological Survey (USGS) and other laboratories 438 

using established analytical methods (55) as part of the USGS National Water-Quality Assessment 439 

(NAWQA) Enhanced Trends Network (ETN) program (54). The carbon isotopic composition of 440 

DIC was analyzed at the Woods Hole Oceanographic Institution National Ocean Sciences 441 

Accelerator Mass Spectrometry lab (56); major and trace elements were measured via 442 

ICPMS/AES, AAS, and ion chromatography at the USGS National Water Quality lab (57, 58); 443 

water isotopes at the USGS Reston Stable Isotope Lab (59); tritium at the USGS Menlo Park 444 

Tritium Lab (60); and noble gases at USGS Denver Noble Gas Laboratory (61). Measurements of 445 
39Ar in three deep wells were made at Pacific Northwest National Laboratory via ultra-low-446 

background proportional counting (62). Radioactive Kr isotopes (85Kr and 81Kr) were measured in 447 
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four wells spanning multiple depth intervals at the same site (wells 180-1 through 180-4) at 448 

Argonne National Laboratory via Atom Trap Trace Analysis (ATTA) (13). DIC concentrations 449 

and speciation were determined from measured pH and alkalinity using inorganic carbon system 450 

equilibrium constants presented in Appendix S2. 451 

 452 

Lumped parameter modeling: 453 

Residence time distributions and associated tracer simulations were carried out in 454 

MATLAB using multiple age distribution models presented in TracerLPM (45). Atmospheric 455 

histories of 14C activity (21, 28), 3H activity (45), and 85Kr activity (41) were prescribed, and 456 

atmospheric 39Ar activity was assumed to be constant over the 3 ka time period considered in this 457 

study. For each of the five wells analyzed for inert age tracers (39Ar and 85Kr) in the case study 458 

(Appendix S1), the PEM model was used to estimate residence time distributions. Perforated depth 459 

intervals (Table S1) were used to constrain the PEM model, reducing the residence time 460 

distribution to a function only of mean residence time (τ). For each well, τ was first estimated by 461 

maximizing agreement between simulated and measured inert age tracer activities (39Ar or 85K). 462 

Next, using inter-tracer constrained PEM model was used to simulate 14C activity and Γ was 463 

optimized to minimize disagreement between measured and simulated 14C activities. Because all 464 

deep wells were 3H free (indicating predominance of pre-1950s water), it was assumed that DIC 465 

was invariable across the age mixture for each well. Finally, Γ values were compared with τ and 466 

pH, indicating a consistent shift towards lower Γ with increasing τ and pH. Appendix S1 provides 467 

additional details on lumped parameter modeling.  468 

 469 

Carbonate dissolution model: 470 

The idealized inorganic carbon model used in this study solves for 14C activity and δ13C of DIC 471 

and for concentrations of CO2(aq), CO3
-, and HCO3

-, pH, and Me2+ (where Me2+ = Mg2+ + Ca2+) as 472 

a function of system openness, f, based on prescribed values of soil pCO2, soil and carbonate 473 

mineral 14C and δ13C, and temperature. CO2 solubility, reaction constants, and carbon equilibrium 474 

isotopic fractionation factors were prescribed based on literature values (22). The model solves for 475 

system parameters at three conceptual stages: (1) dissolution of CO2 before carbonate dissolution 476 

occurs, (2) progressive carbonate dissolution under open-system conditions until the point of 477 

isolation of groundwater from overlying soil CO2, and (3) subsequent carbonate dissolution in the 478 

saturated zone under closed-system conditions. The model assumes equilibrium between DIC 479 

species at each stage and isotopic equilibrium between soil CO2 and DIC for stages (1) and (2). 480 

Appendix S2 provides additional details on the idealized carbonate dissolution model, including 481 

example simulations under varying conditions. 482 

 483 
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FIGURE LEGENDS 698 

 699 

Figure 1. SJV groundwater 14C activity (a) increases as a function of DIC and Mg2+ + Ca2+ 700 

concentrations, and (b) decreases with pH, such that tritiated samples (3H activity > 1 TU) tend to 701 

have pH lower than 7.5 and 14C greater than 100 pmc, while (c) shows no coherent relationship 702 

with δ13C. Note the linear and log scales of color bars in (a) and (b), respectively. (Note: DIC data 703 

are unavailable for well 180-4). The gray arrows indicate the conventional expected direction of 704 

change for each variable shown in these panels due to closed-system carbonate dissolution, which 705 

is clearly inconsistent with the data in (a) and (c).  706 

 707 

Figure 2. Multiple tracer age comparison for Well 180-1. (a) Initial groundwater 14C activity 708 

histories for differing 14C dilution factors (Γ, Eq. 1) values are convolved with (b) a modeled 709 

distribution of groundwater ages, constrained by 39Ar, to (c) simulate tracer activities for direct 710 

comparison with measurements. Tracer activities are shown in units of pmc, pmAr, dpm cc-1, and 711 

TU for 14C, 39Ar, 85Kr, and 3H, respectively. Open and closed circles show simulated 14C 712 

activities associated with atmospheric (Γ=1) and sub-atmospheric (Γ<1) 14C0, respectively.   713 

 714 

Figure 3. Measured groundwater 14C activity and modeled 14C activity curves, versus pH (or 715 

CO2(aq)/DIC) for a soil pCO2 of 21000 μatm. Most tritiated samples (<50 years mean recharge age) 716 

fall on the modeled curve for high values of f (>0.5) and an initial 14C of mean modern atmospheric 717 
14C (120 pmc). Most 3H-free samples fall onto or below the modeled curve, indicating greater 718 

degrees of closed-system equilibration and contributions from radioactive decay. Tritiated samples 719 

with high DIC and low pH are interpreted to result from modern open-system equilibrium at higher 720 

soil pCO2. 721 

 722 

Figure 4. Illustration of hypothesized shift from natural carbonate dissolution (left panel) within 723 

the saturated zone (predominantly closed-system DIC exchange) to modern conditions where 724 

agricultural-lime influenced dissolution leads to predominantly open-system DIC exchange (right 725 

panel) through the vadose zone. In both panels, red arrows indicate the flux of soil CO2 to 726 

groundwater DIC, gray arrows indicate the flux of carbonate dissolution (natural or anthropogenic) 727 

to the DIC pool, and the dashed arrows indicate the direction(s) of isotope exchange. Under closed 728 

system conditions, there is no isotopic exchange between DIC and soil CO2 during carbonate 729 

dissolution, hence this arrow is unidirectional on the left, but bidirectional on the right. Dots on 730 

the right panel represent finely ground agricultural carbonate particles that dissolve throughout the 731 

unsaturated zone and at the water table in the presence of CO2. 732 
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