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Abstract Karst aquifers are a vital groundwater resource globally, but features such as rapid recharge and
conduit flow make them highly vulnerable to land-surface contamination. We apply environmental age tracers
to the south-central Texas Edwards aquifer, a karst resource in a rapidly urbanizing and drought-prone region, to
assess vulnerability to land-surface contamination and risks unique to karst aquifers. We show that vulnerability
of Edwards aquifer groundwater follows similar spatial and depth patterns common to porous-media type
aquifers, despite complicated karst hydrogeologic features. Shallow and unconfined parts are more vulnerable
to land-surface contamination than the deeper and confined parts, although even the oldest groundwater

is mixed with some recent recharge. When modeled age-tracer results are coupled with other independent
geochemical tracers of water-rock interaction specific to karst settings, they can yield insight into residence time
and associated vulnerability.

Plain Language Summary Understanding groundwater contamination risks is crucial for resource
management. Karst aquifers—formed by the dissolution of soluble rocks such as limestone—supply as much
as a quarter of the world's drinking water. Karst aquifers are highly complex and vulnerable to contamination
by human activities. Groundwater age provides direct insight into the vulnerability of groundwater to
contamination. Here we use groundwater ages (ranging from 4 to 16,900 years) and other geochemical tracers
for the Edwards aquifer, a critical karst resource in Texas in a rapidly urbanizing and climatically sensitive area,
to assess vulnerability to contamination, with implications for karst aquifers globally. This approach provides
new insights not independently possible from hydrogeologic characteristics or age tracers.

1. Introduction

Understanding the vulnerability of water resources to contamination—anthropogenic or geogenic—is requisite
for resource assessment and management. Groundwater age or residence time—that is, the time since ground-
water recharge occurred—provides a foundation for understanding an aquifer's vulnerability to contamination
(Jasechko et al., 2017) and sustainability for human and ecosystem needs (Ferguson et al., 2020). Karst aquifers
develop in soluble rocks such as carbonates, occur in >140 countries, cover about 15% of the ice-free continental
surface, and supply water for 10%-25% of the global population (Ford & Williams, 2007; Stevanovié, 2019).
Unique karst characteristics—for example, focused recharge, conduit flow, heterogeneity, strong surface water/
groundwater interaction, and high yields—allow little time for contaminant filtration or sorption. Karst aqui-
fers are recognized for their vulnerability to surface-loaded contamination (Hartmann et al., 2021), but their
dynamic and complex hydrogeology makes characterization of vulnerability difficult (Ford & Williams, 2007;
Hess & White, 1988; White, 1988). In addition to hydrologic sensitivity, karst regions are often defined by
ecologic sensitivity (e.g., Humphreys, 2011), both of which might be enhanced in drought-prone or urban growth
areas. The Edwards aquifer in south-central Texas, United States (U.S.), exemplifies these features—a criti-
cal, hydrologically-complex, karst resource in a rapidly urbanizing, drought-prone region. The aquifer is also a
uniquely diverse but endangered ecosystem (Bowles & Arsuffi, 1993).

Groundwater age cannot be directly measured, rather environmental age tracers associated with recharge are
used with analytical models of idealized tracer transport to interpret the age distribution of a sample. Commonly
referred to as lumped parameter models (LPMs), the models provide a distribution of ages that can vary in
shape, resembling a Gaussian or exponential distribution, and can be unimodal or bimodal. When calibrated to
tracer data, the LPMs estimate a sample's mixture of ages and mean age. As tools for estimating groundwater
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age distributions have become more sophisticated and available, they have demonstrated unique value for under-
standing aquifers and quantitatively assessing vulnerability (e.g., Solder et al., 2020). We apply tracer-derived
age metrics to assess vulnerability in a complex karst aquifer. Groundwater samples from 81 wells, analyzed for
a large range of geochemical constituents (including age interpretations for 60 samples), allow for a compre-
hensive aquifer assessment. We compare age interpretations with anthropogenic contamination effects, aquifer
and well characteristics, and independent geochemical tracers of residence time. Results indicate that although
the Edwards aquifer exhibits complex spatial and temporal variability consistent with the complexities of karst,
systematic patterns of age and vulnerability are regionally evident. This context is valuable for assessing other
complex karst aquifers.

2. Karst and the Edwards Aquifer

The karstic Edwards aquifer is highly productive and an important regional resource (Sharp & Banner, 1997); it is
a designated sole-source aquifer that serves >2 million people (Smith et al., 2005; U.S. Environmental Protection
Agency, 2022). Groundwater divides separate the aquifer into segments. We focus on the largest, which includes
San Antonio—the second most populous Texas city; like many karst regions, the area is rapidly urbanizing
(U.S. Census Bureau, 2022), accompanied by potential increases in anthropogenic contaminants (e.g., Mahler &
Massei, 2007; Musgrove et al., 2016).

The aquifer extends in a narrow southwest-northeast band (Figure 1), along which aquifer rocks dip steeply to the
south/southeast. Miocene-age faulting offsets aquifer rocks, forming the confined and unconfined zones (Maclay
& Small, 1983); aquifer units are progressively deeper downdip. The aquifer is highly transmissive with flow
focused in permeable units; regional flow is complex and controlled by faulting (Lindgren et al., 2004; Maclay
& Small, 1983). Downdip the aquifer rapidly transitions to saline groundwater (Schultz, 1994). Watersheds of
upland streams that flow to the south and east define the contributing zone. Streamflow losses across the recharge
zone provide most recharge, with natural discharge at large springs (Lindgren et al., 2004). Annual rainfall is
highly variable and the region is drought prone (Griffiths & Strauss, 1985).

3. Methods
3.1. Sampling and Analysis

Groundwater samples were collected from 81 sites during 2017-2018 and analyzed for a range of organic and
inorganic constituents, including environmental age tracers. Sampling, analysis, and quality-control are described
in Kingsbury et al. (2021) and Musgrove et al. (2023). Data are provided in a companion data release (Musgrove
et al., 2023).

Samples, grouped by well networks, were collected once from 32 public-supply wells (PSWs), 19 domestic
supply wells (including three production wells), and 30 observation (monitoring) wells (MWs). Most PSWs were
in the aquifer's downdip confined zone, whereas most domestic wells were in the unconfined recharge zone. MWs
were in the unconfined zone in urbanized northern San Antonio.

Analysis included nonparametric statistics and land-use characterization. Statistical results with p < 0.05 were
considered significant (only p < 0.05 results are reported). Land use was characterized by 500-m buffers for sites
(2012 data; Falcone, 2015), assigning a dominant (>50%) category (natural, urban, agricultural, or mixed).

3.2. Environmental Age Tracers

A suite of age tracers (tritium [*H], carbon-14 [*C], sulfur hexafluoride [SF], dissolved and noble gases, and

tritiogenic helium-3 [*He,, ]) were analyzed for most PSWs and domestic wells and a subset (n = 10) of MWs
(®*H was collected at all wells). Age distributions for each sample were determined by fitting tracer concentra-
tions to an LPM using the TracerLPM computer program (Jurgens et al., 2012). See Figure S1 in Supporting
Information S1, for common groundwater age distributions. Inverse modeling was guided by preliminary clas-
sification based on *H concentrations (Lindsey et al., 2019): Modern groundwater is almost wholly recharged
after 1953; PreModern groundwater is almost wholly recharged before 1953 and may be thousands of years old;

Mixed groundwater contains substantial portions of both Modern and PreModern water. Model concentrations of
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Figure 1. The Edwards aquifer's San Antonio segment: (a) sample locations by well type and mean groundwater ages (Ashworth & Hopkins, 1995; Texas Water
Development Board, 2007). (b). Schematic north-northwest to south-southeast aquifer cross section and conceptual model. Modified from Musgrove et al. (2014).

tracers, which can account for effects of dispersion and mixing, are computed by convolution of the LPMs with
observed atmospheric tracer histories (Jurgens et al., 2012). A sample's age distribution is computed by varying
the mean age and (or) fraction of Modern water until the difference between modeled and measured concentra-
tions for all tracers is minimized. Inverse modeling was aided by graphs of tracer concentrations in relation to
wiv and *He, )

were corrected for contributions resulting from solubility equilibrium, excess air, gas fractionation, and terrigenic

LPM output to identify potential models and age ranges. As input to LPMs, gas tracers (SF, *He

helium by using the DGMETA program (Jurgens et al., 2020). “C concentrations were corrected for dilution by
carbonate minerals by scaling the atmospheric '*C input to match the '“C content of Modern groundwater. Each
tracer has associated uncertainties; thus, inclusion of multiple tracers often improves age models. Not all tracers
were interpreted for all samples because of analytical limitations or suitability of results. Final LPM selections
were based on model fit and conceptual reasonability and are detailed in Musgrove et al. (2023). A dispersion
model (DM) or 2-component mixture (binary-mixing-model [BMM]) of Modern water and an older component
where each is described by a DM (BMM-DM-DM) (Jurgens et al., 2012) consistently provided the most realistic
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Figure 2. Composite (a—d) and cumulative (e-h) age distributions for Edwards aquifer groundwater. Groupings are: all samples; confined or unconfined zone; well
depth—shallow (<92 m), medium (92-305 m), deep (>305 m); well type. Composite age distributions are the average of individual age distributions (assuming equal

weighting of individual samples).

LPMs. For BMMs, LPMs estimate ages for a Modern (young) fraction and older component, as well as the
proportion of the young fraction.

4. Results and Discussion
4.1. Groundwater Age Distributions as Indicators of Vulnerability

Modeled age-tracer results quantify several metrics—the age distribution, mean age, and Modern fraction—that
collectively quantify an aquifer's vulnerability to contamination. Modern groundwater is subject to rapid changes
in water quality from anthropogenic contaminants and similarly can rapidly return to background concentrations
if contaminant sources are eliminated. In contrast, PreModern groundwater is more likely subject to geogenic
contamination. In actual fact, any sample is not a single age, but a mixture—composed of water recharging at
different times and places (Jurgens et al., 2012). These complexities are especially important for karst because
of the contrasting nature of conduit and matrix porosity, each likely representing water of different ages (Long
& Putnam, 2006; Plummer & Busenberg, 2005). The mean age is useful for understanding vulnerability and for
evaluating spatial patterns (Figure 1); the full age distribution provides a more complete representation of mixing,
age, and associated vulnerabilities (Figure 2; also see Figure S2 in Supporting Information S1).

Edwards aquifer groundwater mean ages varied from 4 to 16,900 years (Figure 1). Consistent with prelimi-
nary *H characterizations (Lindsey et al., 2019), samples were predominantly Modern (78%), with a lesser
amount of Mixed (22%), and no PreModern groundwater. The median age was 20 years (n = 60). The fraction of
Modern groundwater in Mixed samples ranged from 0.11 to 0.89. Thus, even the oldest groundwater contained
a substantive fraction of recent recharge. The oldest PreModern fraction in Mixed samples was 23,500 years.
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Figure 3. Relations between mean groundwater age and anthropogenic
contaminants: (a) number of detected pesticide compounds, (b) nitrate
concentration, and (c) well depth. Samples are further distinguished by well
type, aquifer setting, Mixed age, and wells characterized by urban land use.

Edwards aquifer vulnerability can be evaluated regionally by aggregating age
distributions for individual samples into composite distributions for different
depth categories, confinement, and well type (Figure 2). The age distribution
(individually or aggregated), represents the range of ages as the fractional
contribution for every year of recharge. Generally, a narrow distribution reflects
little dispersion or mixing, suggesting a rapid response to contaminant loading
in recharge. A broader and shorter distribution is consistent with more disper-
sion and mixing, resulting in a larger age range, suggesting a slower response
to changes in contaminant loading. A bimodal or multi-modal distribution
indicates mixing of groundwater of disparate ages. A bimodal distinction
between quick (conduit) and slow (diffuse) flow is characteristic of karst aqui-
fers (Jurgens et al., 2022; White, 1988). These mixtures can arise in wells that
draw flow through both conduits and diffuse flow paths. As previously demon-
strated for the Edwards aquifer (e.g., Mahler & Massei, 2007), conduit and
diffuse flow are typically composed of recent and older recharge, respectively.

Composited age distributions are relatively wide, encompassing a range
of ages that tend toward a bimodal distribution (Figure 2). Considering all
results, the largest age fraction is centered around 10 years, with a second-
ary grouping around 30 years (Figure 2a). The cumulative age distribu-
tion represents the fraction younger/older than a given age and provides a
complimentary visualization tool with additional insight into aquifer vulner-
ability (Figure 2e) and for comparisons among selected groups of wells
(Figures 2f-2h). The cumulative fraction for all results (Figure 2¢) indicates
that only about 20% of the groundwater is <10 years of age, though the trend-
line rises steeply between 10 and 40 years, with about 85% of the groundwa-
ter younger than 40 years.

In the Edwards aquifer, young, Modern groundwater is a necessary but
insufficient condition to fully explain contaminant occurrence. We examine
common anthropogenic contaminants of concern for groundwater supply:
(a) organic contaminants, expressed by the number of detected pesticide
compounds, and (b) nutrients, expressed by the concentration of nitrogen
(N), specifically as nitrate (NO5 N; hereafter NO3). Underscoring concern for
these contaminants in the Edwards aquifer, at least one pesticide compound
occurred at a concentration exceeding detection levels in 60% of samples and
NO; exceeded the estimated groundwater national background concentration
(1 mg/L) (Dubrovsky et al., 2010) in >80% of samples. Although both tend
to be greater in Modern groundwater (Figure 3), the relations are not statisti-
cally significant for mean age or the Modern fraction (NOj inversely corre-
lates with the PreModern fraction) (Table S1 in Supporting Information S1).
These results indicate that whereas age is indicative of the intrinsic vulner-
ability of groundwater to contaminants, additional factors, such as land use
or proximity to contaminant sources, also control impacts on groundwater.
Such controls are evidenced for the Edwards aquifer, where both the number
of detected pesticide compounds and NOj concentrations correlate with the
fraction of urban land use (Spearman's tho = 0.60 and 0.41 respectively).
Wells with greater detected pesticide compounds and NO5 concentrations are
predominantly characterized as urban (Figures 3a and 3b).

A lack of PreModern groundwater indicates that geogenic contamination is
unlikely (Jurgens et al., 2022) and no trace-metal concentrations approached
human-health benchmarks (some correlated with age, Table S1 in Supporting
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Information S1). Geogenic contaminants often occur with changes in pH and redox (e.g., Degnan et al., 2020).
In karst, pH tends to be buffered by the lithology (median groundwater pH was 7.0). Samples were mostly (98%)
oxic (dissolved oxygen >0.5 mg/L), so redox effects are unlikely. Because the oldest groundwater occurs near the
freshwater/saline-water interface (Figure 1), higher concentrations of some constituents might also occur due to
mixing and reaction downdip (Musgrove et al., 2019; Oetting et al., 1996).

4.2. Influence of Regional Hydrology and Well Characteristics

Groundwater age in carbonate aquifers varies systematically as a function of climate and degree of confinement
(Jurgens et al., 2022). Aquifer hydrology and well characteristics across the Edwards aquifer influence age metrics
and geochemistry. Groundwater age demonstrates consistent regional variability—mean ages generally increase
downdip, where the aquifer is confined and deeper in the subsurface due to faulting, and flow paths are typically
longer (Figure 1). The oldest ages (>1,000 years; n = 7) are primarily downdip near the freshwater/saline-water
transition. The median age for the unconfined zone (n = 28) was 15 years, whereas the confined zone was
39 years (and significantly different based on a Mann-Whitney U test comparison).

Groundwater age varied consistently with well characteristics. Age increased with well depth (Figure 3c) (Table
S1 in Supporting Information S1). Older ages associated with groundwater from deeper wells is an expected rela-
tion in porous-media aquifers, where recharge cycles push earlier recharge to deeper depths. Heterogeneous and
preferential flow in karst should complicate this relation, with recharge and age patterns reflecting fracture and
conduit flow paths rather than traditional age-depth relations. Whereas individual anomalies might be indicative
of preferential flow paths or geologic complexities associated with faulting, age and well depth were regionally
correlated. Age also varied systematically with well type (Figure 3), which likely partially reflects the sampled
well networks, but also their relation with aquifer confinement and depth. Sampled MWs comprise a network of
relatively shallow water-table wells in the unconfined/recharge zone. The median age of groundwater from MWs
and domestic wells (also primarily unconfined) were similar (15 and 14 years, respectively), but maximum ages
reached 22 years for MWs and 9,380 years for domestic wells. PSWs, >80% of which are in the confined aquifer,
produce older groundwater, with a median age of 31 years. The oldest groundwater (>1,000 years) is mostly
from confined PSWs, which in the Edwards aquifer are typically constructed with large open intervals allowing
for mixing of waters from a range of depths and ages in the wellbore (although previous studies indicate that the
aquifer is vertically well mixed (Musgrove et al., 2014)); thus, PSW samples are likely to yield relatively old ages,
reflecting longer flow paths.

Age distributions for selected well groups—by aquifer confinement, well depth, and well type—further illustrate
the influence of regional hydrology and well characteristics (Figures 2b—2d and 2f-2g). As with the regional
aquifer (Figures 2a and 2e), age distributions for well groups are characterized by a dominant ~10-year-age
fraction (in the unconfined aquifer, shallow wells, MWs and domestic wells) and a shift toward a second, older
~30-year-age fraction. The relative importance of the older fraction is most apparent in the confined aquifer, deep
wells, and PSWs (Figures 2b—2d); it is dominant in the deep wells (Figure 2c). Nonetheless, even deep, confined
PSW groundwater has a distinct ~10-year age fraction, reinforcing the vulnerability of the regional aquifer to
contaminants in recent recharge even for the oldest groundwater. Cumulative age distributions further illustrate
this vulnerability (Figures 2e—2h). Well groups (Figures 2f-2h) show similar cumulative distribution patterns
as the regional aquifer (Figure 2e), with a rapid rise in the trendline beyond a few years of age. The onset of the
rise, however, shifts to the right (older), and the fraction accounted for within a few decades of age decreases for
confined and deeper wells and PSWs. Nonetheless, even in the deep wells, most (~65%) of the groundwater is
accounted for by ages <40 years.

In karst aquifers, heterogenous flow through conduits and diffuse matrices produce a large range of flow veloc-
ities and travel distances that results in complex hydrology over a variety of spatial scales. Whereas regional
patterns are useful for understanding holistic aquifer vulnerability and processes, anomalies are also instructive.
The vulnerability of individual wells to contamination might be affected by specific or preferential flow paths
or localized sources. For example, a domestic well in Medina County with a mean groundwater age of 269 years
might be thought largely buffered from anthropogenic effects yet the NO; concentration was 11.5 mg/L (the
highest measured), far exceeding the median concentration (1.9 mg/L) and indicating a local contaminant source
is likely. This well also exemplifies the vulnerability associated with Mixed groundwater; with a modeled young
fraction of 8 years comprising 47% of the sample, the mean age alone belies the potential vulnerability to contam-
ination in recent recharge.
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4.3. Groundwater Age and Geochemical Tracers of Water-Rock Interaction

We explore the relation of modeled age with independent water-rock interaction tracers that provide insight into
processes along aquifer flow paths and can be indicative of groundwater residence time; this is especially likely in
karst given the host-rock mineralogy and solubility. Previous studies in carbonate aquifers have described tracers
of progressive mineral-solution reactions and groundwater evolution that vary systematically with increased resi-
dence time over multiple time scales (e.g., by processes of mineral dissolution, calcite recrystallization, incongru-
ent dolomite dissolution, and prior precipitation of calcite along flow paths). A comparison of these independent
tracers, though largely qualitative in nature with respect to residence time, with mean ages, yields relations that
reflect both aquifer processes and vulnerability (Figure 4).

Carbon constituents (i.e., dissolved organic carbon [DOC] and carbon isotopes [8'3C]) vary systematically with
age; mean age correlates with §'°C values and inversely with DOC (Spearman's rho = 0.69 and —0.66, respec-
tively) (Figures 4a and 4b). The highest DOC concentrations were in Modern, unconfined groundwater, reflecting
organic carbon input with recharge (Bakalowicz, 2003). Decreases in DOC along aquifer flow paths by ecolog-
ical metabolism is a recognized process (e.g., Baker et al., 2000), although the kinetics of DOC attenuation are
relatively rapid (Chapelle et al., 2016). These processes are reflected in the Edwards aquifer, where the DOC
distribution is largely bimodal. In older groundwater, DOC concentrations are low (at or near detection), indicat-
ing that DOC provides insight into recent recharge and active flow paths in the youngest part of the aquifer (e.g.,
Shen et al., 2015), but is less telling of vulnerability across the large range of ages observed in the Edwards aqui-
fer. In aquifers dominated by young groundwater, DOC would likely provide a useful indicator of vulnerability
associated with recent recharge. In contrast, §'3C values vary more systematically over the full age range; more
enriched values trend toward those of the Edwards marine limestone (median of 0.6%o; (Deike, 1991)) and reflect
progressive water-rock interaction and carbonate dissolution (Florea, 2013; Katz & Bullen, 1996).

Mg/Ca and Sr/Ca ratios in carbonate aquifers generally increase with longer residence time (e.g., Musgrove &
Banner, 2004; Plummer, 1977) and, along with dolomite saturation indices (SIs), correlate with mean age (Spear-
man's R = 0.29, 0.56, and 0.26, respectively) (Figures 4c—4e). It is likely that relatively invariant Mg/Ca values
and dolomite SIs for younger groundwater (around ages <25 years) contribute to their weaker correlation. These
tracers are more strongly correlated with the PreModern fraction of Mixed samples (Spearman's R = 0.69, 0.71,
and 0.64, respectively) (Table S1 in Supporting Information S1), indicating their utility over a larger age range in
which water-rock interaction processes have progressed along longer flow paths.

Sr isotopes (¥7Sr/%%Sr) are tracers of geochemical evolution, weathering, and mixing (Banner, 2004; Dogramaci
& Herczeg, 2002; Shand et al., 2009) and trend toward aquifer rock values with increased water-rock interaction
(Banner et al., 1994). Edwards aquifer 8’Sr/%6Sr values are significantly different between the unconfined and
confined zone but do not correlate with age (Figure 4f), although they correlate (inversely) with Mg/Ca and
Sr/Ca ratios, dolomite SIs, and well depth (Spearman's R = —0.73, —0.79, —0.65, and —0.47, respectively).
Like DOC, ¥'Sr/%Sr values are somewhat bimodal. Relatively young (i.e., <25 years) unconfined ground-
water has a large range, likely reflecting differences in recharge sources, mixing, or conduit and diffuse flow
paths. Conversely, older groundwater lies within a narrower range (around 0.7078 and 0.7079) similar to the
Cretaceous-age aquifer rocks (Kopenick et al., 1985). These lower 87Sr/®Sr values reflect the dominance of
progressive chemical interaction of groundwater with the aquifer rocks, whose influence on regional groundwater
chemistry is well documented (Musgrove & Banner, 2004; Oetting et al., 1996; Wong et al., 2012).

The hydrologic variability that controls groundwater age is consistently expressed among the various tracers.
Along with mean age, all of these tracers are significantly different (based on Mann-Whitney U comparisons)
between the aquifer's unconfined and confined zones, and between shallow MWs and deeper PSWs. Such tracers,
ideally in combination, can provide insight into aquifer vulnerability as well as an improved understanding of
karst processes. Variable tracers are likely better suited to assess different age ranges (e.g., DOC for more recent
recharge; Mg/Ca, Sr/Ca, dolomite Sls for older PreModern water) reflecting controlling geochemical processes
and the hydrologic setting of different karst aquifers.

5. Conclusions

Groundwater age-tracer distributions provide insight into the vulnerability of groundwater to land-surface
contamination. Modeled ages increased downdip with well depth regionally in the hydrologically complex,
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Figure 4. Relations between mean groundwater age and independent geochemical tracers. Samples are further distinguished by well type and aquifer setting.
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karstic, Edwards aquifer, in a similar pattern to that expected in porous-media aquifers—a relation that should be
considered when assessing vulnerability in other karst aquifers. While Modern groundwater is most vulnerable
to anthropogenic contamination, older water with a mean age of hundreds or thousands of years remains vulner-
able due to mixing with Modern recharge. These results are consistent with the aquifer's hydrogeology, recharge
dynamics, and regional flow paths, indicating that the unconfined and shallow part of the aquifer contains the
youngest, most vulnerable groundwater, while illustrating that the entire aquifer is potentially vulnerable to
anthropogenic contamination in recent recharge. We compare groundwater ages with independent tracers of resi-
dence time with specific utility in karst aquifers. Although age tracers are requisite for a quantitative assessment
of vulnerability, other tracers have potential to yield proxies for groundwater residence time and to provide insight
into associated vulnerability in karst aquifers.
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