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Groundwater pollution threatens human and ecosystem health in
many regions around the globe. Fast flow to the groundwater
through focused recharge is known to transmit short-lived pollut-
ants into carbonate aquifers, endangering the quality of groundwa-
ters where one quarter of the world’s population lives. However,
the large-scale impact of such focused recharge on groundwater
quality remains poorly understood. Here, we apply a continental-
scale model to quantify the risk of groundwater contamination by
degradable pollutants through focused recharge in the carbonate
rock regions of Europe, North Africa, and the Middle East. We show
that focused recharge is the primary reason for widespread rapid
transport of contaminants to the groundwater. Where it occurs, the
concentration of pollutants in groundwater recharge that have not
yet degraded increases from <1% to around 20 to 50% of their
concentrations during infiltration. Assuming realistic application
rates, our simulations show that degradable pollutants like glyph-
osate can exceed their permissible concentrations by 3 to 19 times
when reaching the groundwater. Our results are supported by in-
dependent estimates of young water fractions at 78 carbonate rock
springs over Europe and a dataset of observed glyphosate concen-
trations in the groundwater. They imply that in times of continuing
and increasing industrial and agricultural productivity, focused re-
charge may result in an underestimated and widespread risk to us-
able groundwater volumes.

groundwater | recharge | contamination

Clean water is essential for nature and society (1), but pollution
can reduce available drinking water and threaten ecosystem

services (2). Large-scale studies on water security so far have
mainly focused on water quantity rather than water quality (3).
Local-scale studies have shown that focused recharge is a dominant
driver of groundwater pollution in carbonate rock regions (4, 5).
Chemical weathering of carbonate rock (in this context, often re-
ferred to as karstification) results in karst environments with en-
hanced porosity and permeability (6, 7). Depending on the strength
of karstification, this can substantially increase the potential for
focused recharge (8). Fast flow through fractures and macropores in
the soil can mobilize pollutants, even though some have been

considered “nonleachable” owing to their strong adsorption onto
colloids and sediment surfaces in the soil or due to fast degradation
times (9). Consequently, in addition to the dangers of more persistent
pollutants like nitrate (10), focused recharge may cause unexpected
groundwater quality deterioration in regions where agriculture relies
on degradable fertilizers and pesticides (11, 12). Although agriculture
occupies around 40% of ice-free lands (13), as of yet, there are no
continental-scale assessments of the impact of focused recharge and
degradable pollutants on groundwater quality.
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This work estimates the risk of groundwater contamination by
the rapid transport of short-lived pollutants to the groundwater
through focused recharge in karst terrane. We do this by com-
paring the travel times of water from the surface to the subsur-
face with the degradation times of typical degradable pollutants.
Our research domain is the carbonate rock regions of Europe,
North Africa, and the Middle East, collectively home to around
half a billion people and provider of up to half of the national
water supplies in these regions (14). Globally, 10 to 25% of the
world’s population are estimated to largely or entirely depend on
groundwater from carbonate rock aquifers (15, 16). In carbonate
rock regions, focused recharge occurs as fast flow from the sur-
face to the groundwater via localized infiltration from local de-
pressions into enlarged cracks or fissures (17). During rainfall
events, this characteristic of karstified carbonate rock allows
large volumes of water to enter the subsurface (14, 18) and can
transport surface-borne pollutants—dissolved or attached to
suspended sediments—to the groundwater over short time scales
(i.e., within days or weeks) (19, 20). We define the rapid recharge
fractions that correspond to these short time scales as the volu-
metric fractions of recharge that reach the groundwater within
predefined transit times. We derive the rapid recharge fractions
by simulating transit time distributions with a state-of-the-art
continental model (18, 21) that accounts for focused recharge
processes in carbonate rock regions. For analysis, our simulation
domain is divided into four regions: humid, mountains, Medi-
terranean, and deserts (see model description in Materials
and Methods).
In this study, we define the risk of groundwater contamination by

the probability of different short-lived pollutants reaching the
groundwater before degradation (i.e., the probability of degradation
times exceeding the transport time to the groundwater). We simulate
rapid recharge fractions with different transit times using the half-
lives and survival times of degradable pollutants derived at field
conditions in the soil (pH: ∼5 to 7, temperature: 5 to 30 °C, un-
saturated/aerobic conditions, no photo-degradation). They range
from half-lives and survival times of 5 d, representing immediate
transfer after rainfall events, to 90 d, representing transfer within the
same season (SI Appendix, Table S4). To elaborate on our findings,
we focus on three example pollutants, a veterinary pharmaceutical
common in manure [Salinomycin, 10 d half-lives (11)], a degradable
pesticide [glyphosate, 25 d half-lives (22)], and a common pathogen
[Escherichia coli, 60 d survival time (12)]. We quantify the influence
of focused recharge processes on fast transit to the groundwater by
repeating the simulations with only diffuse recharge considered (see
model description in Materials and Methods), which is how presently
available large-scale models represent groundwater recharge (14).
To explore the impact of climate, we compare simulated rapid re-
charge fractions with climate descriptors such as mean annual pre-
cipitation and temperature, aridity index (defined here as long-term
ratio of precipitation to potential evapotranspiration), mean annual
number of rainfall events, and mean annual duration of snow cover.
We evaluate the consistency of our model with independently de-
rived young water fractions—the fraction of water less than 60 to
90 d old (23, 24)—corrected for precipitation seasonality (25) at the
most reliable 78 out of 119 carbonate rock springs datasets (26)
across our simulation domain (see simulation of transit times in
Materials and Methods) and with a dataset of >2,500 groundwater
samples that were analyzed for glyphosate abundance and concen-
tration inside and outside the karst regions of the United States
(27, 28).

Results
Continental-Scale Estimation of Rapid Recharge Fractions. Our sim-
ulations indicate that the share of focused recharge that transits to
the groundwater within one season (90 d, Fig. 1A) is up to 77 ±
14% in the Mediterranean, 50 ± 17% in the mountain regions,
46 ± 11% in the desert regions, and 41 ± 11% in the humid

regions. Our comparison of the simulated rapid recharge fractions
with the observed young water fractions from the carbonate rock
springs shows significant correlation (r = 0.83, P ≤ 0.001), though
with some tendency to overestimate young water fractions for some
springs in humid and mountain regions where estimated young
water fractions are low. This overestimation may be attributed to
further reductions of the young water fractions during lateral
transport of groundwater to the springs, which is not considered in
the model. Where young water fractions are large, overestimations
reduce, as the impact of lateral transport is less pronounced. Using
a transit time of 60 d to derive the rapid recharge fractions, this
overestimation reduces and is replaced by an underestimation of
high young water fractions in the Mediterranean region (r = 0.79,
P ≤ 0.001, SI Appendix, Fig. S5). The overall high correlation in-
dicates realistic model behavior and shows that the 60 to 90 d
old young water fractions of the carbonate rock springs are most
precisely simulated in the ranges larger than ∼50% when using the
90 d transit time to derive the rapid recharge fractions, while the
60 d transit time provides better estimates for lower ranges of
the young water fractions. A comparison of young water fractions
with the simulated rapid recharge fractions obtained by considering
diffuse recharge only resulted in substantial underestimations by
the model for both the 60 and 90 d transit times (SI Appendix, Figs.
S3 and S4).

Factors Controlling Rapid Transit to the Groundwater. Focused re-
charge is the most important driver for the rapid transit of water
from the land surface to groundwater. We use our simulation
model to quantify the impact of focused recharge and climate on
the abundance and strength of rapid transport of pollutants to the
groundwater. When considering only diffuse recharge in our
model, we find substantially reduced rapid recharge fractions
(Mediterranean: 1 ± 2%; mountain: 4 ± 9%; desert: 0 ± 0.2%;
humid: 0 ± 0.7% of rapid recharge compared to total recharge),
indicating that focused recharge is the dominant mechanism for
rapid transit to groundwater (Fig. 2). Including focused recharge in
our simulations, we find that rapid recharge fractions most strongly
correlate with the aridity index for both Mediterranean and desert
regions (Fig. 2 and SI Appendix, Fig. S6 and Table S1). The second
strongest correlation is between the rapid recharge fractions and
the average number of rainfall events per year as well as mean
annual precipitation, both closely correlated with the aridity index
(r = 0.65 and r = 0.94, both P ≤ 0.001, for the Mediterranean and
desert regions, respectively). Duration of snow cover and high-
intensity events show weak correlations to the rapid recharge
fractions for both regions, while a negative correlation with mod-
erate strength (r = −0.43, P ≤ 0.001) prevails between temperature
and the rapid recharge fractions in the Mediterranean region. In
humid and mountain regions, we find the strongest correlations of
rapid recharge fractions with mean annual temperature and aver-
age months with snow cover (0.44 ≤ r ≤ 0.51 and −0.39 ≤
r ≤ −0.35, respectively). A moderate correlation exists with the
high-intensity events at both regions too (0.31 ≤ r ≤ 0.32, P ≤
0.001). Aridity index and mean annual precipitation show weak
correlation to the rapid recharge fractions for both regions.
Our simulations indicate that wetness, expressed by increasing

values of the aridity index, mean annual precipitation, and mean
annual number of rainfall events, are important secondary con-
trols for the strength of rapid recharge fractions in the carbonate
rock areas of the Mediterranean and the desert regions. This
finding agrees with local studies that have already shown that
limited soil storage capacities (29) and the formation of desicca-
tion cracks and stormy periods favor fast infiltration (30, 31). High
rainfall intensities, which tend to correlate with increased recharge
(32), do not correlate strongly with the rapid recharge fractions;
the weak relationship between rainfall intensity and rapid recharge
may be due to our use of gridded rainfall inputs (33) that spatially
averages local high-intensity rainfall events over a 0.25° × 0.25°
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grid. While the weak correlations to the duration of snow cover can
easily be explained by the lack of substantial snow storage in the
Mediterranean and desert regions, the negative correlation with
temperature indicates that rapid recharge fractions are reduced by
larger losses of infiltrating rainfall to evapotranspiration (14). The
positive correlation with the average number of snow months for
the humid and mountain regions indicate a reduction of fast re-
charge through snow storage that may cause a longer delay before
the precipitation signal is transmitted to the hydrological system
(34). A strong negative correlation between mean annual temper-
ature and average months of snow cover in humid and mountain

regions (−0.73 ≤ r ≤ −0.69, P ≤ 0.001) demonstrates the influence
of temperature on rapid recharge fractions.
Similar results for the four regions are obtained when using 60 d

transit times to define the rapid recharge fractions (SI Appendix,
Fig. S7 and Table S2). Using 25 d transit times, we find a negative
correlation between precipitation and the rapid recharge fractions,
as well as between aridity index and the rapid recharge fractions,
in the humid and mountain regions (−0.60 ≤ r ≤ −0.45, P ≤
0.001). Almost none of the other climate descriptors shows linkage
to the rapid recharge fractions (SI Appendix, Fig. S8 and Table
S3). Precipitation is the main control on the value of the aridity

Fig. 1. The simulated rapid recharge fractions of groundwater recharge (%) across the study domain show the highest values in the Mediterranean. A
comparison with observed young water fractions of carbonate rock springs indicates realistic model behavior. (A) Simulated rapid recharge fractions of
groundwater recharge (≤ 90 d; same map with ≤ 60 d in SI Appendix, Fig. S5). (B) Simulated rapid recharge fractions of groundwater recharge (≤ 90 d)
compared to observed young water fractions of the carbonate rock springs across the simulation domain (no observations in the DES region); whiskers in-
dicate SE of simulations and observations; for more details, see Materials and Methods and data provided in SI Appendix).

Fig. 2. Scatter plots of the strongest and second strongest correlation of rapid recharge fractions (90 d transit time) and climatic descriptors for the humid
(HUM), mountain (MTN), Mediterranean (MED), and desert (DES) regions. Aridity index, the average number of rainfall events, and mean annual precipi-
tation have the strongest control on rapid recharge fractions in the Mediterranean and the desert regions. Gray dots indicate the same relations but with
focused recharge not considered. The same figure including all investigated climate variables (25, 60, and 90 d transit times) can be found in the supplement
(SI Appendix, Figs. S6–S8 and Tables S1–S3).
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index in humid and mountain regions (0.80 ≤ r ≤ 0.91, P ≤ 0.001).
Its negative correlation with the rapid recharge fractions can be
explained by delayed transit through snow storage. A 25 d period
may allow for large volumes of precipitation to accumulate as
snow but can be too short to include the melting of the snow
storage in humid and mountain regions. The Mediterranean re-
gion shows similar correlations of climate descriptors and rapid
recharge fractions for the 60 and 90 d transit times, while the
generally low correlations in the desert region indicate that the
time scales of recharge may just be too long compared to the 25 d
transit time (35).

Quantification of the Risk of Groundwater Contamination. Fast flow
into the groundwater increases the risk of groundwater contami-
nation from pollutants of varying half-lives and survival times,
particularly in the Mediterranean region. Our model calculates
the rapid recharge fractions corresponding to varying pollutants
with half-lives and survival times ranging from 5 to 90 d (Fig. 3). In
order to quantify the influence of focused recharge, we repeat the
same procedure without considering focused recharge (see model
description in Materials and Methods). Averaging over all transit
times, focused recharge increases the rapid recharge fractions by
20.4 ± 10.8% (humid region), 24.7 ± 12.7% (mountain region),
27.7 ± 10.9% (desert region), and 49.5 ± 20.5% (Mediterranean),
compared to averages of 0.01 to 0.76% when focused recharge is
not considered (Fig. 3). Regarding our three example pollutants,
we find that 9.9 ± 8.8% of Salinomycin, 15.5 ± 13.0% of glyph-
osate, and 33.1% ± 21.5% of E. coli remain in groundwater re-
charge over all simulated carbonate regions when focused
recharge is considered (Fig. 3). All three example pollutants show
their largest rapid recharge fractions in the Mediterranean region
where thin soils, or direct outcrop of bare rocks at the surface,
favor rapid fast transit of pollutants to the groundwater.

Using a plausible estimate of 175 mm a−1 recharge over our
entire simulation domain (18), realistic glyphosate application
rates for wheat control of 0.72 to 4.32 kg ha−1 · a−1 (36), and 50%
degradation due to its half-lives of 25 d (22), mean concentrations
of 0.32 0.27 μg l−1 to 1.91 ± 1.61 μg l−1 would still reach
groundwater. These simulations show that the maximum permis-
sible concentration of single pesticides in Europe [0.1 μg l−1 (37),
disregarding metabolites (38)] could be exceeded 3.2 to 19.1 times
if focused recharge occurs. Although no comprehensive datasets
exist in Europe to evaluate these modeled values, our results
correspond well with a national survey conducted in the contigu-
ous United States (27, 28). That study found concentrations of
1.95 ± 1.76 μg l−1in 86 glyphosate detections out of 485 ground-
water samples (SI Appendix, Fig. S9) collected from carbonate
rock aquifers from depths ≤20 m, where less dilution and degra-
dation in the groundwater can be expected. Glyphosate was de-
tected ∼7.7 times more often within carbonate rock regions, and
with median concentrations ∼8.4 times higher compared to non-
carbonate rock regions (0.65 ± 0.75 μg l−1 in 18 detections out of
797 groundwater samples). The large number of nondetections in
both datasets can be explained by further degradation in the
groundwater, mixing with clean water, or sorption or removal (see
Discussion below). However, even when considering all non-
detections with 0 μg l−1, mean concentrations of 0.34 ± 1.04 μg l−1
are found for the 485 groundwater samples taken from carbonate
rock aquifers, which is still within range of our simulated con-
centrations. The nondetections in noncarbonate region results in a
mean of 0.01 ± 0.15 μg l−1 for the entire set of 797 groundwater
samples, which is 23.3 times smaller than the mean concentration
found within the carbonate rock regions. These findings corre-
spond well with the results of local studies in Europe, which show
that glyphosate detections are generally more likely in karst
aquifers in Switzerland (39) and 5.6 times more likely in karst

Fig. 3. Rapid recharge fractions of groundwater recharge for transit times of 5 to 90 d for the four simulated regions in relation to 20 example pollutants
with varying half-lives (SI Appendix, Table S4), and the spatial distribution of the three example pollutants Salinomycin, glyphosate, and E. coli. Solid lines
represent the simulations including focused recharge processes, while dashed lines indicate the rapid recharge fractions that would occur if only diffuse
recharge processes were considered. The simulations are most reliable for transit times between the evaluation with glyphosate observations (25 d) and the
evaluation with the YoungWater Fractions (60 to 90 d). The error of simulated rapid recharge fractions (one SD) due to model parameter uncertainty is 9, 7, 9,
and 14% for the HUM, MTN, MED, and DES regions, respectively. The maps show the spatial distribution of rapid recharge fractions corresponding to the half-
lives and survival times of Salinomycin, glyphosate, and E. coli when focused recharge is considered.
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aquifers compared to fissured nonkarstic aquifers in Ireland (40).
Since there is no reason to assume that glyphosate application
practices differ between carbonate rock and noncarbonate rock
regions, either in Europe nor the United States, this comparison
of observed concentrations, with or without nondetections, further
supports our finding that focused recharge increases the risk of
groundwater contamination.

Discussion
Implications of Potentially Underestimated Contamination. Our car-
bonate rock recharge estimates only consider vertical infiltration
and percolation fluxes. We are aware that infiltrating pollutants
may still experience attenuation in transit to the water supply
system due to the following: 1) long travel times, as well as dis-
persion and diffusion processes, especially in deep groundwater
systems (our model accounts for depths up to ∼30 m); 2) mixing
with infiltrating waters from nonpolluted areas from which no
contaminants originate; 3) mixing with less polluted groundwater
that was recharged before application of the pollutant; 4) sorption
to immobile colloids or sediment surfaces in the soil, or 5) removal
or retardation of the pollutant during lateral groundwater flow
toward a well. While toxicity disappears for most pathogens and
pharmaceuticals after removal (11, 12), pesticides can transform
into metabolites (38). Furthermore, the half-lives or survival times
of all pollutants may strongly vary depending on moisture, tem-
perature, and redox conditions in the unsaturated zone. For all
these reasons, and despite their good agreement with observed
young water fractions and glyphosate concentrations, our results
should be seen as a first-order estimate and worst-case scenarios
for the potential risk of contamination in regions with substantial
subsurface heterogeneity.
Our continental-scale study highlights that the risk of contami-

nation through focused recharge is not limited to individual sites
but relevant across larger scales. Travel times of recharge to the
subsurface can be short and tend to be shorter in more arid cli-
mates. Thus, fast transit of pollutants to the groundwater poses a
significant challenge for water and land use management. The
occurrence and likelihood that a contaminant will exceed local
regulatory limits are dependent on the pollutant considered, the
rate of application, and on permissible concentrations that may
vary widely across different countries. Yet, continuing industrial
agricultural productivity (13) to optimize food production and feed
growing populations (41) will result in increased application of
short-lived pollutants to natural systems. Carbonate rock regions
cover >20% of Europe’s land surface (16) and ∼40% of the
eastern United States (42). While karstified carbonate rocks can be
a valuable source of drinking water (14), we show that increasing
agricultural production and population growth may cause sub-
stantial and pervasive groundwater pollution. This can result in
widespread reduction of available drinking water quality and harm
ecosystem services more intensely than previously available large-
scale models suggest. While local-scale approaches exist to map
and protect areas with increased focused recharge (4), large-scale
water quality models are urgently needed to identify regions of
increased risk of drinking water contamination over larger scales
relevant for water governance (3). Our approach quantifies the risk
of groundwater contamination over an entire continent and em-
phasizes the critical importance of focused groundwater recharge
to attempts to predict groundwater pollution.

Materials and Methods
The Carbonate Rock Recharge Model. The model was developed to simulate
carbonate rock groundwater recharge over Europe, North Africa, and the
Middle East [VarKarst-R (14, 18)]. It simulates terrestrial hydrological processes
on a 0.25° × 0.25° grid and at a daily temporal resolution for a 10 y period from
2002 to 2012. Its structure is based on the physical properties and recharge
dynamics of the soil and epikarst explored and quantified by previous experi-
mental studies (43–45). Its physical realism and simulation performance was

shown by previous applications at the aquifer scale where high observation
densities allowed thorough evaluation (46–48). It includes the spatiotemporal
dynamics of diffuse and focused carbonate rock infiltration due to rainfall and
snowmelt, evapotranspiration, downward percolation from the upper soil layer
to a lower soil epikarst layer (49), and vertical percolation from the epikarst
layer toward the groundwater. The latter corresponds to depths up to ∼30 m
(46), considered in this study as the groundwater depth to which recharge is
added. Previous work shows that the model’s representation of focused re-
charge provides more realistic estimates of groundwater recharge in carbonate
rock regions compared to other large-scale hydrological models (14, 18) be-
cause it assumes that, even within the same hydrological landscape type, there
is a distribution of subsurface properties. This variability is considered through
distribution functions that allow for variable subsurface storage capacities and
vertical hydraulic properties over N horizontally parallel model compartments:

Smax,i = Smax,N( iN)
a

[1]

Ki = K1(N − i + 1
N

)a   , [2]

where Smax,i (mm) is the subsurface storage capacity of model compart-
ment i; Smax,N (mm) is the overall maximum subsurface storage capacity; Ki

(d) describes the vertical hydraulic conductivity of the subsurface storage at
model compartment i; K1 (d) is the subsurface storage constant at model
compartment 1; and a (-) is a dimensionless shape factor that is related to
karstification. In the humid and mountain regions of the modeling domain,
a is set to values that favor epikarst and topography-driven interflow pro-
cesses. In the Mediterranean and desert simulation regions, in combination
with thinner soils and less epikarst development, a values favor localized
surface runoff toward karstified cracks and fissures that form direct flow
paths to the groundwater (see discussion of parameterization in ref. 18).

The N model compartments provide N-simulated time series of ground-
water recharge, representing a range of spatially variable recharge dynamics:
1) slow and diffuse recharge at the model compartments with low hydraulic
conductivities, 2) lateral redistribution of water from compartments with low
hydraulic conductivity to compartments with higher hydraulic conductivity,
and 3) fast and focused recharge at those compartments with higher hydraulic
conductivity toward which laterally redistributed water is focused.

Withinour simulationdomain, themodelparameterswere estimated for four
regions, namely humid, mountains, Mediterranean, and deserts, which were
identified by climatic and topographic information (18). A large sample of initial
model parameter sets (n = 25,000) was created that was iteratively reduced
using prior information [e.g., FAO (29)], latent heat flux observations (50) and
soil moisture observations (51) for the different regions. The remaining model
parameter sets represent the remaining uncertainty of recharge simulations.
Their absolute values indicate decreasing soil storages from the humid and
mountain regions toward the Mediterranean and deserts regions (18).

When considering diffuse recharge only (Figs. 2 and 3), focused recharge
processes are turned off. Instead, infiltrating waters that exceed the vertical
percolation capacity of diffuse recharge leave the system as surface runoff
that does not contribute to groundwater recharge. Such generation of
surface runoff is a typical part of presently available large-scale simulation
models [e.g., PCR-GLOBWB (52)]. That way, only diffuse recharge fluxes are
simulated in the model without the need to introduce new model param-
eters. The karst model with only diffuse recharge processes simulates lower
recharge volumes that are similar to the diffuse recharge–only simulations
of presently available large-scale models (14).

Simulation of Transit Times to the Groundwater. In order to estimate the
simulated rapid recharge fractions corresponding to the half-lives and survival
times of different pollutants, we first derived simulated transit time distribu-
tions from the model’s groundwater recharge simulations using virtual tracer
experiments. For each hydrological year of the N-simulated time series of
groundwater recharge, a virtual tracer is applied to each grid cell’s precipita-
tion. Evaluation of the model with observed artificial tracer breakthrough
curves (48) and transit times (53) at the catchment scale demonstrates that this
representation of transport by mixing assumptions provides a realistic ap-
proximation of advection and dispersion processes in carbonate rock systems.
The time when the simulated recharge reaches 50% of the input concentra-
tion of the tracer is assumed to approximate the mean transit time. By doing
so for N-simulated recharge time series (see above), a distribution of mean
transit times can be derived. Using the evaluated transit time distribution, we
can define transit times that correspond to the half-lives and survival times of
selected pollutants and derive the corresponding fraction of simulated
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groundwater recharge (i.e., the focused and rapid fraction of groundwater
recharge that still contains the selected pollutants).

To evaluate the simulated transit time distributions, we use 119 time series
of observed water isotope dynamics of carbonate rock springs that we col-
lected over the humid, Mediterranean, mountain, and desert regions. As
applied in preceding research (23, 24), we use the ratio of seasonal ampli-
tudes of the water isotope composition of precipitation and spring discharge
to estimate the young water fraction (the fraction of spring discharge that is
less than 60 to 90 d old). Specifically, we fit a cycle via multiple regression
analyses (sinusoidal function) with a frequency of 1 y−1 to capture seasonal
fluctuations in δ18O values. The amplitude of the cycle in carbonate rock
springs was derived by fitting sine functions to the measured isotope com-
position time series for each of the 119 springs. Next, we compared spring
water seasonal cycle amplitudes against the amplitude of the cycle capturing
seasonal variations in precipitation isotope compositions (precipitation iso-
tope amplitudes from ref. 54). The young water fraction is then obtained by
the ratio of the spring water δ18O cycle amplitude and the precipitation δ18O
cycle amplitude (see ref. 23). For realistic estimates, we 1) do not allow
young water fractions <0% and >100%, 2) discard those with a coefficient
of determination of fitted sine curve and observations ≤ 0, and 3) remove
those with more than 2 mo of continuous snow cover, creating substantial
delay before infiltration. This resulted in 78 reliable estimates of young
water fractions for our evaluation.

A preliminary comparison of observed young water fractions of the
nondiscarded springs (78 in total; see SI Appendix, Tables S5 and S6) with the
simulated rapid recharge fractions that are younger than 90 d (derived from
the simulated transit time distributions) shows that the observed young
water fractions have to be corrected for seasonality of rainfall, which is al-
ready known to produce bias in young water fraction estimation (25). In our
dataset, this bias is expressed as a strong correlation of rainfall seasonality
(ratio of average precipitation in July, August, and September, and an av-
erage precipitation in January, February, and March), with the deviation
between simulated rapid recharge fractions and observed young water
fractions (SI Appendix, Fig. S1). We use this correlation to obtain seasonality
corrected estimates of observed young water fractions (Fig. 1B). Uncertainty
of the observed young water fractions is expressed by the combined SEs of
the amplitude estimates of the rainfall and carbonate rock spring isotopic
signals derived by Gaussian error propagation. Uncertainty of the simulated
rapid recharge fractions represents the remaining uncertainty (one SD) after
parameter estimation of the continental recharge model (see above). Since

the observed young water fractions are only defined within a range (60 to
90 d), we repeat the same procedure with a transit time of 60 d to derive the
rapid recharge fractions (SI Appendix, Figs. S2 and S5B).

Derivation of Climatic Controls. To explore the impact of climate on rapid
recharge fractions, we derive different climate descriptors from the daily 10 y
input data of the continental carbonate rock rechargemodel (18): meanannual
precipitation, mean annual temperature, aridity index (defined as mean an-
nual precipitation over potential evapotranspiration), mean annual number of
rainfall events (defined as time periods with ≥ 1 mm of daily rainfall), mean
annual number of months with snow cover, and high-intensity rainfall events
defined by the mean intensity of the upper quartile of rainfall events. We
explore the linkage between these climatic controls and rapid recharge frac-
tions using the 90 d transit time, which corresponds to a seasonal time scale,
because the model evaluation was performed using the same transit time (SI
Appendix, Table S1 and Fig. S6 and Fig. 2). The same procedure is repeated
using the alternate transit times for the model evaluation (60 d; see SI Ap-
pendix, Table S2 and Fig. S7; 25 d; see SI Appendix, Table S3 and Fig. S8).
Correlations are quantified through their Pearson correlation coefficients r
and their significance p (using a significance level alpha of 0.05). We use r
instead of r2 to be able to distinguish positive and negative relationships.

Data Availability. The code of the carbonate rock recharge model is available at
https://github.com/KarstHub/VarKarst-R-2015. The time series of stable isotopes
(δ18O) of the 78 carbonate rock springs are available for download at https://doi.
org/10.6084/m9.figshare.13020365. The raw data of the glyphosate concentra-
tions in groundwater is freely available at https://www.waterqualitydata.us. All
other study data are included in the article and/or SI Appendix.
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