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The global volume and distribution of
modern groundwater

Tom Gleeson’?*, Kevin M. Befus?, Scott Jasechko?, Elco Luijendijk?>® and M. Bayani Cardenas®

Groundwater is important for energy and food security, human health and ecosystems. The time since groundwater was
recharged—or groundwater age—can be important for diverse geologic processes, such as chemical weathering, ocean
eutrophication and climate change. However, measured groundwater ages range from months to millions of years. The global
volume and distribution of groundwater less than 50 years old—modern groundwater that is the most recently recharged and
also the most vulnerable to global change—are unknown. Here we combine geochemical, geologic, hydrologic and geospatial
data sets with numerical simulations of groundwater and analyse tritium ages to show that less than 6% of the groundwater
in the uppermost portion of Earth's landmass is modern. We find that the total groundwater volume in the upper 2 km of
continental crust is approximately 22.6 million km?, of which 0.1-5.0 million km?® is less than 50 years old. Although modern
groundwater represents a small percentage of the total groundwater on Earth, the volume of modern groundwater is equivalent
to a body of water with a depth of about 3 m spread over the continents. This water resource dwarfs all other components of

the active hydrologic cycle.

unknown. Groundwater ages in excess of a million years have

been documented in desert regions', whereas groundwater
ages of months to decades are common in more humid regions.
Groundwater of various ages also commonly mix in aquifers,
which results in a distribution of groundwater ages for even
a small groundwater sample and complicates measurement
interpretation®®. Our objective is to quantify the global volume
and distribution of young groundwater and provide an updated
estimate of the total volume of crustal groundwater to 2 km depth.
We use tritium (*H), a radioactive isotope of hydrogen whose
concentration spiked in precipitation approximately 50 years ago
as a result of above-ground thermonuclear testing®, to calculate
the storage of modern groundwater recharged after the onset of
thermonuclear testing. We then use simulations of groundwater
age to quantify modern groundwater as well as a broader range
of young groundwater up to 100 years old. We define young
groundwater as that which is younger than 100 years old, whereas
groundwater recharged in the past 50 years, since the above-ground
thermonuclear testing®, is considered modern®’.

Quantifying the volume and distribution of young groundwater
is crucial as it may be: an important and more renewable
groundwater resource rather than older ‘fossil’ groundwater; more
vulnerable to industrial or agricultural contamination, as well as
land-use changes at and near the surface of the Earth’; more strongly
coupled and actively interacting with the broader hydrologic
cycle, climate® and oceans’; and an important driver of global
biogeochemical cycles as part of chemical weathering in the critical
zone'’. We focus on the upper 2 km of the continental crust, where
fresh, young groundwater is located and the best geochemical
and geologic data constrain our analysis. We exclude high-latitude

—|_he inventory of groundwater ages on Earth is largely

North America and Asia'' where permafrost exists, but this may
not significantly impact the calculation of young groundwater, as
permafrost blocks modern groundwater recharge over much of
this region'?.

Global total groundwater storage

Although the storage of fresh groundwater and its temporal
distribution are critical components of hydrologic and climatic
processes, no new and rigorous estimates of the volume of total
groundwater have been made for the past 40 years (Supplementary
Table 1). Current models that address the water budget” rely
on groundwater estimation studies from the mid-1970s. Although
more recent calculations are widely available'*'®, these ultimately
draw from the same 40-year-old estimates'>'®"”. Here we report the
total (young and old) global volume of groundwater in the upper
2 km of continental crust at ~22.6 million km?® (16-30 million km?
accounting for uncertainty in our porosity estimate), which is
equivalent to 180 m of groundwater if extracted and pooled evenly
across the global land surface like a flood. Much of the older
groundwater, and some of the young groundwater, is probably
brackish, saline, or of low quality'®. The total volume of stored
groundwater was calculated from porosity-depth relationships of
four broad rock types (carbonate sediments, siliciclastic sediments,
volcanic rocks and crystalline rocks) derived from >40,000 porosity
measurements (Fig. 1 and Supplementary Fig. 3) and water table
depths'. Our estimate is consistent with some previous estimates
conducted decades ago®™ of the groundwater volume stored in
continents, but our analysis is more robustly data-driven and
does not assume that topography entirely controls the porosity
and volume of groundwater (see Supplementary Information for
detailed methodology and comparison).
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Figure 1| The global relationship between porosity, lithology and total groundwater volume with depth. a,b, Porosity-depth data of 30,122 siliciclastic (a)
and 10,481 carbonate (b) reservoirs®2 and best-fit exponential porosity-depth curves. ¢, The global distribution of lithology with depth and the global
average porosity with depth that is filled with groundwater (in blue). P is the percentile distribution.

Modern groundwater storage from tritium data

The International Atomic Energy Agency’s TWIN groundwater
database reports 9,737 groundwater trittum measurements.
However, associated well screen depth data is unavailable in the
TWIN database, making it impossible to calculate the volume and
distribution of modern groundwater from these existing databases.
We circumvented this limitation by developing a new global
groundwater tritium database of 3,769 tritium measurements
of groundwater samples from 55 countries (Fig. 2). We have
quantified the distribution of modern groundwater in depth,
showing that modern groundwater is predominantly in the first
few hundred metres below ground and that the percentage of
modern groundwater generally decreases with depth, although
mixtures of modern and old groundwater can be present at
any depth (Fig. 2a). Less groundwater is modern below 250 m
depth. We use tritium data to calculate the proportion of modern
groundwater, Ryoqemsn»> at different depths, rather than calculating
groundwater ages, as groundwater ages calculated using tritium can
be non-unique and problematic*’. The compiled tritium samples
are predominantly located in sedimentary basins with higher
permeability than the global average*, which biases the volume
of modern groundwater we calculate using tritium (Fig. 2b).
Another issue is that samples are often collected from long well
screens, potentially with multiple flow paths. Unfortunately, most
aquifers have not been sampled for tritium, which motivates
a separate analysis of modern groundwater storage using a
combination of geospatial synthesis and numerical flow and
age modelling.

Modern groundwater storage from groundwater modelling
A second estimate of young groundwater storage was derived using
generic, cross-sectional steady-state models of groundwater flow
and age transport parameterized by binned geospatial data from
933,639 watersheds''. We use two-dimensional (2D) rather than
3D models because of the computational demands of simulating
groundwater age, and we use surface watersheds to delineate shallow
groundwater systems, where most young groundwater would be
circulating”. Groundwater flow models can use recharge or the
water table as the input, with the other being an output. We
primarily use the water table as an input to our models (Fig. 2¢),
as water tables are much more frequently measured (n=1,603,781
globally"), vary more smoothly in space than recharge, and have
been calculated globally with a groundwater flow model”. In

contrast, groundwater recharge is difficult to directly and accurately
measure even at local scales, and is impossible to directly measure
at regional scales, while also being more heterogeneous than water
table gradients® . These ‘water-table-driven flow models’ avoid
limitations with previous ‘topography-driven flow models, such as
assuming the water table follows topography, and ignore vadose
processes, which is consistent with simulating groundwater age as
the ageing of groundwater begins at the water table. The median
values of the model input parameters are 0.013 for the water
table gradient, 5.2 km for the watershed half length, 1.5 x 107" m?
for the near-surface permeability, and 0.19 for the near-surface
porosity. Modelled groundwater age fields were most sensitive
to permeability and water table gradient, but the decrease of
permeability and porosity with depth also influenced the results
(see Supplementary Information). We ignore areas with deep water
tables (>100m) from this modelling analysis (~6% by area of the
continents and accounts for <11% of young groundwater volumes)
owing to a limitation in the water table data' (see Supplementary
Information), but it is unlikely that significant young groundwater
is found in regions with deep water tables, where less recharge is
likely to occur. We tested the impact of the choice of water table
gradient rather than recharge as an upper boundary condition with
a local sensitivity analysis of deep, flat water table conditions where
results from these two upper boundary conditions will be most
different (see Supplementary Information). Results indicate that, in
deep water table conditions, recharge-based models have modern
groundwater distributed across more of the domain, with up to
approximately double the volume of modern groundwater, whereas
with water tables closer to the surface, the groundwater age fields
will become more similar to water-table-driven flow models. The
simulations that are recharge-based are much more computationally
intensive, making it impossible for simulating the large, multi-
dimensional parameter space of global hydrogeologic conditions.
To test the consistency between the tritium estimates and models,
we calculate aquifer-specific volumes of modern groundwater
for 30 aquifers with the largest number of tritium samples (see
Supplementary Information). For these 30 aquifers, the storage of
modern groundwater, Vg, from the numerical models compares
reasonably well to tritium-based values, Vi age,31> given the diversity
of hydrogeologic conditions, the simplicity and assumptions of the
models, and the difficulty of comparing environmental tracers and
groundwater age simulations (Fig. 3 and Supplementary Fig. 3 and
Supplementary Table 4). The numerical models generally result in
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Figure 2 | Quantifying modern groundwater from tritium data and numerical groundwater models of groundwater age. a, The global relationship
between the proportion of modern groundwater, Rmodern, based on tritium, and the numerical simulations at different depths. b, The locations of 3,769
measurements of 3H in groundwater were compiled from 160 globally distributed published data sets. ¢,d, An example of a groundwater age 7 field (c) and
the calculated Rmoder (d) for a flow system with a surface porosity ng =0.2, permeability decay for=0.001m™", surface permeability k, =10"2 m? and a

water table gradient of 0.01.

smaller values for V.. Both the model and tritium approaches are
conceptually different, and each have their own uncertainties, biases
and simplifications (see Supplementary Information for details).
Therefore, we do not attempt to calibrate numerical models to
the tritium data. The comparison to tritium estimates and the
simulations with recharge-based models described above both
indicate the modern groundwater volumes in the water-table-driven
flow models are conservative underestimates.

Global modern groundwater storage
From the tritium data and modelled groundwater age fields, we
calculated two new metrics of young groundwater storage: the
effective depth of young groundwater (dgcive), Which is the depth to
which young groundwater is present underground below the water
table, and the groundwater equivalent (dequivaient)> the height of young
groundwater if extracted and pooled evenly at the land surface like
aflood (see Supplementary Information for detailed methodology).
The spatiotemporal storage of modern groundwater is integrated
over the global scale for the tritium analysis or over individual
watersheds for the numerical simulations (Fig. 2d). Thus, both
approaches can estimate the global volume of modern groundwater,
although the simulations can estimate storage for other timescales
and map its spatial distribution.

Using the proportions of modern groundwater derived from
tritium concentrations (see Supplementary Information) and the
global average porosity distribution with depth (Fig. la and

Supplementary Fig. 3), the global volume of modern groundwater
was estimated to be 1.3 million km?® (0.1-5.0 million km® accounting
for uncertainty in the mixing and recharge models, porosity and
tritium, as well as the uncertainty in total groundwater volume).
This calculation indicated that 5.6% of groundwater is modern
(1-17% with uncertainties), although this is a spatially aggregated
global average that does not differentiate rock type or hydrogeologic
conditions and is likely to overestimate the volume of modern
groundwater as the samples are predominantly from sedimentary
basins with relatively more porous and permeable aquifers.

To calculate the global volume of modern groundwater from
simulations, geomatic data from each watershed were paired
with a numerical model with similar input values. The global
groundwater volume was calculated by multiplying the dequivatent
by their area for the 933,639 watersheds in non-permafrost
regions. We used three different strategies to pairing models
and geomatic data as each strategy has limitations. In the
first pairing strategy, we paired watersheds using all geomatic
data used in the ‘water-table-driven’ modelling (permeability,
porosity and water table gradient). Using this strategy, with mean
permeability values for each lithology® as an input, we significantly
overestimate global recharge (48.0 x 10°km’yr~') compared to
global hydrologic models®. However, changing the permeability
by an order of magnitude results in modelled recharge of
5-497 x 10> km® yr™', which brackets published estimates of global
recharge (12.0-24.8 x 10’ km’ yr™"). Culling our calculated recharge
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Figure 3 | Comparing estimates of the volume of modern groundwater
derived from models and tritium analysis for 30 aquifers with the greatest
number of 3H samples. Vstorage 1S the volume of modern groundwater
stored. The coloured bar shows the uncertainty range considering only the
3H analysis, and the grey bars show the combined uncertainty from the 3H
calculation and permeability in the numerical simulations. Black dots show
the ratio of storage volumes calculated from the average permeability
models and the median dequivalent,3H-

values in areas where modelled groundwater recharge is greater
than precipitation (10% of land surface), reveals that the majority
of overestimated recharge values (83% of modelled global recharge
with average permeability values) are located in mountainous and
arid regions (Supplementary Fig. 12). High recharge rates in our
simulations could be due to an overestimated water table gradient
or underestimated permeability in the simulations. Removing

watersheds with recharge in excess of precipitation reduces the
estimate of modern groundwater volumes to 0.35 million km® (1.5%
of groundwater to 2km depth) for the average permeability cases
and to 0.14-0.54 million km® (0.1-2.4% of groundwater to 2km
depth) for permeability changed by one order of magnitude.

In the second pairing strategy, we paired recharge and water table
gradient, but in this case the permeability and porosity may not
match the current geomatic data* (Table 1). The second strategy
resulted in a higher estimate of modern groundwater of 0.67 million
km® (3.0% of groundwater to 2km depth). In the third pairing
strategy, we paired recharge and porosity, which essentially keeps
the lithology the same but locally uses models with different water
table gradients and permeabilities than in the geomatic data. The
third strategy resulted in a slightly higher estimate of modern
groundwater of 0.72 million km® (3.2% of groundwater to 2km
depth). In sum, these three strategies result in similar estimates of
modern groundwater, with modern groundwater being 1.5-3.2%
of the total groundwater globally. These estimates are less than
the 5.6% estimate derived from tritium, potentially owing to the
approximately two times underestimate of modern groundwater
in some regions due to the boundary conditions (Supplementary
Fig. 14) and/or the overestimate of tritium samples due to the
sample bias. Importantly, all estimates of modern groundwater are
in a relatively small range, especially compared to the difference in
volume between modern groundwater and total groundwater or all
other stores of the global hydrologic cycle. We consider the first
pairing strategy the best estimate as it directly uses all geomatic data
used as inputs for the ‘water-table-driven’ modelling.

The model-derived spatial distribution of modern groundwater
is extremely heterogeneous, with dequivalens Tanging from <0.1m to
>50m (Fig. 4). The smallest d.quaen Values are often found in
more arid regions, such as the Sahara and Gobi deserts, central
North America, and Australia. Although the three pairing strategies
result in similar estimates of the volume of modern groundwater,
the patterns of dequivaen: are slightly different between the different
strategies. The first strategy results in deeper dequyaen in some
mountainous regions such as the Andes or the North American
Cordillera, which is probably due to high water table gradients
in these regions. The second and third strategies result in a more
continuous function of deguvaen: and deeper deguivatene in humid
regions such as the Amazon and Congo, as these pairings explicitly
consider recharge estimates.

Figure 5 compares our new estimates of total and modern
groundwater to other stores in the global hydrologic cycle using the
results of the first pairing strategy with a global volume of modern
groundwater of 0.35 million km? (0.24 to 3.8 million km? accounting
for permeability uncertainty, the largest source of uncertainty in
groundwater flow models, and the uncertainty in total groundwater
volume). Modern groundwater dwarfs all the other components of
the active hydrologic cycle, being three times larger than surface
water, the next largest component. Yet, the total groundwater
volume is vastly larger than the volume of modern groundwater.

Table 1| Young groundwater (with different age cutoffs of 25, 50, 75 and 100 years) as a percentage of total groundwater with the
three different approaches to calculating young groundwater globally.

25years (%) 50years (%) 75years (%) 100 years (%)
1. Pairing all geomatic data used in modelling (permeability, porosity and water 0.8 1.5 2.2 2.8
table gradient) and removing watersheds where recharge is unreasonable
2. Pairing water table gradient and recharge (permeability and porosity may not 1.5 3.0 4.4 5.8
be reasonable)
3. Pairing recharge and porosity (water table gradient and permeability may not 1.6 3.2 4.7 6.3
be reasonable)
Tritium analysis - 5.6 - -
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Figure 4 | The global distribution of modern groundwater as a depth if it was extracted and pooled at the land surface like a flood. a-c, dequivalent for the
analyses is calculated using the geomatic data as model input parameters (a), using groundwater recharge?® and water table gradient'® (b), and using

groundwater recharge?® and porosity?' (c).

Another way to visualize the amount of modern groundwater is
the globally averaged modern groundwater equivalent, which is
~3m (2.7-5.4 m). Therefore, modern groundwater if extracted and
pooled evenly across the global land surface, would be a ~3 m deep
body of water.

Groundwater age fields from the simulations are also used to
investigate the storage of young groundwater over other times-
pans. Over 25 years, the volume of global groundwater storage
is 0.8 million km? (0.1-2.9 million km’ with permeability uncer-
tainty). Over 75 years, the groundwater storage is 1.6 million km’

(0.3-4.4 million km’ with permeability uncertainty). With a times-
pan of 100 years, the groundwater storage volume is 1.9 million km®
(0.4-4.9 million km® with permeability uncertainty). These global
volumes of young groundwater show a linear increase with age
for the relatively short groundwater timescales we consider, but
this linearity is not expected to hold across longer timespans®.
Regardless of what timespan is chosen to delineate young and old
groundwater, these results indicate that young groundwater remains
a limited resource which comprises a minority of the groundwater
in the upper 2 km of the Earths’ crust.
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Methods

Our methods are illustrated in Supplementary Fig. 1 and include: global data
synthesis and calculation of the total groundwater volume; synthesis of
geochemical data; geomatic analysis and numerical groundwater age simulations;
analysis of thirty specific aquifers using both tritium data and numerical
simulations; and the calculation of the distribution and global volume of modern
and young groundwater.

Global data synthesis and calculation of the total groundwater volume.
Porosity-depth models. Porosity—depth profiles were used in calculating the total
global volume of groundwater, calculating the global volume of modern
groundwater based on tritium data at different depths, and guiding the
parameterization of porosity and permeability decay in numerical groundwater age
transport modelling. Porosity—depth relationships for four different rock types
(carbonate sediments, siliciclastic sediments, volcanic and crystalline rocks) were
compiled. Depending on lithology, porosity (1) was considered constant with depth
or modelled as exponentially decaying with depth*>**:

n=nee " (1)

where 1, is the surface porosity, B is the matrix compressibility (m™') and z’ the is
depth (m) below the ground surface. For carbonate and siliciclastic rocks we fit
equation (1) with global porosity—depth compilations of siliciclastic (30,122 values)
and carbonate (10,481 values) petroleum reservoirs* (Supplementary Fig. 3). As
the porosity of volcanic rocks is highly variable both at the surface and at depth,
and no discernible depth—porosity trends are evident in the literature, we applied a
depth-invariant and uncertain porosity of 0.09 = 0.09 for volcanic rocks
(Supplementary Table 2). We used a depth-invariant and uncertain porosity of
0.01 £ 0.01 for crystalline rocks (Supplementary Table 2). See Supplementary
Information for more information on how porosity functions were chosen.
Calculation of the total groundwater volume using porosity-depth models. The area
of each lithology was calculated®. The distribution of rock types with depth
incorporated global data on the thickness of sedimentary basins®. If sedimentary
basins were thinner than 2 km, materials below the sedimentary basin were
assigned the non-sedimentary porosity (crystalline or volcanic depending on the
fraction of each lithology at the surface). Results of the compilation and analysis are
presented in the Supplementary Information.

For each lithology, a groundwater equivalent (the height of water if removed
from the ground and pooled over the land surface) was calculated by integrating
the lithology-specific porosity decay and weighting each lithology by its volumetric
fraction in the upper crust (Supplementary Table 3). The global volume of
groundwater is then the product of the global sum of the groundwater equivalent
and the total land area.

Global tritium (*H) data synthesis and calculation of modern groundwater. A global
data base of *H concentrations in groundwater was compiled for 3,769 globally
distributed samples from 160 publications (Fig. 2b). Samples came from confined
(12% of data set), partially confined (23% of data set) and unconfined aquifers
(65% of data set).

To estimate the mass () proportion of modern groundwater at a given
location, we developed a *H-based mixing model for each sample. The proportion
of modern groundwater (#1,4ern) Within a given water sample (#71,,) taken from
depth z was quantified using a mixing model:

3 3
Momodern Haample = Hoia

Ruodern i (2) = = (2)
Mample > Hinodern — Hola

where *Hy,p represents the *H concentration of a given sample, and *Hgq or
*Hinodern Tepresent *H values for groundwater that recharged within (*H,yogem) OF
before 50 years (*Hgq) of the sampling date, and m,,04ern / Msampic is the mass fraction
of young groundwater within a given water sample. Ryogem,3u is the mass
proportion of young groundwater within any given water sample. This model
necessarily accounts for changes to atmospheric *H levels due to thermonuclear
testing, radioactive decay of tritium, and the mixing of groundwaters of different
ages within aquifers.

As *Hgple is the measured quantity, implementing the mixing model requires
the calculation of *H,pogern and *Hoq. However, both values have varied through
time—from ‘infinitely’ long ago to 50 years before sampling for *H,, and the 50
years preceding the time of sampling for *H,,ogern- FOr *Hiodem, *H in precipitation
was determined at an annual time step for individual sample locations using a
global model of tritium in precipitation®” developed for 1960-2005
(Supplementary Fig. 4). For *H,4, *H in precipitation before 1960 was set to a range
of 1-10 T.U. (before accounting for radioactive decay), as supported by pre-bomb
*H records from ice cores, wine and lakes®** (Supplementary Fig. 5). And finally,
the radioactive decay of all *H pools was accounted for before calculation
with the mixing model. These steps are explained in detail in the
Supplementary Information.

Global spatial data analysis and assignment of properties for watersheds. Spatial data
were synthesized for 933,639 watersheds from the HydroSHEDS watershed data'!
by extracting other input parameters for each watershed. This study focused on six
continents (total area of 135 million km?), excluding Antarctica (14 million km?).
For each watershed, the water table gradient, near-surface permeability and
porosity, and distance between streams were analysed.

The HydroSHEDS watershed data'' are not available for Antarctica, Greenland,
and high-latitude regions in North America, and our analysis excludes these
regions. Subglacial or sub-permafrost groundwater is unlikely to be modern
(<50yr old), but excluding these regions increases the uncertainty of our global
estimates of young groundwater. The total land area used in our analysis was
126.3 million km?.

The average water table gradient was calculated at 500 x 500 m scale from a
recent groundwater flow model calculating the depth to the water table globally'.
Spatially averaged mean near-surface permeability and porosity for each watershed
were derived ref. 21. The distance between streams was calculated at 1km
resolution globally by summing the distance to two nearest streams'" for all pixels.
The maximum distance between streams was set at 200 km to reduce the
computational burden of the geospatial analysis. The watershed half-width used for
creating the numerical model domains is half the distance between these streams.
A maximum half-width of 100 km does not affect the calculation significantly
because watersheds with a half-width of greater than 100 km will have minimal
young groundwater and mainly occur in deserts. Most watersheds have a <10 km
half-width.

Near-surface permeability, porosity, and the decay of each of these parameters
were assigned based on surface lithology, which was classified into nine groups?'.
When a watershed overlapped lithologic contacts, the most areally extensive rock
or sediment type within the watershed was used—this resulted in no more than a
quarter order of magnitude difference in permeability, and was much less than the
uncertainty in the data®.

Numerical modelling of groundwater age transport. Numerical simulations.
Groundwater age fields for the watersheds were modelled with 2D steady-state
groundwater flow and age transport simulations. The models were solved
numerically with a finite-element model implemented in COMSOL Multiphysics
for a range of parameter combinations based on the global data set analysis in the
previous section. (permeability®, water table gradient', porosity*,
compressibility*, and watershed half-widths''). The domain geometry was
designed to describe groundwater flow from a watershed boundary (for example, a
ridge) to the corresponding drainage feature (for example, a river)*'. We
constructed the model domains with a length based on the average distance from
the watershed boundary to the corresponding river, calculated from the mean
distance between streams''. The depth of the aquifer was assigned to be one fifth of
the domain length. These spatial approximations do not include larger regional
flow below and across the watershed boundaries used for the current analysis.
However, the focus of these models is to elucidate the groundwater systems with
water younger than 50 years old.

As modelling the groundwater flow and age transport field for all 933,639
watersheds is prohibitive even with 2D models, we reduced the number of models
by binning watershed properties. The frequency distributions of water table
gradients and watershed half-widths guided the discretization. The roughly
log-normally distributed water table gradients were divided into 33 bins based on
the logarithms of water table gradients increasing in width away from the median
value (Supplementary Fig. 6). The watershed half-widths, which exhibited a
long-tailed normal distribution, were also split into 33 bins (Supplementary
Fig. 6). To better represent the larger (wider) watersheds, 16 evenly spaced
bins for every 5 km were added to the original 33 bins, starting with 10 km up
to 100 km.

In our numerical simulations, we modelled the saturated subsurface
(that is, below the water table). Previous models of groundwater age
and regional groundwater flow systems have often assumed the water table
is near or at the surface as a subdued replica of topography*'~**, which can
lead to artificially deeper groundwater circulation and/or greater than measured
recharge rates.

The permeability used at the surface of the flow models was derived from
global permeability maps?'. These permeability values decayed as a function of
depth based on the lithologic porosity decay models in equation (1):

k(x,z) =koe Fel=®—= (3)
with k, the permeability of near-surface materials, 8 the compressibility from
equation (1), « =2 is a theoretical factor scaling porosity to permeability decay*,
and z, the elevation of the ground surface. No anisotropy was assigned to k.

Porosity was similarly assigned to the models with:

n(x)z) — noefﬂla(x)le (4)
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The steady-state groundwater flow equation:
V- (kVh(x,2)) =0 )

was solved for the hydraulic head (h) distribution and used to set the advection and
dispersion terms in the age-as-mass transport equation, with k the
two-dimensional, spatially heterogeneous but locally isotropic permeability tensor
calculated from the permeability distribution in equation (3). The top boundary
condition for groundwater flow was a prescribed head based on the head gradient
calculated from ref. 19, and all other boundaries were impermeable
(that is, no-flow).

The groundwater age transport equation treats groundwater age (7) as mass in
a steady-state advection—dispersion—diffusion equation (after equation (10)
of ref. 46):

V.mDV1(x,z))—V(unt(x,z)) +n=0 6)

with porosity, n, as an age-as-mass source term, u=[u,, 4, ] the average linear
groundwater velocity, and D the diffusion-dispersion coefficient tensor:

o — or ) U

D=aerfuls, + ¢ +D, @)

[u]

In D, the molecular diffusion coefficient, D,,, was assigned a constant value of
107* m? s7%, the longitudinal dispersivity («; ) was scaled as a tenth of the square
root of the domain length and thickness with the transverse dispersivity (cty) an
order of magnitude lower, and §; is the Kronecker delta function. No-flux boundary
conditions were imposed on all but the upper boundary, which was split into 7 =0
years across the recharge zone and only advection of 7 (that is, no diffusion or
dispersion) across the discharge zone. Using the parameter assignment scheme
described above, 43,659 coupled groundwater flow and age transport models were
run to solve for each of the parameter combinations in the global watershed data.
With the binning procedure explained above, the groundwater age distributions
for Earth’s watersheds could have been modelled using 14,553 combinations of the
hydrologic input parameters, but we ran an additional 29,106 models, changing the
original combinations by one order of magnitude in k, to provide an estimate of the
uncertainty in each modelled groundwater age distribution. Details on solving
equations (5) and (6) can be found in the Supplementary Information.
Calculating the effective depth to young groundwater and the young groundwater
equivalent. The age distributions from the numerical simulations were used to
calculate both the effective depth and the young groundwater equivalent. We
calculated the relative frequency of given groundwater ages, f (t(z')), across 500
evenly spaced horizontal cross-sections to the maximum domain depth and using
500 logarithmically spaced age bins from 107" to 10* years (Supplementary Fig. 6).
With the large number of samples (that is, grid cells) in this analysis, the relative
frequency distribution approximates the probability distribution. This
depth-specific age probability distribution was integrated to chosen threshold ages
for every depth, giving a depth profile for the cumulative probability of finding
groundwater T years old or younger (Supplementary Fig. 7). We consider this
basin-wide, truncated cumulative probability the ratio of young groundwater,
Ryoung (2'), as:

T
Ryong (&) = / Fr@)de ®)

where f (t(2")) is the number of samples per age bin divided by the total number of
bins with units of yr™', and Rygu,e(2’) is unitless. R,,,, above is conceptually similar
t0 Ripodern3n i equation (2) in that they both represent the proportion of
groundwater that is younger than T =50 years old. However, it is important to note
their fundamental differences. Ry, results from integration across an entire
aquifer’s width and thus effectively represents all of the groundwater at some depth.
On the other hand, Ry,odem,3n is the proportion of a groundwater sample that is
younger than 50 years. These two will be perfectly equivalent only when the
groundwater sample analysed for tritium is a mixture of all groundwater in an
aquifer at the sampling depth. Note that this analysis was performed with T'=25,
50, 75 and 100 years. These groundwater ages are all young (<100 years old), but
we specifically denote groundwater <50 years old as ‘modern

Integrating Ry, (z') in depth gives either the effective depth of young
groundwater (defecive):

e = / Ryong ()2’ ©)
0

or the young groundwater equivalent (dqgivaent) if porosity is included in
the integrand:

oo = / 1(5,2)Rypung ()2 (10)
0
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! o the maximum depth of the models from the top boundary. dfeciye
represents the depth to which Ry (z") =1 if all Ryguse (") > 0 contributions were
summed starting from the surface. Thus, defcive represents a characteristic depth
scale for encountering a specific age T' of groundwater in a hydrogeologic system,
chosen as 25, 50, 75 and 100 years for this study. Similarly, dequivalene provides a
porosity-corrected characteristic depth scale that more readily accounts for the
total volume of groundwater <T yr. Equations (8)-(10) are also applicable for both
the discrete *H-derived ratio of modern groundwater (defined in equation (2)) and
numerical model results. The integration was implemented numerically via a
three-point Newton-Cotes quadrature for equations (9) and (10) for both the
age-transport-model-derived and *H-derived ratio of young groundwater and a
summation for equation (8).

Modern groundwater storage for 30 specific aquifers. Tritium concentrations are
available only for a minority of aquifers globally. Therefore, we tested the
agreement between the simulation and *H-derived storage volumes of modern
groundwater storage for 30 aquifers with the greatest number of tritium samples.
*H estimates of young groundwater storage volumes were calculated using well
samples from each aquifer with aquifer-average porosity values. To calculate the
modelling estimate of the modern groundwater storage volume for an aquifer, all of
the watersheds within the areal extent of that aquifer were summed, using the well
sample locations to define the aquifer extent. We also compared model and

aquifer deg.ive values and the alternate model-watershed pairing approaches

(see Supplementary Information).

Calculation of the global volume of modern groundwater. Global estimate of
modern groundwater based only on tritium. We calculated a *H-based value for the
global modern groundwater by integrating the proportion of young groundwater
(equation (2), Ryodernu; Fig. 2a) in depth. This is conceptually similar to the
approach applied to the modelled age distributions (equation (10)):

oot = / 1) Rseman (22’ ()
0

where Ryodemn (2') represents an average of all *H-based estimates of modern
groundwater (Rpodermsi) at given depth intervals from Earth’s surface down to 2 km
(the black line in Fig. 2a). The porosity profile #(z’) is the global porosity function
calculated from Methods 1.2. Dividing dymedemsi by the global total groundwater
equivalent (179 m, Supplementary Table 3), we obtained the globally integrated
*H-based estimate of the proportion of modern groundwater within the uppermost
2 km of Earth’s crust.

Assignment of groundwater age transport model results to global watershed
distribution. In the geomatic-controlled assignment, all model results, including
Aefrective AN deguivatens> Were assigned to the 933,639 HydroSHEDS watersheds by
mapping each watershed to the binned input hydrologic parameters driving the
43,659 modelled generic groundwater systems. The model results with one order of
magnitude change in the k, above and below the published data were also assigned
to each watershed to account for uncertainty in the permeability data®. Global
maps of young groundwater storage were created for T'=25, 50, 75 and 100 years
(Supplementary Fig. 5). Watersheds located where water table depths were >100 m
were removed from the analysis owing to the original analysis' constraining a
maximum water table depth of 100 m. We also removed watersheds with dequivatent
values that were greater than precipitation (see Supplementary Information). To
calculate the global volume of young groundwater, we summed the volume of
young groundwater from each watershed, calculated by multiplying the watershed
area by dequivalent-

For the recharge-based mapping of models to watersheds, groundwater
recharge estimates® were assigned to each watershed and used as the master
variable. Recharge from the models was calculated by integrating the flux of
groundwater across the upper model boundary, where recharge occurs, and then
dividing this total domain recharge by the model half-width to give the average
recharge per unit length of the model. This model recharge could then be
multiplied by the area of the watershed to calculate the total volumetric
recharge occurring in a particular watershed and is equivalent to the
recharge modelled™.

As the model recharge can be changed by varying permeability or the water
table gradient, we assigned model results to watersheds based on recharge using
two different approaches. We first paired models with the same half-width and
water table gradient with groundwater recharge differences <5% and let
permeability and porosity (that is, lithology) change freely. The second method
matched recharge and kept watershed half-width and porosity constant, allowing
permeability to range by one order of magnitude around the lithologic median
value, while letting the water table gradient change freely. Where models could not
be found with recharge within 5% of the previous values, the model with the most
similar recharge for a given length scale was used and accounted for no more than
5% of the total number of ice-free watersheds per continent.
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Data. The tritium data are available at S.J’s research website (http://www.
isohydro.ca/global-water-datasets.html). All the geomatic input data and results are
available at http://figshare.com/articles/Global_modern_groundwater_
Gleesonetal/1560081.

Code availability. The program used to generate all the results is COMSOL
Multiphysics (https://www.comsol.com/comsol-multiphysics); a representative
model input file for COMSOL Multiphysics used to derive the results in this study
can also be accessed at http://figshare.com/articles/Global_modern_groundwater_
Gleesonetal/1560081.
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