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Abstract. Knowledge of aquifer thickness is crucial for setting up numerical groundwater flow models to sup-
port groundwater resource management and control. Fresh groundwater reserves in coastal aquifers are par-
ticularly under threat of salinization and depletion as a result of climate change, sea-level rise, and excessive
groundwater withdrawal under urbanization. To correctly assess the possible impacts of these pressures we
need better information about subsurface conditions in coastal zones. Here, we propose a method that com-
bines available global datasets to estimate, along the global coastline, the aquifer thickness in areas formed
by unconsolidated sediments. To validate our final estimation results, we collected both borehole and litera-
ture data. Additionally, we performed a numerical modelling study to evaluate the effects of varying aquifer
thickness and geological complexity on simulated saltwater intrusion. The results show that our aquifer thick-
ness estimates can indeed be used for regional-scale groundwater flow modelling but that for local assess-
ments additional geological information should be included. The final dataset has been made publicly available
(https://doi.pangaea.de/10.1594/PANGAEA.880771).

1 Introduction

Coastal aquifers provide fresh groundwater for more than
2 billion people worldwide (Ferguson and Gleeson, 2012).
Multiple local and regional studies have shown that these
fresh groundwater resources are threatened not only by natu-
ral disasters such as storm surges and tsunamis (Cardenas et
al., 2015), but also increasingly by climate-induced sea-level
rise (Carretero et al., 2013; Rasmussen et al., 2013; Sefel-
nasr and Sherif, 2014) and urbanization that lead to coastal
aquifer over-exploitation combined with reduced groundwa-
ter recharge (Custodio, 2002).

Comparing coastal aquifer vulnerabilities worldwide in a
consistent manner requires a global-scale study (Döll, 2009).
However, many necessary input datasets, both physical and
societal, are only available on regional or local scales and can
therefore only be used in coastal aquifer vulnerability inves-
tigations on a regional scale. Notable work on global coastal
aquifer vulnerability are studies by Ranjan et al. (2009) and
Michael et al. (2013) looking at coastal aquifer vulnera-

bility to seawater intrusion and by Nicholls and Cazenave
(2010) taking social–economic factors into account. Related
observation-based studies are performed by van Weert et
al. (2008) on global saline groundwater occurrence assess-
ment and by Post et al. (2013) on the existence of offshore
fresh or brackish groundwater. Lacking global information,
the few global studies that attempted a modelling approach
(i.e. Ranjan et al., 2009, and Michael et al., 2013) used
globally or regionally homogenous hydraulic parameters, in-
cluding aquifer thickness. Indeed, recent reviews concluded
that most of the past modelling studies until the present day
(on both local and global scales) considered a homogeneous
aquifer system (Werner et al., 2013; Ketabchi et al., 2016).
This pinpoints that there is still a large gap in our knowledge
about coastal aquifer hydrogeological settings in many parts
of the world. Since the local and regional hydrogeological
conditions largely determine the coastal aquifer vulnerabil-
ity to sea-level rise (Michael et al., 2013) and groundwater
pumping (Ferguson and Gleeson, 2012), it is important to im-

Published by Copernicus Publications.

https://doi.pangaea.de/10.1594/PANGAEA.880771


1592 D. Zamrsky et al.: Global coastal unconsolidated aquifer thickness

Table 1. Statistics for individual GLIM classes in the coastal ribbon (200 km and less from the coastline). The population numbers are based
on the 2015 global population count (CIESIN, 2017).

GLIM class GLIM class Total % in Population Population % in
(xx) (name) coastal ribbon sum coastal ribbon

ev Evaporites 0.27 4 612 359 0.12
ig Ice and Glaciers 0.22 3480 0.00
mt Metamorphic rocks 20.59 395 567 421 10.52
nd No Data 0.03 1 211 402 0.03
pa Acid Plutonic rocks 5.66 248 153 378 6.60
pb Basic Plutonic rocks 0.74 19 480 337 0.52
pi Intermediate Plutonic rocks 0.52 13 959 834 0.37
py Pyroclastics 1.00 39 688 219 1.06
sc Carbonate Sedimentary rocks 8.96 268 875 153 7.15
sm Mixed Sedimentary rocks 13.69 350 423 700 9.32
ss Siliclastic Sedimentary rocks 14.23 487 261 398 12.95
su Unconsolidated Sediments 25.78 1 562 019 536 41.53
va Acid Volcanic rocks 1.22 60 196 503 1.60
vb Basic Volcanic rocks 4.39 165 959 005 4.41
vi Intermediate Volcanic rocks 2.29 128 173 527 3.41
wb Water Bodies 0.43 15 979 647 0.42

Total 100.00 3 761 564 898 100

Table 2. Summary of the global datasets used for aquifer thickness estimation.

Dataset name Description Resolution Reference

GEBCO 2014 Global topography and bathymetry 30 arcsec Weatherall et al. (2015)

Average soil A gridded global dataset of soil, intact regolith, and 30 arcsec Pelletier et al. (2016)
and sedimentary sedimentary deposit thicknesses for regional and global
deposit thickness land surface modelling; max. estimated depth is 50 m.

PCR-GLOBWB Thickness of the groundwater layer from the global model (5 arcmin) 5 arcmin de Graaf et al. (2015)

GLIM Global Lithological Map – Rock types of the Earth vector Hartmann and
surface (16 basic classes), more than 1 200 000 polygons Moosdorf (2012)

Natural Earth coastline Global coastline vector Natural Earth (2017)

prove our insight into the local and regional coastal aquifer
hydrogeology worldwide.

The goal of this study is to estimate the unconsolidated
aquifer system thickness along the global coastline. This con-
stitutes a first step towards a more complete hydrogeolog-
ical characterization of coastal aquifers. Our focus is lim-
ited to aquifer systems formed by unconsolidated sediments
(Table 1) that constitute around 25 % of the coastal ribbon
(200 km far or less from the coastline) based on the GLIM
(Global lithological map) dataset (Hartmann and Moosdorf,
2012). In contrast, more than 36 % is shaped by different
types of sedimentary rocks where aquifers can also be ex-
pected. These sedimentary rock formations most probably
form the coastal aquifer systems that are missed in this study.
However, more than 40 % of people living in the coastal rib-
bon (CIESIN, 2017) are located on top of unconsolidated
sediment aquifer systems (Table 1), while less than 30 %

live in areas with sedimentary rock aquifers. This means that
there is potentially more pressure on freshwater availability
in areas with unconsolidated sediment aquifer systems.

To be globally applicable and comparable, our method of
aquifer thickness estimation makes use of already available
open-source global datasets (see Table 2). These datasets
contain information on elevation, surficial lithology, regolith
thickness and overall sedimentary thickness. What moti-
vated this study is that none of the globally available thick-
ness datasets are individually suited to representing coastal
aquifer thickness. Two of these datasets only provide es-
timated regolith (surficial sediment layer) or soil thickness
(Pelletier et al., 2016; Shangguan et al., 2017). The soil or
regolith layer is only part of the aquifer system formed by un-
consolidated sediments and therefore unfit to use in building
a hydrogeological model representing the flow in the whole
aquifer system. Conversely, the other two datasets (Whittaker
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et al., 2013; de Graaf et al., 2015) estimate the total porous
media thickness without making a distinction between un-
consolidated and consolidated sediments (rocks), and there-
fore tend to overestimate the unconsolidated aquifer system
thickness.

The resulting dataset consists of 26 968 cross sections
perpendicular to the global coastline with unconsolidated
aquifer thickness estimated along each cross section. Ad-
ditionally, the uncertainty ranges in aquifer thicknesses are
provided for each cross section. In order to illustrate how to
use the new dataset in a regional groundwater modelling set-
ting, we will show the results of variable-density groundwa-
ter flow and coupled salt transport models for three distinctly
different coastal cross sections. We also show the sensitiv-
ity of modelling results to varying the aquifer thickness and
geological complexity.

2 Materials and methods

2.1 Coastal aquifer unconsolidated sediment thickness
estimation

We collected state-of-the-art open-source global datasets
(Table 2) that provide information on topography and
bathymetry (Weatherall et al., 2015), regolith thickness es-
timation (Pelletier et al., 2016), global-scale aquifer thick-
ness estimated by de Graaf et al. (2015), lithology (Hartmann
and Moosdorf, 2012) and coastline position (Natural Earth,
2017). The core of our aquifer thickness estimation (ATE)
method is to combine topographical and lithological infor-
mation. This enables us to find the topographical slope of
outcropping bedrock formations and to determine the coastal
plain extent. The latter is defined by a low topographical
slope (Weatherall et al., 2015), a lithology consisting of un-
consolidated sediments (Hartmann and Moosdorf, 2012) and
a regolith thickness thicker than 50 m (Pelletier et al., 2016).
This is the first study that directly combines lithology and to-
pographic information to estimate the coastal unconsolidated
sediment aquifer systems thickness at global scale.

Given the large variety of coastal environments, ranging
from steep cliffs to extensive deltaic flat areas, it is impor-
tant to develop a robust method that distinguishes between
these different coastal types and also takes into account vari-
ations of inland bedrock formations. To achieve this, the
coastal zones are represented as perpendicular cross sections
to the coastline and are placed equidistantly (5 km) along the
coastline. The intersections between the cross sections and
the coastline are called coastal points. Along the cross sec-
tion, a set of equidistant points (0.5 km) is positioned (cross-
section points) and marks the locations where values from the
datasets listed above are extracted (Fig. 1a). The cross sec-
tions span 200 km both inland and offshore from the coastal
point to capture the bathymetrical and topographical pro-
file. This distance was chosen to safely cover the necessary
stretch both landward and offshore for groundwater flow and

coupled salt transport modelling. Recent studies dealing with
the latter set the landward boundary less than 200 km from
the coastline even in deltaic areas (Delsman et al., 2014;
Larsen et al., 2017; Nofal et al., 2016). Similarly, previous
studies showed that submarine groundwater discharge can
occur more than 100 km offshore (Kooi and Groen, 2001;
Post et al., 2013).

Figure 1b shows an example of a cross section running
through a coastal point. All the necessary values from the
individual datasets are aggregated and used to determine
the coastal plain extent and the anchor point position. The
inland boundary point of the coastal plain is defined as a
cross-section point that has a lithological class different than
a water body (to take into account e.g. lagoons and bays)
or unconsolidated sediments based on the GLIM dataset.
Hartmann and Moosdorf (2012) state that uncertainty in the
GLIM dataset is still significant based on the amount of
mixed sediment class (∼ 15 % of the world area), so it is
likely that some unconsolidated sediment coastal areas have
been missed in our study.

Once the coastal plain extent is known, the next step is to
define the anchor point using the regolith thickness dataset
(Pelletier et al., 2016). Taking note of the fact that the Pel-
letier et al. (2016) dataset generally has increasing thickness
values towards the coast in case of unconsolidated sediments
and that a thickness larger than 50 m is not mapped, we define
the anchor point as the last cross-section point (moving from
land to coast) with soil and sedimentary deposit thickness
smaller than 50 m. Pelletier et al. (2016) state that areas with
low relief, such as coastal plains, generally have a thicker
sedimentary layer (> 50 m) than hillslopes, so the transition
zone between these two relief types is modelled with accept-
able accuracy on global scale. The anchor point represents
the last point where soil and sedimentary deposit thickness is
known and is located below ground at the indicated depth by
this dataset. A histogram of anchor point distances to coast-
line and of total coastal plain extent values is shown in Fig. 2.
The ATE is then performed for all cross-section points lo-
cated between the anchor point and the coastline.

Due to a large variety in the coastal plain extent, topog-
raphy and geological diversity of the coastal cross sections
worldwide, four different estimation techniques are proposed
to increase the overall estimation method robustness. The
differences between these techniques are in the topograph-
ical points’ selection; these points are used to simulate the
bedrock slope (Fig. 1c). The anchor point is added to the set
of topographical points in every estimation technique.

The first technique selects all cross-section point elevation
values of the first peak located prior to the coastal plain, re-
gardless of lithological class. The second technique selects
all the cross-section point elevation values of the highest
peak located in a bedrock formation (any other class than un-
consolidated sediments). The third selection technique con-
sists of selecting all cross-section point elevations located
between the coastal plain end and the bedrock formation
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Figure 1. Schematization of the ATE method using available open-source global datasets. (a) Combining input datasets and extracting the
values at cross-section points along a perpendicular cross section to the coastline running through a coastal point (red dot), only a few are
schematized in the figure (in reality 800 per cross section). (b) Determine the extent of the coastal plain (1) and position of the anchor
point (2). Extent of the cross section is set to 200 km landward and offshore; (c) the estimation is performed via topographical points selected
based on the coastal plain extent, the position of the anchor points and the lithological classes from the GLIM dataset. The second-order
estimation line is not used for estimation in case its minimum is reached before the coastline (transparent). (d) Final step of calculating the
average, minimum and maximum estimated values.

end. The last technique selects only the local minimum and
maximum points of every peak located behind the coastal
plain. This diversity in selecting cross-section points based
on lithological and topographical information combinations
allows for a more robust method that is fit for various coastal
environments.

For each selection technique described above, a first-
and second-order curve fitting is performed to simulate the
bedrock formation slope (Fig. 1c). If the minimum point
of the second-order curve is situated before the coastline,
we use three different linear function types to extend the
bedrock slope simulation and estimate the sediment thick-
ness by extending it beyond the coastline. All three lines start
at the minimum point of the second-order estimation and run

through the coastline. The first line is a constant horizon-
tal line, the second simulates the average continental shelf
slope (defined as shallower than −200 m b.s.l.) and the last
line simulates the average slope of the whole 200 km cross-
section offshore segment.

The global-scale aquifer thickness estimated by de Graaf
et al. (2015) is chosen as the lower boundary since it tends to
overestimate the coastal aquifer thickness because its under-
lying method is more fit for the inland areas and uses river
networks and basins as a basis for thickness estimates (de
Graaf et al., 2015). Finally, all the points are used to esti-
mate the mean, minimum and maximum aquifer thicknesses
at the coastline and the mean coastal profile for the uncon-
solidated sediment extent. The dataset that is stored contains
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Figure 2. Histogram of coastal plain extents and anchor point dis-
tance to coastline values.

per coastal cross section the mean profile as well as the max-
imum and minimum depth and the depth at the coastline
standard deviation. For each coastal cross section, the anchor
point position and depth are also included.

2.2 Validation methods

Two different validation approaches are applied to test the
fit of our estimated aquifer thicknesses with measured val-
ues. First, the results are compared with information from
available open-source geological borehole datasets. The sec-
ond validation method consists of comparing the average es-
timated aquifer thickness with measured values gathered via
a literature review.

A dataset incorporating 168 geological borehole descrip-
tions was collected and sorted out from open-source datasets
and web services, mostly located in the Netherlands, the
USA, Brazil and Australia. After digitizing the borehole re-
ports, we translated the geological information into overall
unconsolidated sediment thickness to compare it to our final
thickness estimates. This means that all the unconsolidated
sediment types such as sand, clay or silt were merged into
the same stratigraphic unit and their overall thickness is taken
as the final sediment thickness. Figure 3 shows the collected
borehole location, and the data sources are presented in Ta-
ble S1 in the Supplement. Since some boreholes are not lo-
cated in direct proximity to the coastline, we chose to extrap-
olate the estimated sediment thickness by calculating the es-
timated sediment thickness for each cross-section point. This
was done by creating a line between the anchor point depth
and the estimated sediment depth at the coastline (Fig. 4).
Next, the average cross-section point thickness in a circle

with radius of 2.5 km around the borehole is compared to
the thickness in the borehole.

The final literature validation set is composed of maxi-
mum, minimum and/or average aquifer thickness values (un-
consolidated sediment) for 64 coastal areas worldwide. How-
ever, not all the literature sources provide the average uncon-
solidated sediment thickness. In the cases where it does not,
it is calculated as half the maximum indicated thickness in
case only the maximum value is provided. If both maximum
and minimum thicknesses are given, the average thickness is
set to be halfway between these two values. The table with
literature source references and the sediment thickness val-
ues provided by these sources are listed in Tables S2 and S3.
The final estimated average sediment thickness values were
compared with the literature dataset and evaluated based on
the relative error and relative improvement compared to the
overall average thickness value from all literature sources.
The relative error is based on the following equation:

RE=
Zest−Zlit

Zlit
, (1)

where Zest is the ATE by our method and Zlit is the aver-
age thickness given by the literature. The RE can be either
positive or negative, which implies that the ATE over- or
under-estimates the aquifer thickness respectively (compared
to values indicated by the literature). The percentage relative
error is calculated as

PRE= RE · 100. (2)

The average global aquifer thickness value based on all liter-
ature sources was calculated using the equation below:

Zlitavg =
1
N

∑n

i=1
Zi, (3)

where Zlitavg is the overall average value of all literature val-
ues Zi .

The mean absolute error was then calculated for both the
overall average value and the estimated average thickness
values suggested by our method; see the equations below:

MAElit =
1
N

∑n

i=1
|Zlitavg −Zi |, (4)

MAEest =
1
N

∑n

i=1
|Zest−Zi | . (5)

Subsequently, the relative improvement rate and percentage
relative improvement are calculated as follows:

RI=
MAElit−MAEest

MAElit
, (6)

PRI= RI · 100. (7)

The same validation criteria are calculated using the borehole
data.
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Figure 3. Location of the borehole data used as a validation dataset; sources are listed in Table S3. The borehole information in Brazil and
Australia was manually digitized, while the subsurface information in China was gathered by interpreting the cross section provided in the
hydrogeological maps.

Figure 4. Schematization of the borehole validation process. A set of points lying within a given distance is selected for each borehole and
their estimated sediment thickness is averaged. The final comparison between these average values and measured values from the boreholes
is shown in Fig. 3 in the main article.

2.3 Groundwater flow and salt transport modelling

The main motivation behind building numerical models sim-
ulating the groundwater flow and salt transport as part of this
study is to examine the effects of varying aquifer thickness
and its geological complexity (absence or presence of low
permeable aquitard layers) on simulated saltwater intrusion.
Better understanding of these sensitivities will help create
improved large-scale hydrogeological models in coastal ar-
eas, which in turn will lead to more accurate present and fu-
ture fresh groundwater volume predictions. To achieve that,

a set of variable-density groundwater flow models with vary-
ing aquifer thickness and geological complexity (heteroge-
neous versus homogeneous systems) is created. To evaluate
the sensitivity of saltwater intrusion to aquifer thickness and
geological complexity, we compare, at a fixed time, the salin-
ity profiles of all simulations as well as the freshwater cell
percentage in the coastal zone.

The models with different parameter settings were set up
for three cross sections located in Italy in the Versilia plain
(Pranzini, 2002), the coast of Virginia in the USA (Trapp
Jr. and Horn, 1997) and in the Mediterranean aquifer in Is-
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Figure 5. (a) Global map of EAT at the coastline and zoomed areas (1–5) showing regional variations of estimated thickness in various
coastal zones around the world. The coastal points are magnified, giving the impression that more than the stated 20 % of the global coastline
is covered, which is not the case (see the plain black line). (b) Histogram of EAT values with cumulative frequency in %.

rael (Yechieli et al., 2010). We use these studies to build
the heterogeneous geological scenarios based on provided
cross sections indicating the exact position of low permeable
aquitard layers. This was done to evaluate the relative im-
portance of aquifer thickness to the effect of geological com-
plexity. Since the main motivation of this numerical mod-
elling study is to investigate the sensitivity to aquifer thick-
ness and geological complexity, we kept both the aquifer and
aquitard layer hydraulic conductivities constant for all sim-
ulations (see Table S4). The hydraulic conductivity values
were based on the GLHYMPS dataset by taking the highest
value of the unconsolidated sediment class as the hydraulic
conductivity of the aquifer and the lowest value (fine grained)
as the aquitard hydraulic conductivity (Gleeson et al., 2014).
To build these models we use the SEAWAT code (Guo and
Langevin, 2002) and the Python Flopy library (Bakker et
al., 2016). The model schematizations and input parameter
values list are presented in Fig. S3 and Table S4.

3 Results

3.1 Sediment thickness estimation

The aquifer thickness is estimated for 26 968 coastal points
around the globe, which cover roughly one-fifth of the global
coastline. The rest of the global coastline is covered by other
lithological types than unconsolidated sediments and is not
taken into account by the ATE method. The overall estimated
aquifer thickness (EAT) results are presented in Fig. 5a. It
shows that the aquifer thickness estimates range between 0.1
and 5145 m, with a mean value close to 170 m. In total 87 %
out of all the EAT values predict a thickness lower than or
equal to 300 m (see Fig. 5b). A slightly different result is
observed in the literature source analysis, where 69 % of the
studied areas have an aquifer thickness lower than or equal to
300 m. This difference is explained by the fact that a dispro-
portionally large number of deltaic areas with thick sediment
layers is included in the literature validation dataset. Figure 6
shows the areas where there are no EAT results, largely due
to the absence of unconsolidated sediments.
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Figure 6. Map showing the spatial distribution of EAT values (unconsolidated sediment aquifer thickness > 0 m) and areas where the
unconsolidated sediment aquifer thickness is 0 m.

Figure 7. Overall borehole and literature validation results of the EAT results.

3.2 Validation of EAT results

When comparing our EAT with the information collected
from the borehole dataset, it is clear that our ATE method
provides estimates in the right order of magnitude, but it can-
not capture local variations of aquifer thickness. Figure 7a
shows that the majority of EAT have relative error values

(Eq. 1) lower than 100 %, meaning that our results are of the
same order of magnitude as observed values from the bore-
hole dataset. However, the relative improvement of the EAT,
as compared with using the average of the borehole thick-
nesses as an estimate (Eq. 6), is inconclusive as the number
of positive values is nearly equal to the total negative values
(Fig. 7b).
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Figure 8. Relative improvement of our estimated sediment thickness compared to using the overall average thickness value from all literature
sources.

The results of the validation with the coastal sediment
thickness values gathered via a literature review show a more
positive result compared to the borehole validation. The over-
all average thickness of the literature dataset is 353 m, with
69 % of all studied areas having a sediment thickness of
300 m or lower. The relative improvement of sediment thick-
ness estimates using our method is about 22 % compared to
the overall thickness value average as indicated by the liter-
ature (see Table S3). The relative improvement for individ-
ual literature validation areas is shown in Fig. 8. The major-
ity of the areas show an improvement, while estimates for
the large coastal plains of the eastern and southern coasts of
the USA suggest the opposite. This will be discussed further
in Sect. 4. However, in coastal zones that have an average
sediment thickness of 300 m or less, the relative improve-
ment of our method is around 59 %. Since our results sug-
gest that 87 % of the global coastline that is composed of
unconsolidated sediments has an average thickness of 300 m
or lower, the higher relative improvement achieved by our
method gains extra importance.

Overall, about 48 % of the validation areas have the ab-
solute relative error percentage below 50 %, while 35 % of
validation areas have the absolute relative error percentage
between 50 % and 100 % (Fig. 7b). Still, 17 % of the valida-
tion areas show an absolute relative error percentage higher
than 100 %. A closer look at Fig. 7b reveals that the majority
of these validation areas have the average thickness (based
on the literature) lower than 100 m. However, the overall re-
sults for validation areas with average thickness lower than

300 m show that 59 % have a relative error percentage lower
than 50 %: this is an 11 % increase compared to the overall
validation dataset.

3.3 Groundwater flow and salt transport modelling

Figure 9 presents a sample of simulated salinity profiles for
selected aquifer thickness values for the three test cases. The
complete set of the simulated salinity profiles together with
the model conceptualization and model parameters and vari-
ables is given in Figs. S3 to S6 and Table S5. While compar-
ing the salinity profiles for different aquifer thicknesses, it
is apparent that aquifer thickness variations for homogenous
geological conditions (figures on the right) do not have large
effects on the fresh–saline distribution, except for the lowest
aquifer thickness value (Fig. 9a, c). Figure 9b shows that the
thicker the aquifer at the coastline, the more saline water in-
trudes inland and, in some cases, upconing under low-lying
areas can be observed (Fig. 9c).

The implementation of complex geological conditions
based on the literature description that existed about these
sites consisted mainly of introducing low conducting layers
(aquitards). As Fig. 9 shows, an aquitard has a substantial ef-
fect on the final salinity profile when compared to the salinity
profile for homogenous geological conditions with the same
aquifer thickness. The aquitard position combined with vary-
ing aquifer thicknesses has a large effect on the salinity pro-
file and potential fresh (or brackish) groundwater offshore
reserves (Fig. 9b, left column). In particular, the simulations
with larger aquifer thickness values show fresh (or brackish)
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Figure 9. Simulation results as salinity concentration profiles for the cross sections located in the (a) Versilia plain, Italy, (b) Mediterranean
aquifer, Israel, and (c) Virginia, USA, with varying aquifer thicknesses and two geology scenarios. The local geological information for
each area, (a) Pranzini (2002), (b) Yechieli et al. (2010), and (c) Trapp Jr. and Horn (1997), was implemented (left column) together with a
homogeneous aquifer system (right column) to investigate the effects of geological complexity and aquifer thickness on simulated salinity
profiles.

offshore groundwater below the aquitard layer. Similar pat-
terns can be observed in the last test case (Fig. 9c), where
the aquitard layers prevent saline water from intruding inland
and show large offshore brackish water volumes.

Comparison of fresh groundwater cell percentage within
the coastal zone of all three test cases (Fig. 9) shows a trend
where the geological scenario (homogenous versus complex)
has a larger effect on the amount of estimated fresh ground-

water reserves than varying aquifer thickness. For the same
geological scenario, the largest differences are observed be-
tween the aquifer thickness extreme values (thinnest versus
thickest).
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4 Data availability

The final output data provide both the EAT at the coast-
line and the location and depth of the corresponding anchor
points. These data are given as shapefile and comma sep-
arated value files. The data can be downloaded via https:
//doi.pangaea.de/10.1594/PANGAEA.880771.

5 Discussion and conclusion

Although in the right order of magnitude (Fig. 7a), the ATE
validation with borehole measurements is worse than litera-
ture dataset validation. The large scale discrepancy between
our global estimated aquifer thickness (EAT) dataset and
boreholes is the most obvious cause of this. It shows that
our approach is not detailed enough to estimate very local
variations in aquifer thickness as picked up by boreholes.
Boreholes will generally lie between profile locations, which
means that local variation also results in spatial dislocation
errors, even though spatial averaging is used to bridge the
scale gap (Fig. 4). Still, even when compared to boreholes,
we observe an overall ATE method performance improve-
ment for coastal areas with measured thicknesses between
100 and 300 m. The comparison between literature values
comes out more favourably, because the data synthesis in the
form of spatial statistics and geological profiles is a spatial
aggregation form that better matches the ATE method scale.
We have used the validation data that could be collected
during the course of this study, but the validation set is far
from exhaustive. The validation dataset should be expanded
and continuously improved to achieve better EAT along the
global coastline.

Our method tends to underestimate the aquifer thickness
in deeper systems, such as large complex deltaic sedimentary
structures with measured average aquifer thicknesses larger
than 500 m (Fig. 7). This could be due to the limited cross-
section length that spans at most 200 km inland and offshore
from the coastline depending on the coastal plain extent. If
the latter exceeds this maximum length, then no bedrock for-
mation is found and thus no aquifer thickness is estimated.
In case the bedrock formation is only partially taken into ac-
count (e.g. only the foothills of a mountain range), its to-
pographical slope will be lower, which leads to lower EAT
values at the coastline. The opposite happens for coastal ar-
eas with measured average thicknesses lower than 100 m. In
these cases, our average EAT values tend to be overestimated
(Fig. 7). This could again be caused by the input datasets’
resolution (see Table 2) which creates larger errors on local
scale and for shallow systems which by themselves have a
smaller size than more extensive coastal plains. Compared
to the other two datasets providing thickness estimates (de
Graaf et al., 2015; Pelletier et al., 2016) the lowest EAT val-
ues correspond to the range of values provided by Pelletier et
al. (2016). The histogram in Fig. 5b suggests that nearly 20 %
of coastal areas covered by our study have EAT between 0

and 50 m. On the other side of the spectrum, our maximum
EAT value is 5145 m, which is of the order of magnitude of
the de Graaf et al. (2015) dataset.

The numerical modelling results show that only the sim-
ulations with extreme EAT values give substantially differ-
ent results from the simulations with average or close to av-
erage EAT values. More variation in the fresh groundwa-
ter cells fraction in the coastal zone can be observed in the
test case with intermediate aquifer thickness (Fig. 9b). In
the other two test cases (Fig. 9a and c) the variation in the
fresh groundwater cells fraction is very low for both geo-
logical scenarios. On the other hand, the model results also
show that geological complexity (multi-layering) has a big
impact on the results. Thus, for locally meaningful results,
the aquifer thickness is but a first result, and a global esti-
mate of multi-layering (aquifers and aquitards) is a necessary
next step. Werner et al. (2013) stress that accounting for ge-
ological heterogeneities is important to accurately simulate
the saline groundwater distribution in coastal areas. Previous
regional- to global-scale studies (e.g. Michael et al., 2013;
Solórzano-Rivas and Werner, 2018; Knight et al., 2018) con-
sidered the geological conditions (permeability and aquifer
thickness) to be homogeneous and our EAT dataset could
provide a first constraint on unconsolidated sediment thick-
ness for these types of studies.

When comparing our numerical modelling output (with
the complex geology incorporated) with the salinity profiles
reported from the individual studies (Pranzini, 2002; Yechieli
et al., 2010; Trapp Jr. and Horn, 1997) we find that differ-
ences for the cases (a) and (b) are small and a 2-D schemati-
zation suffices. However, for cross section (c) the differences
are considerable. This is most likely due to the presence of
strong alongshore flows in the area, a more complex upper
hydrological system and the groundwater withdrawal distri-
bution in the area. This shows that the 2-D modelling ap-
proach does not always suffice to estimate coastal ground-
water flow.

In conclusion, we showed that it is possible to obtain, at
first order, coastal aquifer thickness estimates by using avail-
able global datasets and a simple methodology consisting of
simulating the bedrock slope from the geological outcrops.
Our dataset complements the existing datasets listed in Ta-
ble 2 by providing an estimate of the complete unconsol-
idated part of coastal aquifer systems. In such a way it is
now possible to build more detailed and vertically stratified
regional- and global-scale hydrogeological models based on
the herein provided dataset. By combining our dataset with
existing sedimentary thickness estimates by e.g. de Graaf et
al. (2015) we can distinguish the unconsolidated aquifer sys-
tem (our dataset) overlaying the sedimentary rocks. How-
ever, our dataset is not suitable for building detailed local
hydrogeological models, as in such a case additional lo-
cal geological information should be included. Furthermore,
the local-scale geological complexity seems to play a larger
role in simulated salinity concentration profiles than aquifer
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thickness (except for extreme values). Thus, our EAT dataset
provides a satisfactory first step towards a global coastal
aquifer characterization that should be followed by the as-
sessment of the coastal aquifers’ geological complexity for
local application.

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/essd-10-1591-2018-supplement.

Author contributions. DZ designed the concept of the method-
ology and computer models with the help of GOE and MB. The
manuscript was written by DZ and commented on and revised by
GOE and MB. The final dataset was created by DZ.

Competing interests. The authors declare that they have no con-
flict of interest.

Acknowledgements. This research was partially funded by
the Netherlands Organisation for Scientific Research (NWO)
and the Ministry of Infrastructure and Water Management under
TTW Perspectives program Water Nexus (project no. 14298). We
thank two anonymous reviewers for their thorough reading and
comments that have considerably improved the quality of this paper.

Edited by: David Carlson
Reviewed by: two anonymous referees

References

Bakker, M., Post, V., Langevin, C. D., Hughes, J. D., White, J. T.,
Starn, J. J., and Fienen, M. N.: Scripting MODFLOW Model De-
velopment Using Python and FloPy, Groundwater, 54, 733–739,
https://doi.org/10.1111/gwat.12413, 2016.

Cardenas, M. B., Bennett, P. C., Zamora, P. B., Befus, K.
M., Rodolfo, R. S., Cabria, H. B., and Lapus, M. R.: Dev-
astation of aquifers from tsunami-like storm surge by Su-
pertyphoon Haiyan, Geophys. Res. Lett., 42, 2844–2851,
https://doi.org/10.1002/2015GL063418, 2015.

Carretero, S., Rapaglia, J., Bokuniewicz, H., and Kruse, E.: Im-
pact of sea-level rise on saltwater intrusion length into the coastal
aquifer, Partido de La Costa, Argentina, Cont. Shelf Res., 61–62,
62–70, https://doi.org/10.1016/j.csr.2013.04.029, 2013.

CIESIN – Center for International Earth Science Information Net-
work, Colombia University: Gridded Population of the World,
Version 4 (GPWv4): Population count, Revision 10, NASA So-
cioeconomic Data and Application Center (SEDAC), Palisades,
NY, https://doi.org/10.7927/H4PG1PPM (last access: 30 May
2018), 2017.

Custodio, E.: Aquifer overexploitation: what does it mean?, Hydro-
geol. J., 10, 254–277, https://doi.org/10.1007/s10040-002-0188-
6, 2002.

Delsman, J. R., Hu-a-ng, K. R. M., Vos, P. C., de Louw, P. G.
B., Oude Essink, G. H. P., Stuyfzand, P. J., and Bierkens, M.
F. P.: Paleo-modeling of coastal saltwater intrusion during the
Holocene: an application to the Netherlands, Hydrol. Earth Syst.
Sci., 18, 3891–3905, https://doi.org/10.5194/hess-18-3891-2014,
2014.

Döll, P.: Vulnerability to the impact of climate change on renewable
groundwater resources: a global-scale assessment, Environ. Res.
Lett., 4, 35006, https://doi.org/10.1088/1748-9326/4/3/035006,
2009.

Ferguson, G. and Gleeson, T.: Vulnerability of coastal aquifers to
groundwater use and climate change, Nat. Clim. Change, 2, 342–
345, https://doi.org/10.1038/nclimate1413, 2012.

Gleeson, T., Moosdorf, N., Hartmann, J., and Van Beek, L. P. H.: A
glimpse beneath earth’s surface: GLobal HYdrogeology MaPS
(GLHYMPS) of permeability and porosity, Geophys. Res. Lett.,
41, 3891–3898, https://doi.org/10.1002/2014GL059856, 2014.

de Graaf, I. E. M., Sutanudjaja, E. H., van Beek, L. P.
H., and Bierkens, M. F. P.: A high-resolution global-scale
groundwater model, Hydrol. Earth Syst. Sci., 19, 823–837,
https://doi.org/10.5194/hess-19-823-2015, 2015.

Guo, W. and Langevin, C. D.: User’s Guide to SEAWAT: A Com-
puter Program For Simulation of Three-Dimensional Variable-
Density Ground-Water Flow, Techniques of Water-Resources In-
vestigations, 06-A7, 77 pp., 2002.

Hartmann, J. and Moosdorf, N.: The new global lithological
map database GLiM: A representation of rock properties
at the Earth surface, Geochem. Geophy. Geosy., 13, 1–37,
https://doi.org/10.1029/2012GC004370, 2012.

Ketabchi, H., Mahmoodzadeh, D., Ataie-Ashtiani, B., and Sim-
mons, C. T.: Sea-level rise impacts on seawater intrusion in
coastal aquifers: Review and integration, J. Hydrol., 535, 235–
255, https://doi.org/10.1016/j.jhydrol.2016.01.083, 2016.

Knight, A. C., Werner, A. D., and Morgan, L. K.: The onshore in-
fluence of offshore fresh groundwater, J. Hydrol., 561, 724–736,
https://doi.org/10.1016/j.jhydrol.2018.03.028, 2018.

Kooi, H. and Groen, J.: Offshore continuation of coastal ground-
water systems; predictions using sharp-interface approximations
and variable-density flow modelling, J. Hydrol., 246, 19–35,
https://doi.org/10.1016/S0022-1694(01)00354-7, 2001.

Larsen, F., Tran, L. V., Van Hoang, H., Tran, L. T., Christiansen,
A. V., and Pham, N. Q.: Supp Material: Groundwater salin-
ity influenced by Holocene seawater trapped in incised val-
leys in the Red River delta plain, Nat. Geosci., 10, 376–381,
https://doi.org/10.1038/ngeo2938, 2017.

Michael, H. A., Russoniello, C. J., and Byron, L. A.: Global as-
sessment of vulnerability to sea-level rise in topography-limited
and recharge-limited coastal groundwater systems, Water Re-
sour. Res., 49, 2228–2240, https://doi.org/10.1002/wrcr.20213,
2013.

Natural Earth, http://www.naturalearthdata.com/downloads/
10m-physical-vectors, last access: 21 August 2017.

Nicholls, R. J. and Cazenave, A.: Sea-level rise and its
impact on coastal zones, Science, 328, 1517–1520,
https://doi.org/10.1126/science.1185782, 2010.

Nofal, E. R., Amer, M. A., El-didy, S. M., and Fekry, A. M.:
Delineation and modeling of seawater intrusion into the Nile
Delta Aquifer?: A new perspective, Water Sci., 29, 156–166,
https://doi.org/10.1016/j.wsj.2015.11.003, 2016.

Earth Syst. Sci. Data, 10, 1591–1603, 2018 www.earth-syst-sci-data.net/10/1591/2018/

https://doi.org/10.5194/essd-10-1591-2018-supplement
https://doi.org/10.1111/gwat.12413
https://doi.org/10.1002/2015GL063418
https://doi.org/10.1016/j.csr.2013.04.029
https://doi.org/10.7927/H4PG1PPM
https://doi.org/10.1007/s10040-002-0188-6
https://doi.org/10.1007/s10040-002-0188-6
https://doi.org/10.5194/hess-18-3891-2014
https://doi.org/10.1088/1748-9326/4/3/035006
https://doi.org/10.1038/nclimate1413
https://doi.org/10.1002/2014GL059856
https://doi.org/10.5194/hess-19-823-2015
https://doi.org/10.1029/2012GC004370
https://doi.org/10.1016/j.jhydrol.2016.01.083
https://doi.org/10.1016/j.jhydrol.2018.03.028
https://doi.org/10.1016/S0022-1694(01)00354-7
https://doi.org/10.1038/ngeo2938
https://doi.org/10.1002/wrcr.20213
http://www.naturalearthdata.com/downloads/10m-physical-vectors
http://www.naturalearthdata.com/downloads/10m-physical-vectors
https://doi.org/10.1126/science.1185782
https://doi.org/10.1016/j.wsj.2015.11.003


D. Zamrsky et al.: Global coastal unconsolidated aquifer thickness 1603

Pelletier, J. D., Broxton, P. D., Hazenberg, P., Zeng, X., Troch,
P. A., Niu, G.-Y., Williams, Z., Brunke, M. A., and Gochis,
D.: A gridded global data set of soil, intact regolith, and
sedimentary deposit thicknesses for regional and global land
surface modeling, J. Adv. Model. Earth Syst., 8, 41–65,
https://doi.org/10.1002/2015MS000526, 2016.

Post, V. E. A., Groen, J., Kooi, H., Person, M., Ge, S.,
and Edmunds, W. M.: Offshore fresh groundwater re-
serves as a global phenomenon, Nature, 504, 71–78,
https://doi.org/10.1038/nature12858, 2013.

Pranzini, G.: Groundwater salinization in Versilia (Italy), in: 17th
Salt Water Intrusion Meeting, Delft, The Netherlands, 6–10 May
2002.

Ranjan, P., Kazama, S., Sawamoto, M., and Sana, A.:
Global scale evaluation of coastal fresh groundwa-
ter resources, Ocean Coast. Manage., 52, 197–206,
https://doi.org/10.1016/j.ocecoaman.2008.09.006, 2009.

Rasmussen, P., Sonnenborg, T. O., Goncear, G., and Hinsby, K.: As-
sessing impacts of climate change, sea level rise, and drainage
canals on saltwater intrusion to coastal aquifer, Hydrol. Earth
Syst. Sci., 17, 421–443, https://doi.org/10.5194/hess-17-421-
2013, 2013.

Sefelnasr, A. and Sherif, M.: Impacts of Seawater Rise on Seawa-
ter Intrusion in the Nile Delta Aquifer, Egypt, Groundwater, 52,
264–276, https://doi.org/10.1111/gwat.12058, 2014.

Shangguan, W., Hengl, T., Mendes de Jesus, J., Yuan, H.,
and Dai, Y.: Mapping the global depth to bedrock for land
surface modeling, J. Adv. Model. Earth Syst., 9, 65–88,
https://doi.org/10.1002/2016MS000686, 2017.

Solórzano-Rivas, S. C. and Werner, A. D.: On the rep-
resentation of subsea aquitards in models of offshore
fresh groundwater, Adv. Water Resour., 112, 283–294,
https://doi.org/10.1016/j.advwatres.2017.11.025, 2018.

Trapp Jr., H. and Horn, M. A.: Ground Water Atlas of the United
States: Segment 11, Delaware, Maryland, New Jersey, North
Carolina, Pennsylvania, Virginia, West Virginia, available at:
http://pubs.er.usgs.gov/publication/ha730L (last access: 23 Au-
gust 2018), 1997.

Van Weert, F., J., Gun, Van der, J., and Reckman, J.: World-wide
overview of saline and brackish groundwater at shallow and in-
termediate depths, International Groundwater Resources Assess-
ment Centre (IGRAC), Rep. GP 20, 87 pp., 2008.

Weatherall, P., Marks, K. M., Jakobsson, M., Schmitt, T.,
Tani, S., Arndt, J. E., Rovere, M., Chayes, D., Ferrini,
V., and Wigley, R.: A new digital bathymetric model of
the world’s oceans, Earth and Space Science, 2, 331–345,
https://doi.org/10.1002/2015EA000107, 2015.

Werner, A. D., Bakker, M., Post, V. E. A., Vandenbohede, A., Lu,
C., Ataie-Ashtiani, B., Simmons, C. T., and Barry, D. A.: Seawa-
ter intrusion processes, investigation and management: Recent
advances and future challenges, Adv. Water Resour., 51, 3–26,
https://doi.org/10.1016/j.advwatres.2012.03.004, 2013.

Whittaker, J. M., Goncharov, A., Williams, S. E., Müller, R. D.,
and Leitchenkov, G.: Global sediment thickness data set updated
for the Australian-Antarctic Southern Ocean, Geochem. Geophy.
Geosy., 14, 3297–3305, https://doi.org/10.1002/ggge.20181,
2013.

Yechieli, Y., Shalev, E., Wollman, S., Kiro, Y., and Kafri, U.:
Response of the Mediterranean and Dead Sea coastal aquifers
to sea level variations, Water Resour. Res., 46, W12550,
https://doi.org/10.1029/2009WR008708, 2010.

Zamrsky, D., Oude Essink, G. H. P., and Bierkens, M. F. P.: Aquifer
thickness along the global coastline: link to shape files, PAN-
GAEA, https://doi.org/10.1594/PANGAEA.880771 (last access:
23 August 2018), 2017.

www.earth-syst-sci-data.net/10/1591/2018/ Earth Syst. Sci. Data, 10, 1591–1603, 2018

https://doi.org/10.1002/2015MS000526
https://doi.org/10.1038/nature12858
https://doi.org/10.1016/j.ocecoaman.2008.09.006
https://doi.org/10.5194/hess-17-421-2013
https://doi.org/10.5194/hess-17-421-2013
https://doi.org/10.1111/gwat.12058
https://doi.org/10.1002/2016MS000686
https://doi.org/10.1016/j.advwatres.2017.11.025
http://pubs.er.usgs.gov/publication/ha730L
https://doi.org/10.1002/2015EA000107
https://doi.org/10.1016/j.advwatres.2012.03.004
https://doi.org/10.1002/ggge.20181
https://doi.org/10.1029/2009WR008708
https://doi.org/10.1594/PANGAEA.880771

	Abstract
	Introduction
	Materials and methods
	Coastal aquifer unconsolidated sediment thickness estimation
	Validation methods
	Groundwater flow and salt transport modelling

	Results
	Sediment thickness estimation
	Validation of EAT results
	Groundwater flow and salt transport modelling

	Data availability
	Discussion and conclusion
	Supplement
	Author contributions
	Competing interests
	Acknowledgements
	References

