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Abstract Most river deltas are densely populated areas with intensive agriculture. The increased
shortage of fresh surface water that results from rising demands are expected to lead to increased
groundwater pumping, which leads to sea water intrusion. To correctly project the future of fresh
groundwater resources in deltas, knowing the current fresh-salt groundwater distribution is a prerequisite.
However, uncertainties about these distributions and their drivers are large. To understand these
uncertainties, we conducted a global sensitivity analysis of a complex three-dimensional variable-

density groundwater model of a synthetic delta, simulating the effect of the last glacial low stand and the
subsequent marine transgression. The analysis is unique in its wide range of geometries, hydrogeological
parameterizations, and boundary conditions analyzed, making it representative for a large number of
deltas worldwide. We find that the aquifer hydraulic conductivity is the most uncertain input and has

a strong nonmonotonous effect on the total salt mass onshore. The calculated fresh-salt groundwater
distributions were classified into five classes and compared to real-world case studies. We find that salinity
inversions occur in deltaic systems with high representative system anisotropies as a remnant of a marine
transgression. These salinity inversions were observed in half of the real-world cases, indicating that their
fresh-salt groundwater distributions are not in a dynamic equilibrium. We conclude that it is very likely
that past marine transgressions are still reflected in the current fresh-salt groundwater distributions in
deltas. This makes paleo-groundwater modeling a prerequisite for effective simulation of present-day
groundwater salinity distributions in these systems.

Plain Language Summary Most river deltas are densely populated areas with intensive
agriculture. The increased shortage of fresh surface water that results from rising demands are expected

to lead to increased groundwater pumping, which, in turn, will lead to a more salinized groundwater
system. To correctly project the future of fresh groundwater resources in deltas, knowing the current
fresh-salt groundwater distribution is a prerequisite. However, uncertainties about the current fresh-salt
groundwater distributions and their drivers are large. To understand these uncertainties, we conducted a
lot of simulations of a complex three-dimensional groundwater model of a synthetic delta, simulating the
effect of events that occurred tens of thousands of years ago. We compared these to fresh-salt groundwater
distributions in the literature and find that it is very likely that these ancient events are still reflected in the
current fresh-salt groundwater distributions in deltas.

1. Introduction

River deltas are of high socio-economic value, since they are often densely populated areas with high ag-
ricultural productivity (Neumann et al., 2015; Seto, 2011). The combination of growing population, in-
creasingly intensive agriculture, and, in some areas, increased likelihood of droughts is expected to lead to
fresh water shortages in surface water systems (Bucx et al., 2010). These stresses in turn will instigate more
groundwater pumping, which leads to sea water intrusion and the upconing of saline groundwater (Michael
et al., 2017; Werner et al., 2013). Despite that salinization poses a big problem to many large deltas (Rahman
et al., 2019), the volume of fresh groundwater resources in many deltas is unknown, especially in the deeper
parts of the groundwater system. While advances have been made in monitoring, especially with the onset
of large-scale airborne electromagnetic (AEM) studies (King et al., 2018), 3D variable-density groundwater
modeling still remains the only method to estimate a complete 3D fresh-salt groundwater distribution for
large-scale groundwater systems (Faneca Sanchez et al., 2012). These models also have the added benefit
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of studying the effects of past and future stresses on groundwater systems (Meyer et al., 2019; Oude Es-
sink et al., 2010). Model results, however, are often uncertain due to the joint effects of uncertainty about
the, often heterogeneous, hydraulic conductivity (Enemark et al., 2019), scarce validation data (Sanford &
Pope, 2010), and uncertainty about past transient boundary conditions (van Engelen et al., 2018). The first
two of these problems are common in hydrogeology (Domenico & Schwartz, 1990), but the latter problem
deserves extra explanation. The fact that large-scale groundwater systems often have long residence times
is well known (Jasechko et al., 2017; Sturchio et al., 2004). This also means that solute transport in these
systems is influenced by paleo-boundary conditions (Kooi et al., 2000; Meisler et al., 1984), which can lead
to at first glance surprising observations. For instance, brackish and saline groundwater zones that occur
far inland in multiple deltas are correlated to past marine transgressions (Larsen et al., 2017). Likewise,
offshore fresh groundwater, which is observed globally, is linked to glacial low stands (Post et al., 2013).
Though constraining these paleo-boundary conditions is possible with the help of paleogeographical maps,
seawater curves, and paleo-salinities (Delsman et al., 2014; Meyer et al., 2019; van Engelen et al., 2019), this
information is rarely available over the whole time span of the model. This hampers the use of models to
explain the origin of saline groundwater (van Engelen et al., 2018), which can be highly variable (Stuyfzand
& Stuurman, 2006). Next to the previously mentioned contemporary sea water intrusion and marine trans-
gressions, saline intrusion in rivers (Ayers et al., 2016; Faye et al., 2005), seepage of deep brines (Griffio-
en et al., 2016; Hanor, 1994), and evapoconcentration (Fass et al., 2007; Geirnaert & Laeven, 1992; Han
et al., 2011) can increase groundwater salinity. Up to now, insights into the drivers of the current fresh-salt
groundwater distribution in the world's deltas are fragmented and incomplete, as it is based on a limited
number of modeled case studies and hydrogeochemical measurement campaigns; a systematic investiga-
tion is still lacking.

Sensitivity analyses are crucial to systematically investigate the effects of inputs and their influence on
output uncertainty, thereby enhancing system understanding (Saltelli et al., 2004). We use “inputs” as an
encompassing term for both model parameters (e.g., hydraulic conductivity) and boundary conditions (e.g.,
location shoreline), following the sensitivity analysis literature (Saltelli et al., 2004). There are plenty of
studies that conducted a sensitivity analysis to investigate the effects of individual inputs on the fresh-salt
groundwater distribution. A thorough overview of these studies is presented by Werner et al. (2013), to
which we add a few examples not mentioned in that paper. These examples are all with 2D models, unless
specified differently. Abarca et al. (2007) studied the effect of an aquifer slope parallel to the coast on the
steady-state fresh-salt groundwater distribution with a 3D groundwater model, and found that this geome-
try can create quasi-horizontal circulation cells, to which the salt water wedge was more sensitive than the
aquifer thickness or mechanical dispersion. Walther et al. (2017) investigated the effect of the slope of the
sea-side boundary and found that this slope reduced the penetration length of the steady-state salt water
wedge. In addition, this input had an increasing effect with increasing dispersivity and fresh water inflow,
thus also showing input interaction. Ketabchi et al. (2016) used an inventive and exhaustive multimodel
literature comparison to show that models with a fixed head boundary inland (head-controlled system) ex-
perienced more sea water intrusion due to sea level rise than those with a fixed flux inland (flux-controlled
system). Moreover, they showed that the fresh-salt groundwater distribution is very sensitive to land surface
inundation with sea water, especially in thick aquifers. Zamrsky et al. (2018) showed that the structure
of the geology had a larger influence on the fresh-salt groundwater distribution than aquifer thickness.
Rathore et al. (2018) found that in confined, stratified aquifers, under a constant transmissivity, the eleva-
tion of aquitards had a stronger influence on the shape of the salt water wedge than the ratio of the aquifer
and aquitard hydraulic conductivity. Though these focused studies are very insightful, often the conducted
sensitivity analyses are local, that is, inputs are varied one-at-a-time around one location in the input hyper-
space. This in contrast to global sensitivity analyses, which aim to explore input sensitivity across the com-
plete input hyperspace. Local sensitivity analyses may provide a distorted view of input sensitivities as they
completely miss inputs that interact or have nonlinear effects on model output (Saltelli & Annoni, 2010).
For example, Ebeling et al. (2019) conducted a global sensitivity analysis on a model that simulated the ef-
fect of hydraulic barriers to remediate sea water intrusion in an unconfined aquifer and concluded that the
sensitivity of one input depended on the configuration of other inputs. Similar conclusions were drawn by
Xu et al. (2018) for a variable-density groundwater model of a coastal karstic aquifer.
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The above literature review showed that in order to fully understand which factors determine the onshore
and offshore fresh-salt groundwater distributions in deltas, a sufficiently complex groundwater model is
needed that is forced with paleo-boundary conditions and subject to a global sensitivity analysis. In this
study, we use a variable-density groundwater flow model to conduct a global sensitivity analysis of the
fresh-salt groundwater distribution on a synthetic delta aquifer with a realistic heterogenous but deter-
ministic geology and complex paleo-boundary conditions. The analysis is unique in its wide range of ge-
ometries, hydrogeological parameterizations, and boundary conditions analyzed, making it representative
for a large number of deltas worldwide. We focus on the natural fresh-salt groundwater distribution, since
the development of the current fresh-salt groundwater distribution over long time scales is understudied,
whereas plenty of research has been conducted on anthropogenic influence (Werner et al., 2013).

The remaining part of the paper is setup as follows. Section 2 describes the parameterization of the synthet-
ic, fan-shaped delta aquifer, in particular its geometry and hydrogeology, as well as the initial and boundary
conditions used in the density-dependent paleo-groundwater model. These inputs are based on a number
of real-world case studies of existing deltas. The sensitivity analysis setup is described next, as well as how
results are analyzed. Section 3 provides the results of the sensitivity analysis and compares the fresh-salt
groundwater distributions with the real-world cases studied. These results and limitations to our study are
further discussed in Section 4 followed by conclusions in Section 5.

2. Materials and Methods

We conducted a global sensitivity analysis on a model of 45 ka of variable-density groundwater flow in a
synthetic, fan-shaped delta. A literature review was conducted to provide appropriate concepts and input
ranges for the geometry, lithology, hydrogeology, and boundary conditions of the model (Section 2.6). Con-
sequently, the effect of each input on the fresh-salt distribution was analyzed based on four metrics (Sec-
tion 2.7). Furthermore, we classified the fresh-salt distributions into different types, linked these to inputs
and compared these to fresh-salt distributions found in the literature.

2.1. Parameterizing Geometry

The geometry of the synthetic delta aquifer was created by first specifying a geometry in polar coordinates
(r, @) (Figures 1a and 1c) and transforming this to a cartesian coordinate system (x, y) (Figure 1b), creating
a fan-shaped delta (Figure 1d). The reference depth was set to the present-day median eustatic sea level.
The length of the model domain L was fixed at 200 km, a representative size for major deltas; deltas with
similar sizes are the Red River Delta (Vietnam), Chao Praya (Thailand), Rhine-Meuse (Netherlands), Nile
(Egypt), and the Saloum (Senegal). [, specifies the relative length of the onshore part. The inputs «, 8, and y,
respectively, specified the slope of the onshore part, the coastal shelf, and coastal slope. Finally, H, and H,,
respectively, specified the depth of the aquifer at the apex and coast.

The hydrogeological base was created as a half-ellipsoid across the ¢z-plane (Figure 1c), increasing in depth
toward the coast (Figure 1a). For additional information, see supporting information S1. This half-ellipsoid
shape is observed in, for example, the Yangtze Delta (Shi et al., 2012), the Pearl Delta (Zong et al., 2012),
and the Red River Delta (Winkel et al., 2011). This geometry was consequently horizontally discretized into
cells of 1 X 1 km (cf. van Engelen et al., 2018; Van Pham et al., 2019). Since H, varied widely, we did not fix
the vertical discretization, but instead discretized the vertical into 100 cells to keep the load balance for each
simulation roughly similar. This resulted in a vertical resolution ranging from 1 to 20 m (cf. van Engelen
et al., 2018).

2.2. Hydrogeology

The lithology was created in a deterministic manner, where we specified a Holocene confining layer and a
set of N,q aquitards (Figures 1le, 1g, and 1h). The relative thickness of these layers was set with f,, which
is fraction of the sediment column that is aquitard (supporting information S1). The aquitards were created
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Figure 1. Visualization of the delta geometry and lithology across three planes. r¢ and xy, respectively, are the polar and cartesian coordinate systems. (a) The
rz-plane, on the left-hand side is the delta apex, and on the right-hand side the coast. The blue line indicates the reference depth. (b) The xy-plane, at the bottom
is the delta apex, and at the top is the sea. (c) The ¢z-plane, note the half-ellipse-shaped bottom. (d) A rendering of the resulting geometry. The black lines
visualize the top of the geometry, the gray lines the hydrogeological base. (e) Lithology across the rz-plane. The aquitard is eroded where it is intersected by the
river stage during the glacial lowstand (at tyinsea) (f) Lithology across the xy-plane, viewing the top confining layer. (g) Lithology across the ¢z-plane, note the
paleochannels that form conducts through the aquitards. (h) 3D rendering of the aquitards and confining layer.
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laterally continuous up to the apex, whereas the Holocene confining layer was not. This allowed for onshore
recharge zones near the delta edges, similar to the infiltration zones near the edges of the Nile Delta (Pen-
nington et al., 2017) and the Chao Praya delta (Sanford & Buapeng, 1996). The extent of the confining layer
was set by l.,ns (Figure 1f), which specified how far up to the apex the layer reached.

A horizontal hydraulic conductivity was assigned to the aquifers (Kj,.q¢) and a vertical hydraulic conductiv-
ity to the aquitards and confining layer (K, ,q). These were subsequently converted to, respectively, a K, aqs
and a Kj, 5o with a formation anisotropy ( K, / K,,). This approach was chosen to unite the input distribu-
tions (Section 2.6) with the values found in the literature study (Figure 3). In the literature only a Kj, .o and
a K, .o were usually provided, adhering to the main flow directions (Domenico & Schwartz, 1990).

Paleochannels were added as straight lines of 1-km width, a comparable width to paleochannels found in
the Rhine-Meuse delta (van Asselen et al., 2017) and the West Bengal delta (Samadder et al., 2011). In the
field, these channels can form either high conductive zones when filled up with fluvial sediments (Mulligan
et al., 2007) or low conductive zones when filled up with marine sediments (Larsen et al., 2017). In this
study, we focus on the paleochannels’ ability to incise through aquitards and as such forming preferential
flow paths with fx ., which is a factor that governs the hydraulic conductivity of the paleochannels. The
closer fx pa is to 1, the more the hydraulic conductivity of the paleochannel tends to that of the aquifers. The
horizontal distance between two vertically consecutive preferential flow paths can affect vertical flow (Post
& Simmons, 2010) and is therefore incorporated as sp,.

To increase the physical plausibility of the generated lithology, erosion was modeled by removing all aqui-
tards that were located above any of the surface water profiles occurring from the last glacial low stand until
present (Figure 2c). Furthermore, the confining layer is deposited after the Holocene transgression has
reached its maximum extent (¢,,), which is comparable to how this confining layer was deposited in most
deltas (Fielding et al., 2006; Pennington et al., 2017; Stanley & Warne, 1994; Tanabe et al., 2006).

2.3. Boundary Conditions
2.3.1. Offshore

The sea was incorporated as a Robin boundary condition (Jazayeri & Werner, 2019), which calculates the
mass flux across the boundary (Qp,g) as follows (Guo & Langevin, 2002):

Obnd = pupcond(hf,bnd - hf,cell) (€))

where p,, is the density upstream of the flow, so the density of the model cell with outward flow and the
density of the sea with inward flow; Cond is the conductance of the boundary; and hgnq and hy.e are the
fresh water heads (Guo & Langevin, 2002; Langevin et al., 2003; Post et al., 2007) of, respectively, the bound-
ary and model cell. We used the median eustatic sea level curve of the last 45 ka (Spratt & Lisiecki, 2016) to
set the heads at the sea boundary. To simulate variable-density groundwater flow and coupled salt transport,
we use IMOD-SEAWAT (see Section 2.5). This code requires heads to be constant throughout stress periods,
thus we calculated the mean sea level over each stress period. Stress periods were refined during the Holo-
cene (the last 11 ka, see Figure 2a), since this is the main period of interest where the marine transgression
occurred. We use a coarser temporal discretization for the late Pleistocene as otherwise the amount of input
data would get too large. The conductance between sea and aquifers and the salinity of the sea were kept
constant through time at 1e5 m?/d. This is on the high side compared to groundwater models that simulate
the present-day Netherlands (De Lange et al., 2014), where values of 1e4 m?/d are more common. However,
we found that lower conductances (1e4 m*/d) hampered free-convection during the marine transgression
in simulations with lower Kj, .o values, despite Rayleigh number exceeding critical values (>40). The higher
conductance is a reasonable assumption, since fine-grained sediments, which lower the conductance, start-
ed to be deposited relatively recently, during delta progradation (Stanley & Warne, 1994).

Sea cells were placed at the top active cells beyond the coastline. We use the point where sea level equals
the topography, ryea=wp, to determine the location of the coastline during the late Pleistocene. This meth-
od, however, does not result in a marine transgression during the Holocene as the median sea level never
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Figure 2. Description of the boundary conditions. (a) Eustatic sea level curve. In orange the median data of Spratt and Lisiecki (2016), in blue how we
discretized this curve into constant stress periods. The vertical dotted lines indicate the sea levels at the glacial lowstand (£ sea), at the start of the Holocene
(tHolostart), at the maximum extent of the marine transgression (), and at 0 ka (fenq). (b) Location of the boundary conditions over the zr-plane. On the right-
hand side, the time each line belongs to. Note that the boundary conditions do not necessarily follow the (present-day) topography, because rivers can incise
during lowstands and deltas prograded only after ,,, which caused the present-day topography. (c) Location of the onshore and the offshore through time over

the xy-plane.

reaches sea levels above 0 m. In reality, a lot of deltas experienced a marine transgression at the start of the
Holocene, after which the delta progradation started as sea level rise decelerated (Stanley & Warne, 1994).
To incorporate this without having to change the delta geometry, we therefore introduced I, (supporting
information S1), which is the relative length of the onshore part at f.,q (t = 0 ka) that is covered with sea
water at the moment of maximum marine transgression . t., varied in reality between 8,500 and 6,500 ka
(Stanley & Warne, 1994).

2.3.2. Onshore

Onshore surface waters were also incorporated as a Robin boundary condition (Equation 1). Stages were as-
signed by drawing linear profiles from the delta apex to the contemporary coastline, following van Engelen
et al. (2019). This boundary condition was assigned to all onshore cells with depths closest to the onshore
surface water stage, so that a fan of, lower conductive, surface water was created. Hereafter, a number of
Niiy lines were drawn, each representing a large river branch. The conductance of onshore surface waters on
these lines was multiplied with a factor, fun.n, to simulate the higher surface-groundwater interaction that oc-
curs near large river branches (Sefelnasr & Sherif, 2014). The conductance was kept constant through time.
Saline water intrusion in surface waters was incorporated by introducing a surface water saline intrusion
length, Ly, that specifies the extent of saline water intrusion at t.,q (Figure 2b). A linear salinity profile was
drawn from reeas t0 Ly, as a first-order approximation of the more S-shaped or exponential salinity profiles
(Figure S1) observed in reality (Savenije, 2012). The intrusion length was corrected each stress period for
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the large changes in river gradient that occurred over time (supporting information S2), by substituting the
Chezy formula (Chow et al., 1988) into Savenije's formula for the salinity intrusion length (Savenije, 2012).

A natural groundwater recharge flux (R) was assigned as a Neumann boundary condition at the upper active
cells onshore, of which the magnitude was fixed throughout time. In reality, the natural groundwater re-
charge was very dynamic over the last 45 k years, as soil properties and climate varied strongly through this
period (Gossel et al., 2010). The constant recharge was a first-order approximation of the model sensitivity
to natural groundwater recharge. Adding more complex recharge functions would introduce more inputs,
which would increase the amount of simulations required for the global sensitivity analysis (Section 2.5).

2.4. Initial Conditions

As initial salinity, we set all groundwater below the minimum sea level (—130 m) as saline. In this way, we
accounted for older saline groundwater that might be present in deeper aquifers (Hanor, 1994; van Engelen
et al., 2018). We traced this old saline groundwater with a separate tracer. The initial heads were set equal
to the heads of the surface water systems during the first stress period, corrected for salinity such that the
freshwater heads (Post et al., 2007) were vertically constant.

2.5. Sensitivity Analysis

In total, our global sensitivity analysis covered 23 inputs. Since the wall clock time of individual simulations
ranged up to 7 days on a computational node with 24 cores a sampling scheme was chosen that sufficiently
explored the input hyperspace while keeping the required amount of simulations to a minimum. One of the
few methods capable of this is Morris’ method (Morris, 1991), which therefore is a commonly used sampling
scheme in hydrology (e.g., Cloke et al., 2008; Herman et al., 2013; Song et al., 2015; Xu et al., 2018). Morris’
method works as follows. First, all input distributions are transformed to a uniform unit distribution, rang-
ing from O to 1. Next, the resulting unit hyperspace is discretized into Nj., levels. In this study, we set Nje, to
4, which is a common value (Morris, 1991). Consequently, from a random starting point in this discretized
hyperspace, one input at a time is varied consecutively. This results in a trajectory of length Nj,,+ 1, where
Niyp is the number of inputs. An Ny,; number of trajectories is created so that the effect of changing one
input at a time is evaluated multiple times for each input. In other words, the effect of each input can be
assessed in different areas of the input hyperspace. The trick is to create a set of trajectories that covers the
input hyperspace the best, for which multiple algorithms have been developed (Campolongo et al., 2007;
Khare et al., 2015; Ruano et al., 2012). In this research, we use the algorithm of Khare et al. (2015) to create
Ny = 10 trajectories. The effect of each input is expressed as the elementary effect, which is the gradient
of the change in model response (Section 2.7) over the change in input (Section 2.6). Since for each input
Nij elementary effects are calculated, a mean (1) and standard deviation (o) of the elementary effects can
be calculated. The value u serves as an estimate of the general sensitivity of the model to an input, c as a
proxy for the amount of nonlinearity and/or interaction the input has. The higher the value of o, the less
likely a local sensitivity analysis is going to lead to an accurate assessment of the sensitivity of this input.
Following Campolongo et al. (2007), we use the mean of the absolute elementary effects (u*) to correct for
nonmonotonous effects that otherwise cancel each other out. This also allows us to calculate a measure of
nonmonotonicity, €, for each input:

. abs (*y) )
U

An ¢ close to one means the elementary effect of the input is very monotonous, meaning the sign of the
model response to a change in the input is always equal, regardless of the configuration of other inputs.
Conversely, an ¢ close to zero means it is very nonmonotonous.
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Table 1

L;lt)oj‘ the Chosen Input Distributions for the Global Sensitivity Analysis

Symbol Description Distribution Range Unit Source

Geometry

& Length of the onshore relative to the total length Uniform 0.1-0.8 — GEBCO (2014)

fu Ratio sediment thickness at the apex over that at the coastline (4, / Hy) Uniform 0.0-0.8 = Data review

H, Sediment thickness at the coastline Loguniform 70-1,000 — Data review

A Angle onshore topography Loguniform  le-5-1e-3 rad Syvitski and
Saito, (2007)

B Angle coastal shelf Loguniform  le-4-4e-3 rad GEBCO (2014)

oy Angle sector across the xy-plane Uniform 0.1257-0.5t  rad Assumed

Lithology

If e Fraction aquitard of the sediment column Uniform 0.1-0.8 — Data review

L cont Extent of the confining layer relative to the total onshore length Uniform 0.0-1.0 — Data review

N gt Number of aquitards Uniform 0-6 — Data review

N pa Number of paleochannels per aquitard Uniform 1-4 — Data review

S/ pal Relative paleochannel displacement Uniform 0-1 — Data review

Hydrogeology

K gt Horizontal hydraulic conductivity aquifer Loguniform  le-1-2e2 m/d  Data review

K g Horizontal hydraulic conductivity aquitard Loguniform  le-6-le-1 m/d  Data review

fpal Factor governing horizontal hydraulic conductivity paleochannel Uniform 0-1 = Assumed

K, /K, Anisotropy of single formation, assumed equal for aquifers and aquitards Loguniform  1-100 — Data review

R Recharge Uniform 0-3e-3 m/d  Data review

Surface water

N chan Number of river channels Uniform 1-7 — Data review

Jfchan Factor with which river channel resistance is reduced compared to surrounding Loguniform 1-10 — Assumed

surface water

il Salt water intrusion length in surface water at ¢ = 0 ka relative to the onshore length ~ Uniform 0-1 — Savenije (2012)

- Length of maximum transgression relative to the onshore length Uniform 0-1 = Data review

oo Time of maximum trangression Uniform 9-6 ka Stanley and
Warne (1994)

Solute transport

N Effective porosity, assumed constant throughout domain Uniform 0.1-0.4 — Data review

a; Longitudinal dispersivity Loguniform  0.25-10 m Zech et al. (2015)

2.6. Input Distributions

A literature study was conducted to determine realistic input ranges. Table 1 lists the input distributions
that were reported and varied in the sensitivity analysis. The inputs that were kept constant can be found
in Table S1. For four inputs, complete overviews were already available from which a realistic input range
could be inferred directly, namely the hydraulic gradient () (Syvitski & Saito, 2007), the contemporary sa-
linity intrusion length (Ly,tena) (Savenije, 2012), longitudinal dispersivity (a;) (Zech et al., 2015), and time of
maximum transgression (f,) (Stanley & Warne, 1994). For the other inputs, mainly those dealing with the
subsurface, we compiled a database of real-world case studies for different deltas (Figure 3). The lithological
inputs (fuge> leonts Nag- Npa) and groundwater system depths (H,,H,) were determined from reported geolog-
ical cross-sections; I, and Nha, from paleogeographical maps; and the remaining geometrical inputs (I, 5)
by drawing profiles through the General Bathymetric Chart of the Oceans (GEBCO, 2014). The literature
sources usually provided a separate range of hydrogeological inputs ( K, aqt s Ky aqts Kin 1 K,y R) in each delta.
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The reported range either represented spatial variability of the input (zoning), variable lithology, different
model scenarios, or had an unspecified cause. Two studies did not report K, ,q, but instead very high effec-
tive anisotropies (~10,000) (Bonsor et al., 2017; Cao et al., 2016) for the entire groundwater system. In these
cases, we used those anisotropies to calculate K, ... The data of our literature review are included in the code
package that accompanies this paper (van Engelen, 2020a).

2.7. Sensitivity Metrics

We computed sensitivity metrics to four outputs of interest, which we all evaluated at 0 ka. We work with
relative volumes and masses as otherwise the sensitivity to geometrical inputs would dominate. First,

— Vf,off

FWog v
off

(3)
where FW,y is the relative volume of brackish (<10 g TDS/I cf. Post et al., 2013) groundwater offshore (-),
Vioir is the absolute volume of brackish groundwater offshore (m®), and Vg are total volume of offshore
groundwater (m?). Second,

M
Son = 4)
My (
r 6S0n
Son = S ©)

where S,, is the relative onshore salt mass (=), M, is the absolute onshore salt mass (kg), and M, o, is the
absolute onshore water mass (kg), and S, is the time derivative of S,,. Third,

Ms,init
M

Sinit = )

s
where Sy, is the relative mass of initial salt (=), M, is the absolute mass of initial salt (kg), and M; is the
absolute total salt mass (kg).

In addition, we visually classified the end-state (0 ka) fresh-salt groundwater distributions of each simula-
tion into five different typologies, modified after the salinity distributions of the “modes of transgression” in
Kooi et al. (2000): (1) the dispersive type, which has wide mixing zones (mode 1 in Kooi et al., 2000), (2) the
free-convective type, where fingers are visible (modes 2 and 4 in Kooi et al., 2000), (3) a mix of the previous
two types, (4) the advective type, with a narrow brackish zone spanning roughly three model cells, equaling
3 km, or less, and (5) the inverted type (mode 3 in Kooi et al., 2000), where salt water is overlaying fresher
water. We consequently compared these to published fresh-salt groundwater distributions of real-world
case studies that we classified in the same way.

2.8. Code Description and Computational Resources

We used iMOD-SEAWAT (Verkaik et al., 2017) to solve the combined variable-density groundwater flow
and solute transport equations. This code is based on SEAWAT (Langevin et al., 2008), but supports dis-
tributed memory parallelization for a significant reduction in computation times. The SEAWAT code is the
industry standard for solving variable-density groundwater and coupled salt transport problems. There-
fore, the reader is referred to its manuals for an extensive explanation (Guo & Langevin, 2002; Langevin
et al., 2003, 2008). All scripts to build, run, and postprocess models are released as a Python package (van
Engelen, 2020a), which heavily utilized the iMOD-Python library (Visser & Bootsma, 2019). The global
sensitivity analysis required 240 simulations. These were conducted on the Dutch national computational
cluster Cartesius (Surfsara, 2014) on computational nodes with Intel Xeon E5-2690 v3 processors, each node
hosting 24 CPU cores. The wall clock time of individual simulations varied strongly, ranging from 3 h to
7 days.
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Figure 4. (a-d) Scatter plots of the mean absolute elementary effect (1) against its standard deviation (o) of each input for the four metrics (Son FWoss Sinit,
S..). Each input is represented by a triangle, the orientation of which indicates whether the input has a positive effect on the metric or not. The colors indicate
the group the inputs belong to in Table 1. The dotted line represents where u* = o; inputs located above this line have a strong nonlinear effect or are strongly
interacting. The labeled inputs are the most sensitive. (e) The monotonicity heatmap (¢) for all the labeled inputs per output: the closer this value is to 1, the
more monotonous the response of a metric to a change in an input.

3. Results

The main results of the global sensitivity study are given in Figure 4, which shows that the onshore salinity
mass S,n is strongly controlled by the hydraulic conductivity of the aquifers Kj, .o (Figure 4a). This is a very
nonmonotonous input for this variable (Figure 4e), meaning that an increase in Kj, ,qs can both increase and
decrease the amount of salt water onshore, depending on the other inputs. More specifically, a high Kj, aq¢
both favors vertical intrusion of saltwater during the marine transgression (converted via the anisotropy)
as well as subsequently flushing infiltrated salt during a marine regression and flushing of initial salt over
the complete time domain (Figure S2). Another, equally sensitive input is H,, that largely determines the
system thickness. A deeper system allows for relatively more salt onshore, since the salt water wedge can
reach further inland as well as that the freshwater zone is relatively smaller with depth in a deep system in
comparison to a shallow system. Furthermore, deeper systems have a higher capacity of preserving old salt.
Next to these two dominant inputs, S,, is controlled to a lesser degree by the relative onshore length (I,),
the hydraulic gradient («), and the extent of the marine transgression (l,). [, might be a surprising input
to see here, since we normalize over the total onshore mass to calculate S,,. However, the brackish zone
stays equal in size with a larger [, and hence decreases in relative size with increasing [,. The fact that S,,
is more sensitive to H, than [, implies that the amount of salt onshore S,, is controlled more strongly by
the amount of initial salt retained than the amount of salt infiltrated during the Holocene transgression.

The offshore brackish water (FW,) is dominantly controlled by three inputs: K, .45, the vertical conductivity
of the aquitards K, ,q, and porosity n. FW in our models was mainly the result of Pleistocene fresh water
being preserved in the aquifers, instead of submarine groundwater discharge, which is the reason why this
metric is mainly controlled by inputs that largely determine the velocity of the flow. Higher velocities result
in a quicker replacement of fresh water with salt water.

Looking at the system dynamics, both S,, and the relative mass of initial salt Siy; are predominantly con-
trolled by K. and H,. The remaining sensitive inputs are different though, the short-term change in
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Figure 5. Left-hand side: Example 2D cross-sections of the groundwater salinity distributions of five simulations that are classified in the five different fresh-
saline types (Section 2.7). The colors indicate the salinity. Right-hand side: Swarmplot of the fresh-saline types. The numbers in the legend point to a fresh-
saline type (Section 2.7). On the x-axis the logarithm of the horizontal aquifer hydraulic conductivity, on the y-axis the resistance up to and including the first
aquitard r; (Equation 7). Note that the x-axis is categorical, since we discretized the input hyperspace.

onshore salt mass S, is additionally controlled by the hydraulic gradient & and extent of the marine trans-
gression Iy, whereas Si,; is additionally controlled by inputs that control the total clay resistance (Nyq,
K, aqi> fage) and ;. This means that, though S,, is controlled strongly by the amount of initial salt retained by
resistant layers, the current freshening or salinizing is controlled more strongly by the hydraulic gradient
and the extent of the marine transgression.

The swarmplot in Figure 5 plots K, .qs against the vertical resistance of the top sediments up to and includ-
ing the first aquitard at the coastline (7, [d]). To calculate this, we summed the resistance of one aquifer
and one aquitard, disregarding the resistance of the confining layer because this is deposited only after the
Holocene transgression

[ O rEE

Iy = Hy (7
Nathv,aql (Naql + 1)I(h,aqf

Despite noise due to different boundary conditions for different simulations, patterns are visible. At lower
hydraulic conductivities the system has a high probability of still being in a chaotic free-convective state.
In some of these cases, the initial saline water in the aquifer was still preserved as a wide brackish zone,
leading to the mixed type. With increasing K, .5, a transition is visible toward an increased probability of the
advective type. At high K}, .oy and r,, meaning very high anisotropies of large-scale representative conductiv-
ities K, 1, / K, rep» Salinity inversions can occur.

Table 2 presents the results of a literature study where we classified all reported salinity distributions we
could find for various deltas (a subset of the real-world case studies given in Figure 3). Only types 1 (with
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Table 2
Classification of Reported Fresh-Salt Water Distributions for Various Deltas Across the World
K h,aqf
Delta Country Type [m/d] rg[d] Source salt onshore Reference
Ganges- Bangladesh and 5 20-70 5e4-4e5  (Paleo)-salinity intrusion in rivers and Naus et al. (2019) and Sarker
Brahmaputra India aquaculture and marine transgression et al. (2018)
Incomati Mozambique 1 1-18 5el—5e3 Marine transgression Nogueira et al. (2019)
Kelehantan Malaysia 5 NaN NaN Marine transgression Samsudin et al. (2008)
Llobregat Spain 1  1-1,000 4e3-1e9 Holocene transgression (in aquitards) and Iribar et al. (1997) and Manzano
Contemporary sea water intrusion (deep et al. (2001)
aquifer)
Mahanadi (South)  India 1 8-85 7e3-2e4 Unknown Radhakrishna (2001)
Mahanadi (North)  India 5 8-85 7e3-2e4 Unknown Radhakrishna (2001)
Mekong Vietnam 5 1-67.5 3e2-5e6 Holocene transgression Van Pham et al. (2019)
Nile Egypt 1 7-100 2e2-1e7 Holocene transgression and evapoconcentration  Geirnaert and Laeven (1992)
and rock salt dissolution and van Engelen et al. (2019)
Red River Vietnam 5 5-30 5e3-5e7 Holocene transgression Larsen et al. (2017)
Rhine-Meuse The Netherlands 1  0.1-100 1e2-9e3 Holocene transgression and contemporary sea Delsman et al. (2014)
water intrusion
Rhone France 1 NaN NaN Holocene transgression de Montety et al. (2008)
Saloum Senegal 1 1-190 6el-1e6  Salinity intrusion in rivers Faye et al. (2005)
Vistula Poland 1 9-168 7e3-4e4  Pre-Holocene transgression Kozerski (1983)
Yellow River China 5  2-200 6e2-7e4  Holocene transgression Cao et al. (2016)

Note. Salt sources in cursive are hypothesized by us, in roman as hypothesized by the referenced authors. Kj, .qr and r; are, respectively, retrieved and calculated
from our data literature review.

wide mixing zones) and 5 (salinity inversion) are found in the reported field studies. If reported, we include
the hypothesized source of the salt, and in one case we added a hypothesis ourselves. Namely, the Holocene
transgression extended ~150 km landwards in the Yellow River Delta (Saito et al., 2001), which causes a
similar salinity inversion in the neighboring southern coastal aquifers of the Laizhou Bay (Han et al., 2011).
There are two cases of clear contemporary salt water intrusion. First, groundwater pumping in the ~70-m
thick deeper aquifer of the Llobregat delta led to increased salinities (Iribar et al., 1997). In the Rhine-Meuse
delta, peat excavation in the polders caused land surface levels below sea level, which consequently led to
the polders draining (old marine) sea water (Delsman et al., 2014). In most cases, there were often relict
salts of past transgressions present in the brackish and saline waters. Comparing the reported ranges of
Kj,aqr and values we estimated for r; for the respective deltas to the trend observed in Figure 5, we find that
these comply with each other.

4. Discussion

The combination of a model with a large time domain and the global nature of our sensitivity analysis led
to new insights. First, all the sensitivity metrics were very sensitive to hydraulic conductivity of the aquifers
Kj,aqr (Figure 4), which also had a very nonmonotonous effect on the onshore salt mass So,, because K 4
both enhanced infiltration of salt water during the marine transgression as well as flushing of salt water
from the system. This shows that care should be taken conducting a local sensitivity analysis on Kj, oo for
transient models, as its effect on the total onshore salt mass at present depends on the configuration of other
inputs. In sensitivity analyses with a more fixed geometry, the thickness of the groundwater system Hj, will
be a more constrained input than Kj, .o, which means that Kj, ,o; only increases in relative importance in
these experiments.

VAN ENGELEN ET AL.

13 of 19



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2020WR027290

In addition, from the abundance of type 5 salinity distributions (Figure 5), we conclude that a high Kj, s
alone does not necessarily imply that the fresh-salt groundwater distribution is currently in a dynamic
equilibrium. Moreover, as recently shown by van Engelen et al. (2019) (using a regional groundwater model
with Kj, .qr = 75 m/d), even groundwater salinity distributions with narrow brackish zones (type 4) can be
still be affected by past conditions. In fact, the past occurrence of Holocene transgression in this case led to
a steeper fresh-salt interface compared to the interface of an equivalent steady-state model.

Furthermore, we found that different time scales are influenced differently by inputs. We can infer this from
a comparison between Siy; and S’ Sinit is @ measure of the long-term system dynamics (~40 ka), whereas
S'on is @ measure of the shorter-term dynamics (~3 ka) (Figure 4): The long-term groundwater memory is
predominantly controlled by clay resistance, whereas the shorter-term memory by the hydraulic gradient
and the extent of the Holocene transgression. This has implications for groundwater dating studies in simi-
lar systems, as the long-term groundwater memory operates within the time scale of **C groundwater dating
(2-40 ka) and the shorter-term approaches the time scale of that of **Ar (50 a-1,000 a) (Suckow, 2014).

Comparing the inferred typologies in Figure 5 to field cases provides a sense of the plausibility of the input
configurations. Three of the five typologies are not observed in the real-world case-studies analyzed.

First, narrow brackish zones (type 4) are not observed, since all reviewed cases reported wide brackish
zones. In the models narrow brackish zones, the transient boundary conditions and simple heterogeneities
of our approach did not produce wide brackish zones. This means either that the reviewed deltas did not
have a high effective aquifer conductivity Kj, ., that the anisotropic cell dimensions numerically narrowed
the brackish zone (Bakker & Hemker, 2002; Pauw et al., 2015), or that despite our best efforts, some impor-
tant processes were not incorporated in this computational experiment. For instance, Michael et al. (2016)
showed that stochastically generated hydraulic conductivity fields can create wide brackish zones, even
with steady-state boundary conditions. Alternatively, kinetic mass transfer models, which are able to re-
produce the tailing of a passing solute plume, also create wider brackish zones under transient conditions
(Lu et al., 2009). We incorporated neither of these two approaches in our model setup, as constraining data
was considered too scarce for this experiment. Generating stochastic hydraulic conductivity fields would
require realistic parameters on spatial variation of conductivities or small-scale lithological variation for a
wide range of deltas, which are not readily available. Also, the computational efforts needed to analyze the
sensitivity to these parameters (a global sensitivity analysis, now with Monte Carlo sampling) would be at
least an order of magnitude larger than the current study and is a topic for future research. Furthermore,
estimates of the additional parameters required for kinematic mass transfer models are very limited (San-
ford et al., 2017).

Second, free-convection (types 2 and 3) events are not observed in the field on a large scale, only as short-
lived events on smaller scales (Andersen et al., 2007; Stevens et al., 2009; Van Dam et al., 2009). We are not
aware of any reported large-scale, free-convective systems on a delta scale, which raises doubts on the real-
ism of an aquifer with a representative conductivity K, .o between 0.001 and 0.1 m/d. Instead, chaotic salin-
ity patterns are now often ascribed to heterogeneity in lithology and salt sources (e.g., Delsman et al., 2014;
Michael et al., 2016; Naus et al., 2019; van Engelen et al., 2019). Given that many deltas have experienced
a Holocene transgression (Larsen et al., 2017), the lack of free-convection distribution in real-world cases
provides an additional constraint on K, .4 and thus indirectly on Kj, .. Because nearly all the simulations
with Kj,.r = 0.1 m/d were classified as the free-convective type, we deem it unlikely that deltaic aquifers
would have a representative hydraulic conductivity on a regional scale that approaches this value.

In contrast, the case-studies analyzed suggest that a high resistance up to and including the first aquitard
and high K}, .45, in other words a high representative anisotropy (K nrep | Ko rep ) results in a high probability

of retaining an overtopping (type 5). For instance, the Quaternary aquifer underlying the Yellow River Delta
has a high representative anisotropy and shows a brackish zone overlying fresh water (Cao et al., 2016).
Similarly, high values of (K nrep | Ko, mp) were required to reproduce the observed salinity inversion in the
Red River Delta (Larsen et al., 2017). The strongly heterogeneous Ganges-Brahmaputra delta also has a
very high K, ., / K, ,, (Michael & Voss, 2009) and an observed salinity inversion at 200 m depth (Sarker

et al., 2018).

,rep
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Three salt sources were included our model: pre-Holocene salt water, Holocene sea water, and saline water
by intrusion in rivers. The model results turned out to be very sensitive to the total amount of salt present
initially, which we infer from the fact that S,, was very sensitive to H,. With increasing system thickness,
there was an increasing amount of initial salt still present and longer travel times for sea water circulation.
Despite that this old salt water can occupy large fractions of larger deltaic groundwater systems, its origins
and flow paths are often underexplored in case studies and thus uncertain (Griffioen et al., 2016; Han
et al., 2011; van Engelen et al., 2018). The fact that S,, was more sensitive to the extent of the marine trans-
gression l, than the saline intrusion length in rivers ly,enqa implies that the amount of salt water intruded
via rivers was usually less in our modeled groundwater systems than the amount of Holocene sea water,
despite that the Holocene transgression occurred only temporarily. This is a result of both the salinity and
the hydraulic gradient of the river systems that stimulate flushing with fresher water, contrary to the con-
stant sea level and salinity of the sea. The relatively small effect of salt water originating from rivers is also
observed in case studies, as a local phenomenon constrained to areas in proximity to (paleo)-channels in the
upper ~50 m of the groundwater system (Ayers et al., 2016; Faye et al., 2005; Naus et al., 2019).

Despite our best efforts, there are limitations to this study. Even though we conducted an exhaustive lit-
erature study to attain realistic input distributions, this could not prevent some unrealistic input combi-
nations for two reasons. First, as mentioned earlier in the discussion, delta aquifers with a regional-scale
representative hydraulic conductivity of 0.1 m/d presumably do not exist, as this would result in large-scale,
free-convective systems that are still present, which are not observed in the field. This means that the range
of our K}, input distribution is too large, meaning that the sensitivity to this input may be overestimated.
Second, we disregarded anthropogenic effects. One case where clear large-scale anthropogenic influence on
the fresh-salt groundwater distribution is the heavily engineered Rhine-Meuse delta (Delsman et al., 2014),
mainly because of the land reclamation projects that cause large upward head gradients from 1850 AD
up to now. Table 2, however, shows that humans did not influence the large-scale fresh-salt groundwater
distribution for most deltas (yet). If human influence is observed, it is in the shallow aquifers (e.g., Gan-
ges-Brahmaputra). A rigorous study where the human impacts on the fresh-salt groundwater distribution
are quantified in deltaic systems is a topic for further study. In addition, our classification is based on visual
interpretation, introducing subjectivity. A possible solution to this problem is presented by Werner (2016),
who created a classification of fresh-salt groundwater distributions based on analytical solutions. However,
this framework is not (yet) suitable for classifying the complex outputs produced by our 3D models. Finally,
we have not conducted this sensitivity analysis on a set of dimensionless equations. This would have made
this analysis scale-independent and could have provided some additional insights on input interactions.
The dimensionless equations derived by Abarca et al. (2007) for the anisotropic dispersive Henry problem
can serve as a good starting point for this. However, these authors found that some of the key factors, that
control the outputs of interest in their study, were not explicitly present in their dimensionless equations.
This means that these equations alone are not enough to identify all key factors, meaning a rigorous analysis
is still necessary. The simulations conducted in this study would not satisfy the criterion of evenly distribut-
ed input discretization across the dimensionless input hyperspace, required for a successful application of
Morris method (Section 2.5). Suppose we would use the simulations of this research to study the dimension-
less equations, we therefore cannot guarantee that these simulations identify key controlling dimensionless
inputs. We additionally note that a full dimensionless analysis would have had only limitedly reduced the
number of inputs analyzed according to the Buckingham-Pi theorem, that is, from 23 to 20, since we have
three fundamental dimensions (Mass, Time, Length).

5. Conclusion

We conducted a unique global sensitivity analysis of a model with complex boundary conditions over geolog-
ical time scales. The analysis is unique in its wide range of geometries, hydrogeological parameterizations,
and boundary conditions analyzed, making it representative for a large number of deltas worldwide. Model
results, in particular onshore saline and its gradient, proved to be highly sensitive to the aquifer hydraulic
conductivity (K .q) and thickness of groundwater system (H,), and to a lesser degree to the hydraulic gradi-
ent («) and the extent of the Holocene transgression (li,). We showed a nonmonotonous sensitivity to K .q
on the total salt mass onshore, indicating interactions between the various model inputs. Furthermore,
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by classifying the model groundwater salinity distributions and comparing these with distributions of re-
al-world cases, we showed that in at least half of these cases, the groundwater salinity distribution is not in
a dynamic equilibrium. This is most likely caused by a combination of past marine transgressions and high
effective anisotropies. We conclude that it is very likely that past marine transgressions are still reflected in
the current fresh-salt groundwater distributions in deltas. This makes paleo-groundwater modeling a pre-
requisite for effective simulation of current groundwater salinity distributions in these systems.

Data Availability Statement

3D renderings of all 240 model results can be found online under the following DOI (van Engelen, 2020b):
https://doi.org/10.5281/zenodo.3653876. The code and data to reproduce the models and figures can be
found under the following DOI (van Engelen, 2020a): https://doi.org/10.5281/zenodo.3653734.
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