
1. Introduction
Deltaic aquifers and river basins provide water resources to over 300 million people globally (Edmonds et al., 2020; 
Giosan et al., 2014; Syvitski & Saito, 2007). Groundwater is often the primary source for water supply due to the 
high uncertainty of availability and typically low quality of surface water (Shamsudduha et al., 2011). However, 
fresh groundwater resources in deltas are threatened by multiple onshore and offshore contaminants (Hosono 
et  al.,  2011; Michael & Voss,  2008; Nofal et  al.,  2015; Vetrimurugan et  al.,  2013). Aquifer salinization and 
geogenic arsenic are two major issues (Ayers et al., 2016); in mega deltas of Southern Asia alone, >25 million 
people and >100 million people are at risk of drinking saline water (Shammi et al., 2019) and high-arsenic water, 
respectively (Fendorf et al., 2010; Ng et al., 2003; WHO, 2011). The vulnerability of uncontaminated deltaic 

Abstract  Coastal deltaic aquifers are vulnerable to degradation from seawater intrusion, geogenic and
anthropogenic contamination, and groundwater abstraction. The distribution and transport of contaminants 
are highly dependent on the subsurface sedimentary architecture, such as the presence of channelized features 
that preferentially conduct flow. Surface deposition changes in response to sea-level rise (SLR) and sediment 
supply, but it remains unclear how these surface changes affect the distribution and transport of groundwater 
solutes in aquifers. Here, we explore the influence of SLR and sediment supply on aquifer heterogeneity and 
resulting effects on contaminant transport. We use realizations of subsurface heterogeneity generated by a 
process-based numerical model, DeltaRCM, which simulates the evolution of a deltaic aquifer with different 
input sand fractions and rates of SLR. We simulate groundwater flow and solute transport through these 
deposits in three contamination scenarios: (a) vertical transport from widespread contamination at the land 
surface, (b) vertical transport from river water infiltration, and (c) lateral seawater intrusion. The simulations 
show that the vulnerability of deltaic aquifers to seawater intrusion correlates to sand fraction, while vertical 
transport of contaminants, such as widespread shallow contamination and river water infiltration, is influenced 
by channel stacking patterns. This analysis provides new insights into the connection between the depositional 
system properties and vulnerability to different modes of groundwater contamination. It also illustrates how 
vulnerability may vary locally within a delta due to depositional differences. Results suggest that groundwater 
management strategies may be improved by considering surface features, location within the delta, and the 
external forcings during aquifer deposition.

Plain Language Summary  The findings of this study provide insight into the vulnerability of
deltaic aquifers to three contamination processes: (a) widespread contaminant transport from the land surface, 
(b) river water infiltration, and (c) seawater intrusion. We consider how contamination is affected by the
location of contaminants and the processes associated with the accumulation of sediments in deltas. Our work
shows that vulnerability to contamination depends on how the aquifer is deposited. The results also demonstrate
that the distribution of sandy channels preserved in the subsurface, as well as rivers on the surface, controls
vertical contaminant transport. We find that these effects vary from upstream to downstream in the delta
because of spatial differences in depositional processes. These findings will help to improve predictions of
groundwater contamination and manage groundwater development in deltas around the world.
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aquifers to the migration of these and other contaminants is strongly tied to the subsurface sedimentary structure, 
which results from depositional processes. Despite its importance, knowledge of subsurface structure is always 
limited by scarcity of in-situ data. Building a full understanding of the links between contaminant transport 
processes and depositional processes is therefore critical to improving the sustainability of groundwater resources 
in deltaic settings.

Groundwater flow in heterogeneous fields can be dominated by preferential flow pathways, resulting in anom-
alous solute transport that is not well simulated by the classical Fickian advection-dispersion model (Berkowitz 
et al., 2000; Carrera, 1993; Feehley et al., 2000; Rubin, 1991). Connected features have recently received attention 
because they have substantial effects on flow and transport and they are difficult to capture in models of hetero-
geneity simulated with classical geostatistical methods (Wen & Gomez-Hernandez, 1998; Western et al., 2001; 
Zinn & Harvey,  2003). Connected high-permeability features produce fast-flow channeling and significantly 
reduce contaminant arrival times (Fiori & Jankovic, 2012; Knudby & Carrera, 2005; Le Goc et al., 2010). Deltaic 
aquifers have a similar subsurface structure with sand-rich paleo-channels and high variability in permeability 
(Kolker et al., 2013).

Aquifer salinization can be caused by lateral seawater intrusion (Bear, 1999; Henry, 1964; Michael et al., 2013; 
Werner & Simmons, 2009; Werner et al., 2013) and vertical infiltration of seawater due to storm surges and 
flooding (Anderson, 2002; Holding & Allen, 2015; Yang et al., 2015b; Yu et al., 2016). Lateral seawater intrusion 
in coastal aquifers is significantly influenced by geologic heterogeneity (Werner et al., 2013), which controls 
the slope and width of freshwater-seawater mixing zones (Cameo,  2006; Lu et  al.,  2013), enhances ground-
water circulation driven by salinity gradients (Kaleris, 2006; Kerrou & Renard, 2009), and produces complex 
subsurface salinity distributions that can extend tens of kilometers offshore (Michael et  al.,  2016). Further-
more, in highly heterogeneous coastal aquifers, the network of connected features exerts a significant effect on 
freshwater-seawater interaction and nearshore groundwater flow, including fractured coastal aquifers (Sebben 
et al., 2015), coastal karst aquifers (Xu et al., 2019), coastal aquifers with lava tubes (Kreyns et al., 2020), and 
deltaic aquifers with paleo-channels (Mulligan et al., 2007; Rao et al., 2005). Fast seawater intrusion through 
preferential flow paths is enhanced by pumping, resulting in much higher vulnerability compared to more homo-
geneous systems (Geng & Michael, 2020; Yu & Michael, 2019).

Lateral seawater intrusion has been studied for decades, whereas fewer researchers have investigated vertical 
seawater infiltration. However, vertical salt infiltration during coastal inundation is a greater concern for aqui-
fer salinization than lateral seawater intrusion (Taylor et al., 2013; Yu, 2010). Subsurface properties primarily 
influence both the occurrence and time to flush salt out of the aquifer. Yang et al. (2018) investigated the effects 
of hydrogeologic factors (permeability, hydraulic gradient, and recharge rate) on salinization in homogeneous 
systems and showed that anisotropy in permeability has a strong effect. This anisotropy is an upscaled effect of 
the small-scale heterogeneous permeability distribution. Climate change has also been shown to impact seawa-
ter infiltration (Yang et al., 2015a, 2015b). Vithanage et al. (2012) used laboratory experiments and numerical 
simulations to study groundwater salinization from tsunamis in heterogeneous media, and they showed that 
geologic heterogeneity influenced flushing times. Sawyer et al. (2015) showed that delta morphology has an 
important impact on surface water—groundwater interactions and influences solute transport after flooding. 
Yu et  al.  (2016) analyzed the impact of mesoscale topography on seawater infiltration and concluded that 
landscape features, such as connected surface water conduits, are a primary indicator of coastal groundwater 
vulnerability.

Widespread, naturally occurring arsenic is another common groundwater pollutant in deltas, particularly in 
Southern Asia (e.g., Berg et al., 2007; Fendorf et al., 2010). High arsenic in these aquifers occurs primarily within 
shallow Holocene sediments (<100 m depth), but it can migrate downward to contaminate deeper strata due to 
natural processes (Khan et al., 2019) and groundwater overdevelopment (Erban et al., 2013; Khan et al., 2016; 
Michael & Voss,  2008). Several studies have shown the importance of geologic heterogeneity in controlling 
arsenic transport. Hoque et al.  (2017) explained arsenic distributions in the Bengal Delta, Bangladesh with a 
discontinuous silt-clay model. Mozumder et  al.  (2020) used detailed site-specific lithologic and geochemical 
data to show that groundwater pumping in the megacity Dhaka, Bangladesh and aquifer structure control arsenic 
migration from shallow (<40 m) to intermediate (40–90 m) aquifer depths. Khan et al. (2016) and Michael and 
Khan (2016) used geostatistical representations of aquifer heterogeneity to show that deep (>150 m), low-arsenic 
groundwater in the Bengal Delta is threatened by preferential transport under pumping.
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While these studies clearly show the important controls of heterogeneity 
on arsenic transport and contaminant vulnerability, most do not consider 
continuous channel structures. Deltaic subsurface architecture contains 
paleo-channels that are created through the evolution of the surface system 
(Liang et al., 2016). Paleo-channels were deposited by river channels, which 
migrate and redistribute sediment over time. These subsurface channels stack 
in a sequence dependent on river evolution (Hiatt & Passalacqua, 2015; Reitz 
et al., 2015; Shaw, 2013). This active sediment deposition is controlled by 
environmental forcings, such as sea-level change and sediment grain size 
(Heller et  al.,  2001; Sheets et  al.,  2002). The connectivity of sand-rich 
paleo-channels and stacking of paleo-channel networks control the ground-
water flow in horizontal and vertical directions (Xu et  al.,  2021); thus, a 
better understanding of how external forcings during deposition create the 
features that control solute transport can substantially improve our ability to 
predict vulnerability in deltaic environments.

In this study, we use DeltaRCM (Liang et al., 2015) to simulate delta evolu-
tion, producing both surface topography and realistic subsurface heteroge-
neity that includes stacked paleochannels. Different external forcings during 

deposition are applied when generating delta models. Three scenarios of contaminant transport are considered: 
Case 1—widespread surface contamination, Case 2—river channel contamination, and Case 3—lateral contam-
ination. These three cases conceptually represent vertical arsenic transport, seawater infiltration from river chan-
nels and lateral seawater intrusion, respectively (Figure 1).

2. Methods
2.1.  Geologic Models of Deltaic Aquifers

The channelized heterogeneous models (Figure  2a) of delta aquifers were generated with DeltaRCM (Liang 
et al., 2015). DeltaRCM is a process-based model that simulates deltaic evolution through the water-mediated 
transport of sediment and records depositional processes over time. Randomness in the DeltaRCM model is due 
to the simulation of reduced complexity hydrodynamics and sediment transport using weighted random walks. 
Walk weights are regulated by physical rules such as water surface slope, water depth, and velocity. The total 
extent of DeltaRCM models is roughly 4,000 m in the longitudinal direction, which is the direction aligned with 
the inlet channel, 10,000 m in the traverse direction and 50 m in the vertical direction. The models were discre-
tized into cuboid cells with dimensions of 50 m (longitudinal) × 50 m (traverse) × 5 cm (vertical), which is the 
same as in previous studies using DeltaRCM models (Liang et al., 2015, 2016) (Figure 2a, Text S1 in Supporting 
Information S1). DeltaRCM records the sand fraction in each cell, from 0 (pure mud) to 1 (pure sand). The term 
mud is used here for simplicity, representing a mixture of low-permeability silt and clay.

In this study, two external forcing factors were considered in the delta evolution process: input sand fraction (ISF) 
and the rate of sea-level rise (SLR). ISF is the fraction of coarse sediment that is introduced at the inlet, which 
determines the total sand input to the delta and strongly influences the sand content of each cell as well as system 
kinematics and sand distribution (Liang et al., 2015, 2016). Several studies showed that sandy deltas (higher 
ISF) have shallower river channels, a larger number of islands, and more active channel migration compared to 
muddier ones (Edmonds et al., 2011; Hoyal & Sheets, 2009; Liang et al., 2016; Sawyer et al., 2015). ISF values of 
30%, 50%, and 70% were used in this study to cover the range of most delta types. SLR is another critical factor 
influencing delta morphodynamics; higher SLR results in more channel distributaries and a higher aggradation 
rate, resulting in a thicker and narrower delta (Liang et al., 2016). To obtain robust results for vertical transport, 
the groundwater modeling analysis requires deltas that are thick enough to contain multiple stacked channel 
features. In order to create such models in a computationally reasonable time period, very large values of SLR 
were used, 40, 50, and 60 mm/yr (see Section 4.2 for more details). All models were simulated for 500 yr for 
delta growth with the assumption of 10 bankfull days per year, and further delta growth during the groundwater 
simulation was neglected. Based on model population tests, eight models are sufficient for data analysis in this 
study (Text S2 and Figure S1 in Supporting Information S1). Overall, 8 realizations for each of 3 ISF and 3 SLR 
values were generated, resulting in 72 synthetic deltas.

Figure 1.  The conceptual model of three contamination scenarios. Case 
1 is widespread surface contamination (representing shallow arsenic 
contamination), Case 2 is river channel contamination (representing 
infiltration of seawater from surface channels into the subsurface), and Case 3 
is lateral contamination (representing subsurface seawater intrusion).
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2.2.  Model Setup

The groundwater models are cuboid boxes cut from the DeltaRCM geologic models (Figure  2 and Text S1 
in Supporting Information  S1). The boxes exclude the high sand content at the inlet to maximize statistical 
stationarity, though trends still exist (i.e., distal fining and channel thinning). The models are 2,000 m (longitu-
dinal) × 2,500 m (transverse) × 30 m (vertical) with 1.2 million cells, although some cells are inactive on the top 
since they were eroded by river channels. The sand content of each cell was converted to hydraulic conductivity 
(K), assigning to pure mud a value of 1 × 10 −9 m/s and to pure sand a value of 1 × 10 −4 m/s. The K of a cell that 
contains a mixture of sand and mud was calculated as the geometric mean based on the sand content value in this 
cell by the same method as Xu et al. (2021). Groundwater flow and advective-dispersive solute transport were 
simulated with MODFLOW (Harbaugh,  2005), MT3DMS (Zheng & Wang,  1999), and SEAWAT (Langevin 
et al., 2008) (Case 3 only, see below). The porosity was 0.4 for both materials to keep the transport solution 
consistent, and the horizontal and vertical dispersivity were 100 and 0.5 m, respectively. The same realizations 
were used in three cases of contaminant transport. The illustrations and boundary conditions of the three cases 
are shown in Figure 3 and explained below. While we frame the three cases as common contamination scenarios 
in deltas (salt and arsenic, movement induced by pumping), we discuss the solute transport in general terms and 
consider only conservative transport.

The three transport cases include two cases of a general contaminant (e.g., arsenic) and a third case of salinization 
due to saltwater intrusion. Solute concentrations are simulated as relative values (0 ≤ C ≤ 1). For Case 3a, steady 
state lateral salinization, a variable-density component is added to the flow, which requires a specific salinity 
value for the maximum concentration (C = 1) associated with a maximum density. That maximum salinity (equal 
to seawater) was taken as 35 g/L, corresponding to a density of 1,025 kg/m 3.

Case 1 consists of a consistent source of contamination all along the land surface (red in Figure 1). This scenario 
is based on widespread shallow arsenic contamination in the deltas of Southern Asia (e.g., Fendorf et al., 2010). 
Downward arsenic transport occurs when groundwater flows from shallow to deep aquifers, driven by hydraulic 

Figure 2.  Geological and groundwater models. (a) Model generated by DeltaRCM. Red box shows the extracted portion for the groundwater model. (b) Hydraulic 
conductivity (K) in the extracted domain (red box shown in panel (a)), based on the sand content. (c) Plan view of the groundwater model outlined on the geologic 
model. (d) Side view of groundwater model outlined on the geologic model.
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gradients caused by pumping (e.g., Khan et al., 2016; Radloff et al., 2011). In this study, transient solute trans-
port was simulated with MODFLOW and MT3DMS. Constant-head boundaries were applied on the surface 
(H = 0 m) and bottom (H = −3 m) of the model. The head difference was 3 m to indirectly simulate the ground-
water pumping effect and all other boundaries are no flow (Figure 3a). Transport boundary conditions were a 
constant concentration of C = 1 on the entire land surface (Figure 3a) and a zero concentration gradient boundary 
on the bottom, the simulation time was 200 yr. This case is designed to test the effects of heterogeneity on vertical 
transport of widespread surface contamination.

Case 2 consists of a contaminant source only along surface river channels, representing a scenario of vertical infil-
tration of salt or other contaminants from surface rivers to groundwater (green in Figure 1). Due to flat topography 
and tidal forcing, seawater intrusion into river channels is a common problem in deltas (Bricheno & Wolf, 2018). 
Contaminants in the river could be a source of pollution to groundwater, particularly if groundwater pumping is 
drawing surface water into the aquifer. In this scenario, a constant concentration boundary was assigned along the 
surface river channels (C = 1) and nonriver region (C = 0), the bottom is a zero concentration gradient condition 
for solute transport. The flow boundary conditions were the same as in Case 1 (Figure 3b). MODFLOW was used 
to calculate the steady state groundwater flow, MT3DMS was used to simulate advective-dispersive transport 
for 200 yr. This scenario is designed to test the effects of heterogeneity on vertical transport as in Case 1, but 
particularly considers connectivity between channels and the subsurface (i.e., Case 2 and Case 1 will be similar if 
channel stacking is less persistent, and more dissimilar if channels tend to build in the same place over time). To 
be able to directly compare Case 1 and Case 2, we did not incorporate variable-density flow into Case 2, which 
would occur for the intrusion of brackish surface water into fresh groundwater.

Case 3 consists of a consistent source of contamination on one vertical side of the domain based on the scenario 
of lateral seawater intrusion (black arrows in Figure 1). We considered two sub-cases, one (Case 3a) consists of 
the salinity distribution and associated density-driven saline groundwater circulation under steady state condi-
tions. The second sub-case (Case 3b) consists of transient seawater intrusion due to sea-level rise. We consid-
ered  these two subcases because density-driven groundwater flow (Case 3a) causes rotational convection within 
the seawater wedge, which is influenced by both horizontal and vertical connectivity. Thus, the rotational flow 
is intermediate between the fully vertical (Case 1 and Case 2) and fully horizontal (Case 3b) transport scenar-
ios. We neglected density effects in Case 3b so that fully horizontal transport can be compared directly to fully 
vertical transport in Case 1 and Case 2. In the sub-case of steady-state conditions (Case 3a), numerical models 
were developed in SEAWAT to simulate the density-dependent groundwater flow and salt transport, and the 
simulation was run until the system (groundwater flow and salinity distributions) reached steady state. Constant 
head and constant salinity were applied on the seaside and freshwater boundaries, while other faces, including the 
delta surface, are no-flow boundaries. The inland hydraulic head was 0.7 m higher than sea level. The constant 

Figure 3.  The boundary conditions for the three contamination cases. (a) Case 1, (b) Case 2, (c) Case 3a steady state, (d) 
Case 3b seawater intrusion.
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concentration was C = 1 (representing a salinity of 35 g/L) and C = 0 (0 g/L) at the sea boundary and inland 
boundary, respectively (Figure 3c). The sub-case of seawater intrusion (Case 3b) tests the effect of heterogeneity 
on horizontal contamination. Simulations were run for 1,000 yr without a density effect so that the case could 
be compared more directly to Case 1 and Case 2. For this case, the sea level (seaward boundary head) was 0.5 m 
higher than the inland hydraulic head, which represents conditions of aquifer pumping or sea-level rise. The other 
boundary conditions were the same as the steady-state case (Figure 3d).

Another important feature of the models is topography. Since the models were randomly generated by DeltaRCM, 
the topography of each realization is different. One important factor that influences contaminant transport is the 
location of surface rivers because they determine the location and extent of contaminant sources for Case 2. We 
consider surface pixels in the DeltaRCM model to be rivers that have a surface flow rate greater than 0.3 m/s 
(Liang et al., 2015). Figure S2b in Supporting Information S1 shows the ratio of surface river area to the total 
surface area for the different ISF and SLR realizations. The proportion of model surface classified as river chan-
nels ranges from 0.2 to 0.6 and slightly increases with ISF and SLR. The comparison of Case 1 and Case 2 was 
used to analyze the effect of surface rivers, exploring whether surface channel networks are more connected to 
the subsurface than other locations on land surface.

2.3.  Groundwater Contamination Assessment Indicators

To quantify the extent of solute transport in each scenario, 12 indicators were calculated (Table 1). The contami-
nant volume or distance in the following indicators refer to the value at the end of simulation. For Cases 1 and 2, 
metrics were chosen to quantify contaminant mass input and vertical travel distance. The depth of contamination 
was quantified as the distance from the surface to the deepest location where solute concentration equals 1 along 

Metric Case Definition

Largest depth of contamination 1 and 2 The largest depth of the C = 1 contour in the vertical movement of 
contaminant (Figure 5a)

Average depth of contamination 1 and 2 The mean depth of the C = 1 contour in the vertical movement of 
contaminant (Figure 5a)

Transport connectivity a 1 Largest depth of contamination (the C = 1 contour) divided by 
average depth of contamination

Solute mass per unit area 1 and 2 The total mass of contaminant in the system divided by the 
surface contaminated area. The concentration values were 
normalized to unitless 0–1, this metric is concentration 
(unitless) × volume(m 3)/area(m 2), the unit is m

Variance in transport depth 1 The variance of depth of the C = 1 contour in the vertical movement 
of contaminant

Saline groundwater volume 3a The volume of aquifer with solute concentration greater than 0.0143 
(Figure 5b)

Landward position of interface toe 3a The distance between the freshwater-saltwater interface (C = 0.0143) 
at the model bottom to the seaward boundary (Figure 5b)

Saline SGD 3a The rate of saltwater discharge at the seawater boundary

Fresh SGD 3a The rate of freshwater discharge at the seawater boundary

Ratio of saline to fresh SGD 3a Saline SGD divided by Fresh SGD

Salinized volume 3b The volume of aquifer with C > 0.0143 after solute transport for 
200 yr (Figure 5c)

Farthest seawater extent 3b The most landward location of the C = 0.0143 contour after solute 
transport 200 yr (Figure 5c)

 aBoth flow and transport connectivity consider the bulk fluid behavior versus preferential behavior. The difference between flow and transport connectivity is how they 
are calculated, such as Keff/KG (effective hydraulic conductivity normalized by geometric mean of conductivity) and Ta/T5 (Average transport time of tracked particles 
normalized by transport time of the fastest fifth percentile of particles) used in Xu et al., 2021. In this study, we used the solute transport distance, in which the largest 
contaminant depth represents preferential behavior and the average contaminant depth represents bulk behavior.

Table 1 
The Definition of Groundwater Contamination Assessment Indicators
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each core in Figure 4c. The largest depth of contamination, average depth of contamination, solute mass per unit 
area and variance in transport depth were calculated to measure vertical contamination (Table 1, Figure 5a). For 
Case 3a, saline groundwater volume, landward position of interface toe, saline SGD (Submarine groundwater 
discharge), fresh SGD, and ratio of saline to fresh SGD were calculated to measure density-dependent contam-
ination (Table 1, Figure 5b). For Case 3b, the salinized volume and farthest seawater extent were calculated to 
measure horizontal contamination (Table 1, Figure 5c).

2.4.  Static Indicators

Previous research demonstrated that groundwater flow is controlled by geologic structure (Xu et al., 2021). To 
better explain how the sediment distribution influences contamination, especially variation from upstream to 
downstream, it is necessary to use static metrics to quantify the connectivity of geologic properties (Knudby & 
Carrera, 2005; Renard & Allard, 2013). In this study, we focus on sand distribution and channel stacking, and 
three static metrics are defined (Table 2): Sand fraction, sand package connectivity, and number of sand-mud 
transitions. Sand fraction has been shown to correlate well with lateral flow behavior (Xu et  al.,  2021); we 
note  that Sand fraction is different from ISF because it is measured on the sampled groundwater domain. Sand 
package connectivity and the number of sand-mud transitions are calculated on cores in the model (Figure 4b), 
which are vertical columns under each cell in the X-Y direction (Table 2). Sand package connectivity measures 
vertical connectivity and is an indicator of channel stacking. The number of sand-mud transitions reflects varia-
bility in the depositional environment and channel migration.

We further used Analysis of Variance tests (ANOVA) to statistically compare both static and dynamic indi-
cators among different simulated scenarios. ANOVA test is able to analyze the differences among groups of 
data, the p-values of ANOVA tests less than 0.05 indicate that differences in transport behavior are statistically 
significant.

Figure 4.  (a) A core in the system (red line), defined as the column of all cells that are aligned vertically at a given horizontal 
location. (b) An illustrative example of a sand-mud distribution of modeled cores. In the example core shown in panel (b), 
the sand package connectivity is 0.44 (largest group is 4 out of 9 total sand cells, see Table 2), and the number of sand-mud 
transitions is 5. Panel (c) is the vertical concentration profile of the core in panel (a), as simulated by the groundwater model. 
In panel (c), the contaminant depth is about half of the core length.

Figure 5.  Illustration of the metrics for the three contamination cases. (a) Case 1 and Case 2. (b) Case 3a. (c) Case 3b. Black 
contours in panels (b and c) are C = 0.0143.
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3. Results
Simulated solute distributions show the influence of geologic heterogeneity in all three contamination cases 
(Figure 6). The influence of ISF and SLR on stratigraphic and solute transport indicators is discussed below.

3.1.  Surface Source of Contamination, Vertical Transport

Case 1. Vertical solute transport from the land surface is highly influenced by ISF and SLR (Figure 7). The aver-
age depth of contamination increases from 1.8 m for 30% ISF to 3.5 m for 70% ISF (Figure 7a), with an especially 
rapid increase between 50% and 70% ISF. The effect of SLR is different for different values of ISF. For 30% and 
50% ISF, the average depth of contamination decreases with SLR, most likely because the sand fraction in the 
model domain decreases with SLR (Figure S2a in Supporting Information S1; Xu et al., 2021). Average depth of 
contamination increases with SLR in 70% ISF realizations, most likely due to higher rates of channel migration 
in very sandy deltas that promote more vertical sand connections. This result shows that both ISF and SLR affect 
transport and connectivity (see also Hariharan et al., 2021). The solute mass per unit area varies similarly to the 
average depth of contamination, increasing with ISF from 3 to 10 m and decreasing with SLR under 30% and 
50% ISF conditions (Figure 7b).

The largest depth of contamination is an indicator of preferential transport behavior (Figure 7c). There is not a 
significant trend in this metric with external forcings, the average values range from 15 to 20 m, and the greatest 

Metric Definition

Sand fraction The average sand content of all cells in the domain

Sand package connectivity The ratio of the largest group of sand cells (sand content ≥ 0.8) to the 
total volume of sand cells in cores (Hariharan et al., 2021, Figure 4b)

Number of sand-mud transitions The number of shifts from sand (sand content ≥ 0.8) to mud (sand 
content < 0.8) and from mud to sand in cores (Figure 4b)

Table 2 
The Definition of Static Indicators

Figure 6.  Example solute distributions (normalized concentration) for the three contamination cases. (a) Case 1 (simulation 
time 200 yr) and (b) Case 2 (simulation time 200 yr). (c) Case 3a (steady state) and (d) Case 3b seawater intrusion (simulation 
time 1,000 yr).
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depths reach more than 25 m. The contamination depth in 30% ISF realiza-
tions is deeper than in 50% and 70% ISF models in some cases, likely because 
river channels in muddier deltas (lower ISF) are more persistent than in sandy 
deltas, creating more vertical connectivity. This illustrates that the vulnera-
bility of deltas to arsenic contamination cannot be predicted by sand fraction 
alone, since channel migration is another important factor controlling vertical 
transport.

Furthermore, we defined a metric of transport connectivity as the largest 
depth of contamination normalized by an average depth of contamination, 
which effectively measures preferential transport that results in a maximum 
contamination depth greater than the average contamination depth (Table 1). 
This normalized metric allows comparison of the preferential nature of flow 
across aquifers with different sand fractions (see, e.g., Hariharan et al., 2021; 
Xu et  al.,  2021). Transport connectivity decreases with ISF, indicating a 
smaller difference between the largest depth of contamination and an aver-
age depth of contamination in models with higher sand fraction (Figure 8). 
Higher sand fraction results in more connected fast flow pathways throughout 
the aquifer, substantially increasing the average depth of contamination while 
not obviously contributing to the largest depth of contamination. However, 
more active channel migration induced by increased ISF inhibits the largest 

Figure 7.  Results of contaminant transport simulations for Case 1 and Case 2. Panels (a–c) are widespread surface contamination (Case 1). Panels (d–f) are surface 
river channel contamination (Case 2). The p-values of Analysis of Variance tests are displayed in each input sand fraction (ISF) group, p-values less than 0.05 indicate 
that the differences in transport behavior are statistically significant. Rate of sea-level rise (SLR) and ISF are parameters in the delta evolution process, not the solute 
transport simulation.

Figure 8.  The ratio of the largest depth of contamination to average depth 
of contamination in Case 1. The p-values of the Analysis of Variance tests 
are displayed in each input sand fraction (ISF) group, p-values less than 0.05 
indicate that the differences in transport behavior are statistically significant. 
Rate of sea-level rise (SLR) and ISF are parameters in the delta evolution 
process, not the sol transport simulation.
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depth of contamination. This conclusion is similar to the previous study of 
flow connectivity in deltaic aquifers (Xu et al., 2021): vertical flow connec-
tivity (Keff/KG) and transport connectivity (Ta/T5) decrease with sand fraction.

Case 2. The contaminated water infiltrating into the aquifer from surface 
river channels is not strongly influenced by ISF. The average depth of 
contamination in Case 2 ranges from 2 to 4 m for 30%–70% ISF conditions, 
with no significant trend with ISF (Figure 7d). Trends with SLR show that 
an average depth of contamination decreases with higher rates of SLR in 
the 30% and 50% ISF groups and increases with higher rates of SLR in the 
70% ISF group. The solute mass per unit area (the mass of solute infiltrated 
divided by the area of the land surface) also does not vary substantially with 
ISF and ranges from 5 to 17 m (Figure 7e).

Case 1 and Case 2 Comparison. The differences between Case 1 and Case 
2 indicate the extent to which modern surface channels are more connected 
to the subsurface than other areas of land surface. The effect of ISF in Case 
2 is weaker than in Case 1 (compare Figure 7) since the channel migration 
is not strongly controlled by the ISF. The largest depth of contamination in 
Case 2 is similar to that in Case 1 (Figures 7c and 7f) because in both cases, 
the deepest transport occurs in sandy channels connected to surface channels. 
If the deepest transport in Case 2 is the same as in Case 1, it would indi-
cate that the fastest transport pathways are connected to surface channels. In 
general,  the transport behavior of Case 2 is less dependent on sand fraction 
than Case 1.

The distribution and area of surface river channels are important factors for vertical contaminant transport 
because channels are more likely to be connected to subsurface sandy channels than non-channel regions. To 
quantify the effect of river channels on vertical transport, the ratio of solute mass per unit area for Case 2/Case 
1 was calculated. Figure 9 shows that ratios under all external forcings are >1, which means that river channels 
contribute more contaminants to the aquifers than nonriver regions. However, this ratio decreases with ISF, indi-
cating that the effect of surface rivers becomes weaker as systems become sandier. In sandy deltas, the subsurface 
sandy channels are wider and more variable, and contaminants from nonriver regions may also be well connected 
to sandy channels.

Spatial variation from upstream to downstream is another important factor that influences contaminant distribu-
tions in deltas. Typically, there are fewer, larger channels in the upstream area that develop into multiple distrib-
utaries downstream. This creates channel stacking patterns and connectivity that vary from upstream to down-
stream. Figure 10a shows the difference in sand distributions between upstream and downstream cross-sections. 
To quantify these spatial variations, both static indicators and contamination indicators were calculated in 
subregions comprising 40 2-dimensional vertical bands with 50 m intervals in radius from the sediment source 
(Figure 10b).

Figure 9.  The ratio of solute mass per unit area, from Case 2 to Case 1. The 
p-values of the Analysis of Variance tests are displayed in each input sand 
fraction (ISF) group, p-values less than 0.05 indicate that the differences in 
transport behavior are statistically significant. Rate of sea-level rise (SLR) 
and ISF are parameters in the delta evolution process, not the sol transport 
simulation.

Figure 10.  (a) Sand distributions in subregions of the model from upstream to downstream. (b) Subregions are defined 
as circular arcs along an equal distance from the inlet, with 50 m intervals. Since the sand distribution varied along the 40 
subregions, static metrics were measured for each subregion separately.
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Static indicators, including sand fraction, sand package connectivity, and number of sand-mud transitions, vary 
substantially with ISF, SLR (Figures S2c and S2d in Supporting Information S1), and spatial location (Figure 11). 
In muddier deltas (30% ISF), more sand accumulates in the upstream, and the sand fraction consistently decreases 
from upstream to downstream (Figure 11a black line and Figure 11b). In sandier deltas (70% ISF), sand tends to 
accumulate in both upstream and downstream areas (Liang et al., 2016) (Figure 11e black line and Figure 11f) 
because these rivers transport sufficient sand downstream. Sand package connectivity decreases from upstream 
to downstream in all ISF conditions (Figure 11 red lines). The location of the main channel is more stable than 
the branches, so the sand distribution in the upstream regions tends to be more vertically connected (Figures 11b, 
11d and 11f). The downstream distributaries are more mobile, so sand bodies become thinner (Figures 11b, 11d 
and 11f). The number of sand-mud transitions increases downstream in the 30% and 50% ISF scenarios, showing 
an inverse behavior with sand package connectivity (Figures 11a and 11c). However, for 70% ISF, the number of 
sand-mud transitions decreases with the distance downstream because more sand accumulates in the downstream 
region (Figure 11e blue line).

The spatial variation in deposition results in different contaminant distributions from upstream to downstream. 
In 30% and 50% ISF deltas, both the largest depth and average depth of contamination in widespread surface 
contamination (Case 1) decrease from upstream to downstream (Figures 12a and 12d black solid and black dotted 
lines), while the transport depth for 70% ISF decreases first and then increases (Figure 12g black and black dotted 
lines). This transport behavior follows the sand fraction variation (Figures 11a, 11c and 11e black lines). The 

Figure 11.  Static indicators measured from upstream to downstream in 40 subregions (Figure 10). (a, b) Static indicators 
and corresponding sediment distribution for 30% input sand fraction (ISF) delta; (c, d) static indicators and corresponding 
sediment distribution for 50% ISF deltas; (e, f) static indicators and corresponding sediment distribution for 70% ISF deltas. 
(b), (d), and (f) are a plot of one example among multiple realizations.
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variance in transport depth (Figures 12a, 12d and 12g red lines) decreases with distance to delta inlet. Upstream 
channel stacking is stable, generating large sandy patches (Figure 11b, d, f), which are ideal paths for preferential 
transport (Figures 12b, 12e and 12h). Downstream channels are more mobile and therefore have less consistent 
stacking patterns, causing lower sand connectivity and lower average contaminant transport depths. The ratio of 
solute mass per unit area (Figures 12a, 12d and 12g brown lines) decreases from upstream to downstream, indi-
cating that the effect of river channels on contaminant transport becomes weaker in the distal zones due to lower 
connectivity in downstream areas.

3.2.  Lateral Source of Contamination: Horizontal Transport

Case 3a. In the sub-case of steady state salinity distribution and associated density-driven saline groundwater 
circulation, the landward position of the interface toe and the saline groundwater volume show that salinity distri-
butions are influenced by ISF (Figures 13a and 13b). Both the landward position of the interface toe and saline 
groundwater volume increase rapidly from 30% ISF to 50% ISF, indicating the sandier deltaic aquifers may be 
more vulnerable to salinization. However, the indicators do not increase substantially from 50% to 70% ISF. This 
is likely because the sand fraction is already high enough in the 50% ISF scenario that preferential flow is less 
dominant, so dynamic behaviors are less sensitive to further increases in sand fraction.

Fresh and saline SGD follow the trend of sand fraction, increasing with higher ISF and decreasing with higher 
rates of SLR (Figures 13c and 13d, and Figure S2a in Supporting Information S1). For fresh water, this should 
be primarily controlled by horizontal connectedness and effective K. More sand leads to a better connection 
between the inland freshwater boundary and the discharge area, increasing the horizontal effective K, and the 

Figure 12.  Transport metrics measured from upstream to downstream. (a–c) Contamination indicators and corresponding contaminant distribution of Case 1 and Case 
2 for 30% input sand fraction (ISF) deltas, respectively; (d–f) contamination indicators and corresponding contaminant distribution of Case 1 and Case 2 for 50% ISF 
deltas, respectively; (g–i) contamination indicators and corresponding contaminant distribution of Case 1 and Case 2 for 70% ISF deltas, respectively. (b), (c), (e), (f), 
(h), and (i) Cros-ssections of one example among multiple realizations.
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simulated fresh SGD nearly linearly increases with horizontal effective K (Figure S3a and Table S1 in Supporting 
Information S1). For saline SGD, flow is rotational, so it is typically dependent on both horizontal and vertical 
connectivity and effective K values. However, the horizontal component dominates in this system, as saline SGD 
correlates nearly linearly with horizontal effective K and weakly correlates with vertical effective K (Figure 
S3b, S3d, and Table S1 in Supporting Information S1). The trends are similar for both fresh and saline SGD and 
their ratio does not show a significant trend with ISF or SLR (Figure 13e). There is substantial variability in the 
ratio for the lowest ISF compared to higher ISF, particularly for higher rates of SLR. The variability is mainly 
influenced by the sand fraction, as muddier deltas are closer to the system percolation threshold, connectivity 

Figure 13.  Contaminant indicators for Case 3a: (a) Saline groundwater volume, (b) Landward position of interface toe, (c) Saline Submarine groundwater discharge 
(SGD), (d) Fresh SGD, (e) Saline SGD/Fresh SGD; and Case 3b: (f) Salinized volume, (g) Farthest seawater extent. The p-values of the Analysis of Variance tests are 
displayed in each input sand fraction group. p-Values less than 0.05, shown in red indicate that the differences in transport behavior are statistically significant.
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increases dramatically with sand fraction around the threshold (Hunt,  2005; Larue & Hovadik,  2006). Thus, 
muddier deltas have less-connected structure and preferential flow that leads to higher uncertainty in flow behav-
ior. This also indicates that preferential flow and connectedness play a major role in the relative rates of saline 
and fresh SGD from coastal aquifers. In addition, all the ratios of saline to fresh SGD are larger than 1, a finding 
that is consistent with simulations in other heterogeneous aquifers (Kreyns et al., 2020; Michael & Khan, 2016); 
whereas in homogeneous aquifers the ratio is often much less than 1 (Smith, 2004). Furthermore, 73 connectivity 
metrics of subsurface architecture, flow and transport were used to correlate with the metrics of Case 3a. The 
correlation shows that horizontal effective K is the best predictor of salinity distribution and fresh and saline SGD 
(Text S2 in Supporting Information S1).

Case 3b. Lateral movement of seawater into the aquifer due to the sea level higher than the freshwater head 
is affected by ISF. Salinized volume increases from 30% ISF to 50% ISF but is similar between 50% and 70% 
ISF, (Figure 13f), which is similar to the behavior of saline groundwater volume and the landward position of 
the interface toe for the Case 3a (Figures 13a and 13b). The salinized volume decreases with SLR, likely due to 
changes in sand fraction (Figure S2a in Supporting Information S1). The farthest seawater extent reflects hori-
zontal preferential transport, which is not systematically affected by external forcings since the models are all 
highly horizontally connected by sandy paleo-channels (Figure 13g).

4.  Discussion
Simulations using numerical deltas generated with DeltaRCM under different depositional conditions were run to 
understand how external forcing affects the vulnerability of deltaic aquifers to contaminant transport. Two exter-
nal forcings were considered in the model generation: ISF and SLR. Both factors affect sand content within the 
domain as well as channel distributions and stacking patterns. Higher ISF causes shallower channel deposition 
and more active channel migration, which results in thinner sand geobodies and thus less vertical connectivity. 
Higher SLR results in more channel branches, leading to more variable sand distributions in the subsurface. 
These variations in geologic structure critically affect the contaminant distribution in aquifers.

4.1.  Implications for Aquifer Vulnerability

Our analysis shows that the vulnerability of deltaic aquifers varies for different contamination sources and flow 
directions. For widespread surface contamination (Case 1) such as geogenic arsenic contamination, the contami-
nant distribution is controlled by the total sand fraction and vertical stacking of high-permeability sandy channels. 
The average depth of contamination (Figure 7a) and solute mass per unit area (Figure 7b) indicate that sandy 
aquifers are more vulnerable, and contamination is mainly controlled by ISF. However, the largest depth of 
contamination (Figure 7c) shows that preferential flow can allow solutes to travel quickly even in muddier deltas, 
indicating that even deltas with low sand content are vulnerable if vertical connections exist.

For surface sources of contamination, the solute distributions vary spatially because the depositional environ-
ment affects subsurface features, and the surface channel distributions vary from upstream to downstream. The 
upstream areas in muddier deltas (Figures 12b and 12e) are more vulnerable to widespread surface contamination 
than downstream areas because of sand accumulation in the upstream regions. This increases vulnerability to both 
horizontal and vertical transport, with implications for groundwater management and monitoring in upstream 
areas. In sandy deltas (Figures 12g and 12h), sand accumulates in both the upstream and downstream areas, 
increasing vulnerability in the downstream areas relative to downstream areas of muddier deltas. However, in all 
cases, due to differences in sand distribution, the depth of contamination and its variability in upstream areas are 
always higher than in downstream areas (Figures 12b, 12e and 12h). Contaminants in the upstream areas tend 
to move deeper due to rapid flow concentrating in sandy areas of channel stacking. In the downstream areas, 
lateral channel migration increases, resulting in less vertically connected sand to create preferential transport 
pathways, thus contaminants in the downstream areas tend to be distributed more widely and evenly. Therefore, 
groundwater managers may consider different pumping strategies for upstream and downstream areas of sandy 
deltas. In upstream areas, shallow wells can be used by avoiding localized contamination, whereas in downstream 
areas, deeper wells may be a better choice for pumping deep, potentially, contaminant-free water. However, deep 
groundwater downstream may be threatened by seawater intrusion. Therefore, the balance between the pumping 
depth and pumping distance to the shoreline may need further consideration when multiple sources of contam-
ination are present. The above suggestions are merely based on the general hydrogeologic conditions of deltas. 
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Site-specific investigations, such as contaminant sampling and detailed numerical models, are still needed to 
assess specific systems.

When contamination is concentrated in river channels, the potential fast connection to the subsurface results in 
a contaminant mass in the aquifer disproportionate to the contaminated area on the surface. Because upstream 
areas have even greater channel connectivity to the subsurface than downstream areas, they may become quickly 
contaminated during storm events that push brackish water into upstream channels even if they are far from the 
shoreline (Paldor & Michael, 2021; Yang et al., 2015b; Yu et al., 2016). On the other hand, because there is a 
close relationship between surface channels and subsurface sandy paleo-channels, the distribution of contami-
nants may be more easily predicted based on surface features. Particularly in muddier deltas, where less sand 
input reduces channel mobility and produces more vertical channel stacking, subsurface locations of contam-
inated water can be inferred from surface channel locations. This finding also applies to cases of widespread 
surface contamination, because more-preferential transport may occur below surface channel regions. Therefore, 
groundwater managers may avoid pumping shallow groundwater near rivers, especially in muddier deltas, as 
the groundwater there may be contaminated by both saline water and preferential transport of arsenic. We note 
that the surface-to-subsurface channel connectivity does dissipate with depth, so the management strategy of 
avoiding pumping near rivers would only apply for a depth interval on the order of (perhaps ∼2 times) the depth 
of connected sand packages.

All of our simulated deltas are vulnerable to lateral seawater intrusion due to their horizontally connected struc-
ture. The paleo-channels are pathways for preferential transport and this high-permeability geologic structure 
may conduct rapid seawater intrusion under pumping conditions (e.g., Geng & Michael, 2020). Seawater intrudes 
from the sea to the downstream delta, where the sand distribution is wider and more variable than in the upstream 
areas. This structure produces multiple preferential flow paths and brings substantial uncertainty to the predic-
tions of contaminant distribution (Text S2 in Supporting Information S1). Managers may seek to avoid pumping 
water from high-permeability pathways that may induce preferential seawater intrusion. According to our find-
ings, sandy aquifer locations away from rivers are less likely to be part of a paleo-channel connected to the saline 
part of the aquifer.

4.2.  Assumptions and Limitations

This study aims to improve understanding of basic controls on three contamination scenarios in deltaic aquifers 
with different external forcings during deposition. Several assumptions and simplifications were introduced to 
make the modeling feasible. First, the rates of SLR used during deposition are unrealistically high. Due to the 
computational cost, simulation times and memory requirements are high to produce a 30 m-depth delta model 
under lower SLR conditions. In a previous study (Xu et al., 2021), low-SLR realizations of the subsurface were 
generated by using a stitching method. The trend in flow behavior from low-SLR to high-SLR simulations was 
analyzed, and the results showed that the characteristics of flow behavior in low-SLR realizations are predictable 
from high-SLR models. Horizontal flow connectivity increases with SLR nearly linearly both in low-SLR and 
high-SLR models, and vertical flow connectivity of low-SLR models is essentially identical to high-SLR real-
izations (Xu et al., 2021). A second assumption that may affect results is the representation of pumping as an 
overall vertical hydraulic gradient applied as a consistent boundary condition. In Case 1 and Case 2, pumping 
effects are simplified as a head difference on boundaries rather than a point water discharge. This set-up approx-
imates the effect of large-scale distributed pumping or a high rate of point pumping from a distal source (see, 
i.e., Khan et al., 2019; Mozumder et al., 2020). The effect of pumping from individual wells at different rates 
may be a target for future work. A third simplification is the constant and limited set of forcings simulated during 
deposition. Real deltas evolved under more complex geologic forcings, such as variable rates of SLR, dynamic 
sand fraction in sediment transport, and other forcings such as tides or waves. These dynamic forcings may lead 
to a more complex sediment distribution. The fourth simplification is no delta growth during the flow and trans-
port simulations, despite the comparable time scales of the two processes. Within the scope of this research, it 
is not possible to fully couple the geomorphological and hydrogeological simulations, and their isolation is still 
insightful for comparisons between the scenarios discussed here. While the simplified simulations allow us to 
untangle the effects of individual forcing mechanisms, their combination may be nonlinear, and future work may 
consider such complexity.
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5.  Conclusion
The security of groundwater quality in deltaic aquifers is critical for hundreds of millions of people living in these 
environments. This study provides insights into contaminant transport in heterogeneous deltaic aquifers, assesses 
the vulnerability of different deltas to different sources of contamination, and relates groundwater contamination 
to the surface-subsurface lithology and depositional environment. Our simulations suggest that different external 
forcings and spatial locations determine the surface network distribution and subsurface structure, and that struc-
ture influences solute transport. Two external forcings were considered, ISF and rate of SLR. Three scenarios of 
contamination were simulated: widespread surface contamination (Case 1), surface river contamination (Case 2), 
and lateral seawater intrusion (Case 3).

The main findings are:

1.	 �The coupled effect of sand content and channel stacking determines vertical transport from the entire surface 
(Case 1). Solute mass and average transport depth increase with ISF, while the largest transport depth does 
not show a trend with external forcings.

2.	 �For vertical contaminant transport from rivers (Case 2), channel stacking is the primary influence on transport 
behavior. External forcings have limited effects on Case 2 compared to Case 1, because external forcings have 
a weaker impact on channel migration than on general system characteristics such as sand fraction.

3.	 �Comparison of Case 1 and Case 2 shows that river channels strongly influence contaminant input due to more 
connections with sandy channels, and the effect of rivers decreases with increasing sand content.

4.	 �Due to differences in channel migration and sand accumulation, solute transport metrics vary from upstream 
to downstream.

5.	 �Indicators of steady state salinity distribution (Case 3a) and transient seawater intrusion (Case 3b) approxi-
mate trends in sand proportion. The steady state position of the saltwater wedge toe and the volume of saline 
water significantly increase from 30% to 50% ISF and are similar from 50% to 70% ISF. The greatest inland 
distance of transient seawater intrusion is not controlled by external forcings under the conditions studied.

6.	 �Groundwater managers may need to use different pumping strategies depending on location within a delta 
(upstream to downstream) and delta characteristics (sandier vs. muddier). The pumping location is also impor-
tant, this study suggests that pumping far away from rivers or surface channels could reduce vulnerability to 
contamination.

Surface-subsurface connectivity is an effective way to predict solute transport in deltas since the processes creat-
ing subsurface architecture are also the processes of surface channel evolution. The external forcings, distribution 
of surface networks, and relative distance to rivers are significant in this prediction. Improving of understanding 
surface-subsurface water flow and solute transport will improve assessment of the vulnerability of deltaic aqui-
fers to contamination.

Data Availability Statement
The DeltaRCM model can be downloaded from the CSDMS model repository at https://github.com/csdms-con-
trib/DeltaRCM. Example MODFLOW and MODPATH input files are accessible in CUAHSI Hydroshare (Xu 
and Michael, 2022).
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