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Abstract

Studies of coastal groundwater dynamics often assume two-dimensional (2D) flow and
transport along a shore-perpendicular cross-section. We show that along-shore
movement of groundwater may also be significant in heterogeneous coastal aquifers.
Simulations of groundwater flow and salt transport incorporating different geologic
structure show highly three-dimensional (3D) preferential flow paths. The along-shore
movement of groundwater on average accounts for 40%-50% of the total flowpath
length in both conduit-type (e.g., volcanic) heterogeneous aquifers and statistically
equivalent (e.g., deltaic) systems generated with sequential indicator simulation (SIS).
Our results identify a critical role of three-dimensionality in systems with connected
high-permeability geological features. 3D conduit features connecting land and sea
cause more terrestrial groundwater flow through inland boundary and intensify water
exchange along the land-sea interface. Therefore, they increase the rate of SGD
compared to equivalent homogeneous, SIS and corresponding 2D models. In contrast,
in SIS-type systems, less-connected high-permeability features produce mixing zones
and SGD nearer to shore, with comparable rates in 3D and 2D models. Onshore, 3D
Heterogeneous cases have longer flowpaths and travel times from recharge to discharge
compared to 2D cases, but offshore travel times are much lower, particularly for
conduit-type models in which flow is highly preferential. Flowpath lengths and travel
times are also highly variable in 3D relative to 2D for all heterogeneous simulations.
The results have implications for water resources management, biogeochemical

reactions within coastal aquifers, and subsequent chemical fluxes to the ocean.
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Key Points

e Geologic heterogeneity causes significant along-shore movement of
groundwater in coastal heterogeneous aquifers

e Existence of along-shore groundwater flow in heterogeneous aquifers increases
variability of travel length and time of terrestrial groundwater prior to discharge

e Connected, high-permeability features increase the rate of SGD compared to
equivalent homogeneous, SIS and corresponding 2D models

Plain Language Summary

The findings of this study provide insight into the complex patterns of groundwater
flow under the influence of geologic variability in coastal aquifers. In coastal regions,
studies of solute transport processes mainly rely on an assumption of 2D groundwater
flow and solute transport in the shore-perpendicular direction. Our results reveal that
groundwater does not only flow toward the sea, it also can flow along-shore, especially
in aquifers with features that connect the onshore and offshore. This affects exchange
and mixing between fresh and saline groundwater, which can strongly impact delivery
of contaminants and nutrients to sensitive nearshore marine ecosystems. Results
highlight the importance of characterizing the geology of coastal aquifers and
representing it in models of groundwater flow and contaminant transport.
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1. Introduction

Groundwater has been recognized as one of the key factors affecting coastal marine
ecological and biogeochemical processes [Johannes, 1980; Simmons Jr, 1992; Miller
and Ullman, 2004; Santos et al., 2008; Kim et al., 2017]. Submarine groundwater
discharge (SGD) provides a significant transport pathway for land-derived chemicals
(e.g., nutrients, contaminants, and trace elements) to enter nearshore marine ecosystems
[Burnett et al., 2003; Slomp and Van Cappellen, 2004; Defeo et al., 2009]. An elevated
inland water table generally drives terrestrial groundwater to discharge from inland
aquifers to the coastal ocean. In response to oceanic forcing (e.g., tides and waves) and
the density difference between saltwater and freshwater, terrestrial groundwater
undergoes significant mixing with saline groundwater prior to discharge [Boufadel,
2000; Horn, 2002; Michael et al., 2005; Robinson et al., 2007; Li et al., 2008; Xin et
al., 2010; Geng et al., 2017]. The mixing zone between fresh and saline coastal
groundwater, also referred to as the transition zone, has been recognized as an important
reaction zone in nearshore aquifer, which has strong implications for chemical
transformations [e.g., Moore, 1999; Charette and Sholkovitz, 2002; Beck et al., 2007,
Santos et al., 2012; Kim et al., 2017; Kim et al., 2019b].

Over the past three decades, numerous studies have been conducted to investigate
groundwater flow and associated mixing with seawater in coastal aquifers [ Horn, 2002;
2006; Santos et al., 2012; Geng and Boufadel, 2017; Robinson et al., 2018]. Geologic
heterogeneity has been identified as a critical factor affecting transport processes over
many length scales, particularly for coastal aquifers where variable-density flow and
transport occurs [Simmons et al., 2001]. Dagan and Zeitoun [1998] first adopted a
sharp-interface approach to investigate effects of a layered one dimensional (1D)
heterogeneity on seawater-freshwater interface in a confined aquifer. While the sharp-
interface approach has been then widely used to investigate heterogeneity effects on
coastal saltwater intrusion processes, this type of theoretical analysis assumes that the
seawater and freshwater are separated by a sharp interface, and therefore, mixing

dynamics cannot be assessed [A/-Bitar and Ababou, 2005; Chang and Yeh,2010; Dokou
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and Karatzas, 2012]. Numerical studies of geologic heterogeneity affecting
groundwater-seawater mixing in coastal aquifers were first investigated by the classic
benchmark problem for variable density flow, Henry problem [Henry, 1959; Held et al.,
2005; Abarca, 2006]. Held et al. [2005] used homogenization theory to derive
expressions for effective hydraulic conductivity and dispersivity in 2D isotropic and
anisotropic heterogeneous permeability fields. Their numerical results showed that
heterogeneity in permeability affects foremost the transient evolution of saltwater
intrusion, whereas the steady-state saltwater distribution is less sensitive to spatially
varying permeability and longitudinal dispersion. Abarca [2006] integrated natural
heterogeneity into the Henry problem. They found that the shape of the interface and
the saltwater flux strongly correlates to the distribution of the permeability in each
geological realization. Michael et al. [2016] used lithologic data to develop
geostatistical models that represent the architecture of coastal aquifers. Their simulation
results of groundwater flow and salt transport through random geologic realizations
indicate that heterogeneity produces spatially complex subsurface salinity distributions
that extends tens of kilometers offshore. In highly heterogeneous coastal aquifers, in
particular for fractured and karst systems, networks of high permeability geologic
structures are also found to play an important role in nearshore groundwater flow and
associated mixing with seawater [Ghasemizadeh et al., 2012; Sebben et al., 2015;
Sebben and Werner, 2016; Xu et al., 2016; Montiel et al., 2018; Xu et al., 2018]. For
instance, Sebben and Werner [2016] employed the discrete fracture network (DFN)
approach to simulate solute transport through a 2-D permeable porous media containing
a single, discrete preferential flow feature, elucidating considerable impacts of

preferential flows on solute plume displacement and spreading.

While these studies show the importance of heterogeneity in 2D systems, studies on
coastal groundwater flow and transport processes through 3D heterogeneous fields are
rare, most likely due to the high computational cost of such simulations [Kerrou and
Renard, 2010; Siena and Riva, 2018]. Kerrou and Renard [2010] conducted both 2D

and 3D simulations to investigate heterogeneity effects on advective dispersive
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seawater intrusion processes. They found that when the variance of the log hydraulic
conductivity increases, the toe penetration reduces in 2D simulations, while it may
increase or decrease in 3D simulations depending on the degree of heterogeneity and
anisotropy. Siena and Riva [2018] conducted 3D groundwater simulations in a
randomly heterogeneous aquifer. They found that the toe penetration and extent of the
mixing zone in heterogeneous systems tend to be, respectively, smaller and larger
compared to their equivalent homogeneous systems. Experimental studies have also
been conducted to assess how the complexity of heterogeneity influences nearshore
salinity distributions in coastal aquifers [Lu et al., 2013; Nofal et al., 2015; Montiel et
al., 2018]. Lu et al. [2013] conducted laboratory experiments, complemented with
numerical simulations, and identified significant impacts of aquifer stratification on the
spatial extent of the freshwater-seawater mixing zone. Houben et al. [2018] conducted
physical experiments and numerical modeling to investigate the influence of geological
heterogeneity on coastal groundwater flow. The study revealed that fringing reefs,
acting as low-permeability caprocks, led to a bimodal regime of freshwater discharge,
with discharge at the beach face and through deeper submarine springs. In addition,
vertical dykes on volcanic islands, acting as impermeable vertical flow barriers, led to
impoundment of fresh groundwater and compartmentalization of the aquifer, which
significantly altered the shape of the freshwater-seawater interface. Montiel et al. [2018]
revealed significant spatial variability of groundwater discharge via submarine springs
due to extensive development of the spring conduits in highly heterogeneous karst

aquifer systems.

While considerable research effort has been made to characterize groundwater flow and
freshwater-saltwater mixing in coastal aquifers, only a few studies have investigated
along-shore groundwater flow (i.e., movement of groundwater in along shore direction)
and its influence on transport processes. Abarca et al. [2007] revealed that along-shore
groundwater flow could be significant when nearshore aquifers exhibit a large
variability in the topography. Through numerical simulations, Knight et al. [2021]

demonstrated that alongshore head gradients generated significant amount of
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alongshore freshwater circulation in coastal semi-confined aquifer systems. In
heterogeneous aquifers, three-dimensional geological features may also cause
significant along-shore movement of groundwater through preferential pathways
oblique to the large-scale hydraulic gradient, which could significantly alter nearshore
salinity distributions [Siena and Riva, 2018]. Networks of high-permeability geologic
structures can also be a critical factor, causing along-shore groundwater flow. For
instance, volcanic aquifers are formed by laterally spreading lava flows that effused
from fissures and vents [Oki et al., 1999; El-Kadi and Moncur, 2006], potentially
resulting in continuous, connected high-permeability conduit structures formed by
voids and fractures along the direction of lava flows [Helm-Clark et al., 2004;
Gingerich, 2008]. The unique geologic heterogeneity and associated preferential flow
could result in highly three-dimensional groundwater flow in volcanic aquifers.
Therefore, along-shore movement of groundwater may also play an important role in
altering groundwater flow paths, salinity distributions, and rates and patterns of SGD
in highly heterogeneous coastal aquifers. Despite its potential importance, the three-
dimensional nature of heterogeneous coastal aquifers is rarely assessed, as the

computational burden of simulating variable-density flow and transport is high.

The goal of this study is to quantify along-shore groundwater movement and its
associated influences on patterns of salinity and SGD in heterogeneous coastal aquifers.
We investigated along-shore groundwater movement in different types of
heterogeneous fields by adopting a hybrid modeling method to generate representations
of volcanic, or conduit-type, aquifer structures and statistically equivalent geological
realizations with sequential indicator simulation more typical of sedimentary systems
such as deltas. We conducted groundwater flow and salt transport simulations to
identify the patterns of groundwater flow and salt transport, and compared them to the
results derived from the simulations conducted along corresponding 2D heterogeneous
across-shore transects and equivalent homogeneous systems. The results highlight the
influence of geologic heterogeneity on three-dimensional along-shore groundwater

movement, freshwater-saltwater mixing, and SGD in coastal aquifers.
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2. Methods

Models of conduit-type aquifer heterogeneity were developed using a hybrid modeling
scheme based on a volcanic system. A process-based model, simulating volcanic
eruptions and associated lava emplacement, was first adopted to obtain geometrical
parameters. A geostatistical surface-based model that incorporated the geometric
parameters was then used to simulate a series of depositional events and individual lava
paths to create a volcanic aquifer [Koneshloo et al., 2018]. The statistics used for the
simulations were derived from data from the Big Island of Hawai’i. Six three-
dimensional volcanic heterogeneous fields, each comprised of 15,000 volcanic eruption
events, were simulated on a 10 m x 10 m x 2 m grid (referred to as conduit field); the
models are the same as those in Kreyns et al. [2020]. The simulations considered six
facies: aa, pahoehoe, clinker, tube, transitional lava, and ash, with proportions about
~74.1%, ~10.2%, ~5.6%, ~6.5%, ~3.4%, and ~0.2%, respectively. Representative
values of hydraulic conductivity (K) assigned to each of the six facies were: 107 m/s,
10° m/s, 10 m/s, 10! m/s, 10 m/s and 10” m/s, respectively. The facies percentages
and corresponding K values adopted in this paper are consistent with values found in
literature [Hunt et al., 1988; Miller et al., 1997; Anderson et al., 1999; Ducci, 2010],
approximating proportions observed in a core through Mauna Loa and Mauna Kea
deposits ~40 km from a vent [Garcia et al., 2007], but with higher aa and lower
pahoehoe proportions to represent a Hualalai-type system at a distance of ~12 km from
a vent [ Wentworth and Macdonald, 1953; Rowland and Walker, 1990]. Note that the
geologic structures are different among these six fields due to random seeds in the

model, but statistically equivalent due to the same statistical input.

A 3D domain, representing the saturated portion of the nearshore aquifer, was extracted
from each heterogeneous K-field and used for simulating groundwater flow and salt
transport processes at a similar distance from the vent as the Kahaluu Beach Park is

from the Hualalai vent (Figure 1). The size of the domain was 1000 m in the across-
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shore direction (X-axis), 300 m in the along-shore direction (Y-axis). The vertical size
of the domain (Z-axis) was 100 m at the onshore boundary and gradually decreased
from 100 m to 10 m at the offshore boundary, which is consistent with nearshore
Hawai'i bathymetry data from NOAA’s National Center for Environmental Information

(NCE]) (https://maps.ngdc.noaa.gov/viewers/bathymetry).

Statistically equivalent geologic realizations were generated by the geostatistical
method of sequential indicator simulation using SGeMS software [Remy et al., 2009],
referred to as SIS fields. Each SIS field was simulated based on the histogram and
variogram model derived from the corresponding conduit field (Figures S1 and S2)
[Michael et al., 2016; Geng and Michael, 2020]. Equivalent homogeneous fields were
also used for comparison. Effective K values for the equivalent homogeneous models
were determined by simulating horizontal and vertical flow through each conduit K-
field across a specific head gradient using MODFLOW [Harbaugh, 2005]. Resulting
total fluid fluxes across horizontal and vertical boundaries were used with Darcy’s Law
to calculate anisotropic effective K values. In such case, an equivalent total flux will be
derived from conduit and corresponding homogeneous fields when a specific head

gradient is applied.

Three-dimensional (3D) simulations of variable-density groundwater flow and salt
transport were conducted through each K-field using SEAWAT v4.0 [Langevin et al.,
2008]. The 3D domain was discretized using a 100 x 30 x 50 (X xY x Z) grid, which
is the same as the grid used in the geostatistical modeling. Two-dimensional (2D)
simulations (30 2D across-shore transects for each 3D case), neglecting along-shore
groundwater flow, were also conducted through each across-shore heterogeneous
transect for comparison. In the simulations, a constant head of 2.5 m was assigned to
the landward vertical boundary. The groundwater head of 2.5 m is within the range of
the groundwater table observations around the Big Island of Hawaii that varies from
0.5 m to 4.5 m above the mean sea level (MSL) at an onshore distance similar to the

model setup (https://waterdata.usgs.gov/nwis). The ocean was represented as a
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specified hydraulic head boundary along the oftfshore model top and offshore vertical
boundary. The salinity specified on the landward and seaward boundaries was 0 g/l and
35 g/l, respectively. Zero flux for both groundwater flow and salt transport was assigned
to the rest of the boundaries. Values of longitudinal, horizontal transverse, and vertical
transverse dispersivity were 4 m, 0.4 m, and 0.04 m, respectively. The molecular
diffusion coefficient was 10 m?/s. The simulations were run for 1000 years until
hydraulic heads and concentrations reached steady state, which is identified by the
discrepancy of hydraulic head and salinity distribution between two time steps

consistently less than 0.1%.

Particle tracking was conducted to quantify groundwater flow patterns and associated
transit times using the steady-state velocity fields derived from the SEAWAT
simulations. The neutrally buoyant particles were released at two along-shore locations
(Y =140 and 200 m) and at two across-shore locations (onshore and offshore). The
onshore particles were released at 10 m depth interval along the vertical inland
boundary, spanning from Z = 0 to -100 m, and forward tracked. Both forward and
backward particle tracking schemes were used for offshore released particles to assess
particle transit time at recharge points and particle trajectory at discharge points among
the cases, respectively. For forward particle tracking, offshore particles were released
along the sea floor boundary from X =550 m to 700 m for all the cases. For backward
particle tracking, offshore particles were released at 10 m intervals from X = 500 to 750
m for 3D conduit cases. The discharge zone for 2D and 3D SIS and homogeneous cases
and 2D conduit cases only occurred near the shoreline; therefore, for those cases,
offshore particles were released with a higher resolution of 0.1 m from X = 500 to 600
m. The movement of each particle in a certain direction with respect to its overall travel

length, M, was quantified, expressed as:

>Ny, At
M, = i «100% . (1)
>V VY A

Where s = x, y, or z, representing across-shore, along-shore and vertical directions,
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respectively; At istime step; N; -At represents the total transit time of the particles

in the aquifer; v, -At represents the replacement of particles in s-direction at the i

time step.

The size and offshore extent of the mixing zone along each simulated across-shore
transect was quantified for 3D and 2D as the area with salinity between 10% and 90%
seawater, and total fresh and saline SGD was calculated. The location of the centroid of
the mixing zone was also determined based on the mass distribution. To compute the
mixing zone volume for 2D cases, along-shore thickness was assumed to be 10 m so

that the total aquifer volume was the same for 3D and corresponding 2D cases.

3. Results

The 3D simulations of variable-density groundwater flow and salt transport consistently
show different salinity distributions compared to those of corresponding 2D models for
both conduit and SIS cases (Figures 2 and 3). In particular, for conduit cases, 3D
simulations produced a more seaward mixing zone between fresh and saline
groundwater. This is mostly likely due to 3D preferential flows produced in the 3D
simulations, creating additional flow paths (i.e., 3D flow structure) that drive terrestrial
fresh groundwater to discharge and mix with seawater farther offshore. In both conduit
and SIS models, there is a clear difference in salinity distributions between the 2D and
3D simulations (Figure 3). Note that there is no difference between 2D and 3D
simulations for homogeneous cases due to a homogeneous K field and zero hydraulic

gradient between the two along-shore boundaries (Figure S3).

The shape and size of the mixing zone was also affected by the 3D flowpaths. For
conduit cases, 2D models have similar mixing zones, whereas for SIS cases, 3D models
have larger mixing zones (Figure 4). For conduit cases, the slightly larger mixing zone
on average in 2D models are most likely due to lower connectivity of high-permeability

geologic structures, resulting in less freshwater recharge, landward intrusion of
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saltwater, and more mixing with fresh groundwater. The 3D conduits conduct much of
the freshwater directly offshore, thereby enhancing offshore contact between fresh and
saline groundwater. Thus, for conduit cases, the mixing zone is larger offshore but
smaller onshore, producing comparable mixing volumes but quite different salinity
distributions (Figure S4). In contrast, for SIS cases, high-permeability geologic features
exhibit relatively lower connectivity. Therefore, with comparable landward extent of
the mixing zone, 3D geological structures enhance groundwater mixing, resulting in
larger mixing zones for 3D SIS models compared to 2D SIS models. Compared to
homogeneous models, all heterogeneous models demonstrate larger mixing zones,
indicating the significant role of geologic heterogeneity in enhancing nearshore
groundwater-seawater mixing in coastal aquifers that are not dominated by preferential
flow conduits. This reasoning is consistent with the results of the location of the mixing
zone centroid, showing that its average location in 2D and 3D models was 497 m and
644 m, 386 m and 386 m, and 497 m and 478 m for conduit, homogeneous, and SIS

cases, respectively (Figure 5).

The patterns of groundwater flow are shown using particle tracking. Examples of
simulated particle trajectories for conduit cases show that the inland-released, forward-
tracked particles migrated seaward along several preferential paths that converged
when they approached the shoreline (Figures 6a and 6b). In contrast, the offshore-
released, backward-tracked particles flowed landward along offshore density-driven
circulation flow paths which were greatly perturbed by aquifer heterogeneity (Figures
6a and 6¢) compared to the smooth and shore-perpendicular paths of the equivalent
homogeneous aquifer (Figures 6d-6f). Significant along-shore movement for both
onshore and offshore particles is evident in the conduit case. For the inland-released
particles, the offshore preferential discharge points laterally shift up to ~150 m with
respect to their onshore release locations (e.g., shifted from y =150 to y =~300 m). The
particle trajectories for SIS cases also demonstrate significant along-shore movement
(Figures 6g-61). However, compared to corresponding conduit cases, in which nearly

all of the particles converged into one preferential flowpath, the onshore-released
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particles in the SIS cases followed more independent flow paths (Figure S3). In addition,
the discharge locations of the offshore-released particles for SIS cases mostly occurred

near the shoreline, and farther offshore circulation flow paths were not dominant.

The along-shore movement of groundwater and associated impacts on flow patterns in
heterogeneous models were also identified by comparing 3D to corresponding 2D
models. Figure 7 shows the travel distance of particles in each direction (Ds), for all
heterogeneous and homogeneous realizations. The average along-shore movement of
onshore and offshore particles was 353 m and 168 m for conduit cases, accounting for
42% and 47% of the total travel length for 3D and 2D simulations, respectively. The
along-shore movement was substantial in 3D SIS cases as well, with average distances
of 375 m and 213 m, accounting for 45% and 50% of the total travel length for onshore

and offshore particles for 3D and 2D simulations, respectively.

Along-shore groundwater flow also significantly affects total travel length and travel
time of the inland-released particles. The travel lengths were longer for 3D
heterogeneous models than for the corresponding 2D models and homogeneous cases
(Figure 8a). This is expected because heterogeneity-induced 3D flow, particularly
along-shore groundwater flow, elongated the flowpaths of the particles originating from
inland. Compared to corresponding 2D models, the travel lengths of the inland particles
for 3D heterogeneous models were also more variable, the mean =+ standard deviation
equal to 850 m + 120 m and 820 m = 100 m for conduit and SIS cases, respectively,
compared to 560 m + 20 m and 580 m + 40 m for the corresponding 2D models. This
indicates that the 3D heterogeneous fields greatly enhanced the complexity of flow
paths in both types of aquifer systems. In contrast, travel lengths are identical for 3D
and 2D homogeneous models due to the absence of along-shore groundwater
movement. The travel times of inland-released particles were also more variable in 3D
fields relative to 2D (Figure 8b), particularly for conduit models. The median + standard
deviation of travel time for 3D conduit models was 3467 = 10,000 years, compared to

4000 £ 2000 years for corresponding 2D models. In SIS cases, travel times were

This article is protected by copyright. All rights reserved.



Accepted Manuscript
Version of record at: https://doi.org/10.1029/2021WR031056

somewhat less variable in 3D, with median + standard deviations of 1100 & 3000 years
for 3D and 2200 + 2000 years for 2D models. The travel time of particles for equivalent
homogeneous cases was much shorter on average, and with a smaller median + standard

deviation of 53 + 54 years.

The travel times of offshore-release particles are also affected by along-shore
groundwater flow. The travel times of particles released in offshore recharge locations
spanning from x = 550 m to 700 m at 10 m intervals along Y = 140 m and 200 m are
shown in Figures 9 and S5. Note that forward particle tracking was adopted, and
therefore, zero travel time implies groundwater discharge points. The travel times for
3D conduit models are slightly shorter and more variable compared to corresponding
2D models. The recharge gap between x =630 m and 670 m for the 3D conduit case
represents groundwater discharge occurring farther offshore. In contrast, for equivalent
homogeneous cases, the recharge points started to appear at 70 m offshore, and
associated travel times tended to increase with distance offshore. Similarly, the SIS
cases show nearshore discharge and relatively long travel times with distance offshore.
Interestingly, although travel distances tend to be much greater for 3D vs 2D models
for both onshore and offshore flow, the travel times do not always follow that pattern.
We suggest that this is because connectedness through high-K sediments increases in

3D, whereas more water may be forced to flow through low-K sediments in 2D models.

The difference in connectivity among 2D and 3D models also explains differences in
SGD and its variability. In many cases, fresh SGD was orders of magnitude greater in
3D models compared to 2D, particularly for conduit cases (Figure S6). This is likely
due to 3D connected high-K features (i.e., higher effective K, shown in Figure S7),
resulting in more freshwater flux through the constant head boundary on the landside.
The difference in connectivity from 2D to 3D is greater for conduit cases than for SIS
cases because the conduits do not follow a cross-shore transect. Fresh SGD along
transects was also highly variable, varying from 10~ m/d to 5.8 m/d and from 10" m/d

to 0.5 m/d for 3D conduit and SIS models, respectively, compared to a narrow range
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around 10 m/d for both sets of 2D models, and from ~102 m/d to 0.3 m/d for
homogeneous cases. In contrast, saline SGD was elevated for 3D conduit cases with
respect to 2D, but not for SIS cases. Conduit cases also had greater variability in saline
SGD in 3D, ranging from ~10* m/d to 51 m/d, compared to homogeneous cases, which
ranged from ~10"! m/d to 0.45 m/d (Figure 10a). For SIS cases, saline SGD was more
comparable in 3D and 2D models, ranging from ~10"* m/d to 27 m/d and from ~10*
m/d to 12.7 m/d, respectively (Figure 10b).

4. Discussion

This study highlights the importance of geological heterogeneity and 3D flow in coastal
aquifers, with implications for groundwater resource management. Assessment of
nearshore groundwater resource sustainability relies on the effective delineation of
nearshore salinity structure [Gibert et al., 1994; Huyakorn et al., 1996; Goswami and
Clement, 2007; Abd-Elhamid and Javadi, 2011; Chang and Clement, 2012; Zhou et al.,
2012]. Gingerich and Voss [2005] conducted groundwater simulations for Pearl Harbor
aquifer at southern Oahu, Hawaii, where the aquifer system was delineated by a basalt
formation overlain by caprock. Their simulations revealed that the 3D model allowed
simulation of localized saltwater intrusion when inland freshwater pumping occurred.
Our simulation results show that geologic heterogeneity, in particular the existence of
continuous, high-permeability features such as those in volcanic aquifers, creates 3D
distributed salinity structures in nearshore aquifers. Compared to 3D models, 2D
models neglecting along-shore movement of groundwater predict very different salinity
distributions, indicating that 2D groundwater modeling or 2D monitoring might not be
sufficient to characterize vulnerability and sustainability of coastal freshwater resources.
In particular, as high-permeability conduits cause comparable along-shore flow to that
in the across-shore direction, nearshore freshwater abstraction could create substantial
uncertainty in both the volume of fresh groundwater being salinized and location of
saltwater intrusion. 3D simulations produce significant along-shore bypass along
preferential flows in volcanic aquifers (Figure S8a). As inland head drops (e.g., due to

freshwater pumping), hydraulic gradients could be potentially reversed, resulting in
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more landward saltwater intrusion through these 3D preferential pathways [e.g., Geng
and Michael, 2020]. In comparison, the preferential flow paths predicted from 2D
simulations neglect along-shore groundwater bypasses (e.g., Figure S8b), and therefore
might not able to capture along-shore uncertainty of saltwater intrusion in volcanic
coastal aquifer systems. Our simulations indicate underestimation of preferential flows
from 2D model in comparison to 3D models. As shown in Figure 11c, the volume of
preferential flows predicted from the 3D models is almost two times larger than the
volume predicted from the 2D modes. Note that the preferential flow is defined as
velocity magnitude over 5 orders of magnitude larger than the minimum velocity. Our
simulations show consistent higher seaward pressure head (depth-averaged) for 3D
models in comparison to 2D models (Figure S9). This is as expected because 3D
connected conduits facilitate pressure transmission that emanates from inland. Such
results indicate that 2D models may overestimate the inland extent of saline
groundwater at steady-state in coastal volcanic aquifers compared to 3D models. In
order to produce similar landward extent of saltwater intrusion to 3D models, hydraulic
conductivity may need to be elevated in 2D models. However, depth-averaged pressure
head predicted from 3D models also shows some localized jumps (e.g., Figure SOb,
across sections 3 and 6), which are likely due to high permeability features surrounding
low permeability features. This is unlikely to be produced by 2D models as along-shore

connections are neglected.

Our findings also have strong implications on monitoring and investigation of SGD.
The significant lateral movement of groundwater revealed in this analysis increases
spatial variability of SGD in heterogeneous aquifers. The assumption of shore-
perpendicular flow may be incorrect in field studies seeking to link onshore
measurements to offshore discharge along a flowpath. Thus, an appropriate field design,
taking into account geologic heterogeneity, would be essential for a comprehensive
assessment of SGD in coastal aquifers. For example, a large number of seepage meter
measurements, spanning in both along-shore and across-shore directions, may be

required in heterogeneous systems in order to accurately characterize spatial variability
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in SGD. In addition, geophysical techniques (e.g., measuring electrical conductivity,
acoustic impedance, or temperature) could be an efficient tool to identify relatively
large-scale salinity distributions and locations of fresh SGD [Taniguchi et al., 2019;
Geng et al., 2021; Moosdorfet al., 2021].

Our study demonstrates the importance of using 3D models to investigate groundwater
mixing dynamics in highly heterogeneous aquifer systems. In most studies of
freshwater-saltwater mixing dynamics in heterogeneous coastal aquifers, only shore-
perpendicular cross-sections are considered [Al-Bitar and Ababou, 2005; Yang et al.,
2015; Rathore et al., 2018; Geng et al., 2020b; Heiss et al., 2020]. Our simulation
results demonstrate distinct salinity distributions produced from 3D and 2D shore-
perpendicular models for both conduit and SIS cases. It indicates taking into account
along-shore movement of groundwater flow is of importance to evaluate spatial patterns
of nearshore groundwater-seawater mixing in coastal heterogeneous aquifer. The nature
of 3D flow is also different in aquifers with connected high-K features compared to
heterogeneous aquifers with less discrete features. 3D networks of high-permeability
geologic features and associated groundwater flow likely produce greatly variable
spatial extents of freshwater-seawater mixing zone in along-shore direction of coastal

aquifers.

Although our 3D conduit models provide more realistic simulations to evaluate the
influence of connected geologic features on coastal groundwater flow and transport
processes than homogeneous or 2D models, many simplifying assumptions were made.
For example, the current study neglects transient hydraulic boundaries such as seasonal
oscillations of inland groundwater table and oceanic forcing (e.g., waves and tides), as
well as longer timescale sea-level change, which could be relevant given the long time
required for the simulations to reach steady state. While the primary conclusions of this
work would not change for transient systems, heterogeneity affects response to transient
forcing [i.e., Geng et al., 2020a; Geng and Michael, 2020; Geng et al., 2020b], and this

should be considered in future work.
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The simulation results also highlight the important implications of heterogeneity on
nearshore pollution and geochemical reactions. On one hand, the highly variable three-
dimensional flowpaths could lead to spreading of inland-derived pollutants and
difficulty in remediating contamination such as oil spills [Neupauer et al., 2014; Geng
et al., 2016; Lester et al., 2016; Boufadel et al., 2019]. In addition, the 3D flow paths
increase uncertainty of when and where the main pollutants discharge from nearshore
aquifers to the ocean. On the other hand, the tortuosity, mixing, and sometimes long
travel times can reduce effects on nearshore marine waters of pollutants that attenuate
in aquifers. For example, studies show that both longer freshwater flowpaths [e.g.,
Gonneea and Charette, 2014; Sawyer et al., 2014], and greater mixing [e.g., Kim et al.,
2019a; Heiss et al., 2020] result in greater denitrification, thereby reducing the

bioavailable nitrogen load that leads to eutrophication in coastal waters.

5. Conclusion

Simulations of groundwater flow and salt transport show significant along-shore
movement of groundwater in highly heterogeneous coastal aquifers, which leads to
highly 3-D groundwater flow and solute transport processes. The existence of along-
shore groundwater flow increases the variability of travel length and travel time of
terrestrial groundwater prior to discharge into the ocean. Simulations of groundwater
flow through 3D heterogeneous structures show a comparable length of flowpaths in
along-shore direction to that in across-shore direction for both conduit and SIS cases.
The particle tracking results show such along-shore movement results in longer travel
lengths with larger variations for the particles originating from inland for 3D
heterogeneous models than for the corresponding 2D models and homogeneous cases.
It also shows that simulations with 3D conduit features produced travel times of flow
prior to discharge almost 2 times higher than that simulated from corresponding 2D
models. However, greater travel lengths in 3D vs 2D simulations did not always
correspond to a similar reduction in travel time, in fact, for offshore-released particles,

2D travel times on average were in several cases greater than those in 3D, indicating
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that three-dimensionality may increase connectedness thereby reducing the amount of

flow through low-permeability sediments.

Our results also identify an important role of connected high-permeability features in
terrestrial groundwater flow patterns and associated interactions with offshore seawater.
The 3-D networks of high-permeability conduits induce more highly preferential flow,
which drives terrestrial fresh groundwater to migrate farther offshore. It consequently
elevated the magnitude of saline and fresh SGD, compared to corresponding 2D cases
and homogenous cases. In addition, 3D models and corresponding 2D models predict
distinct salinity distributions for both conduit and SIS cases. In particular, 3D conduit
models predict greater variability of spatial extents of freshwater-seawater mixing zone.
This study highlights the importance of the geometry of geologic features and 3D flow
in understanding coastal groundwater flow and solute transport processes in highly
heterogeneous aquifers. The findings have important implications for water resources,
biogeochemical conditions, and consequent nutrient cycling and contaminant transport
from onshore to offshore, highlighting the necessity of taking into account three-
dimensional geologic heterogeneity and preferential flow in investigating coastal

transport and reaction processes in highly heterogeneous aquifers.
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Captions:

Figure 1 Model setup. Boundary conditions implemented in the three-dimensional
simulations of groundwater flow and salt transport using SEAWAT v4.0. The
simulations were run to steady state for hydraulic heads and concentrations. The
neutrally buoyant particles were released at two alongshore locations (Y =14 and 20 m)
and at two across-shore locations (onshore and offshore). The onshore particles were
released at 10 m depth interval along the vertical inland boundary, spanning from Z =
0 to -100 m. The offshore particles were released along the sea floor boundary from X
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=550 m to 700 m.

Figure 2 Example of heterogeneous K fields for (a) conduit and (b) SIS cases,
respectively. The log(K/Kmin) values of 0, 2, 3, 4, 6, 8 denote the heterogeneous facies
of ash, aa, transitional lava, pahoehoe, clinker and lava tube, respectively.

Figure 3 Example of simulated 3D (a, ¢) and 2D (b, d) steady-state salinity distributions
for (a, b) conduit and (c, d) SIS cases, respectively. White lines in a and b show locations
of transition zone for corresponding equivalent homogeneous cases. Gray conduits in a
and ¢ show preferential flow zones with velocity 8 orders of magnitude higher than
minimum velocity simulated in each heterogeneous field.

Figure 4 Comparison of mixing zone volume for the simulated cases. Note that 2D and
3D Homogeneous cases are identical. Top and bottom of the rectangles represent the
25" and 75" percentiles of the data set. Solid line and cube indicate median and mean
values, respectively. Whiskers indicate maximum and minimum values. Six geologic
realizations were considered for conduit, equivalent homogeneous, and SIS cases.

Figure 5 Comparison of mixing zone centroid between 3D and 2D simulations for
conduit, equivalent homogeneous, and SIS cases. The distance (in meter) shown in
horizontal and vertical axes represents the mixing zone centroid of across-shore slices
simulated by 2D and 3D models, respectively, for conduit, equivalent homogeneous,
and SIS cases.

Figure 6 Examples of 3D trajectory of particles released from inland (left, top view)
and offshore (right, top view) for (a-c) conduit, (d-f) equivalent homogeneous, and (g-
1) SIS cases, respectively. Top view of the trajectories is to highlight lateral movement
of particle flowpaths. Different particle trajectories are marked with different colors.
The start and end locations of particle flow paths are marked with square and circle
symbols, respectively; dashed line denotes shoreline location. Backward particle
tracking scheme was implemented to trace trajectory of offshore particles, and thus
particles released at recharge locations could not be traced. These recharge locations
are marked in black for conduit cases; for equivalent homogeneous and SIS cases,
offshore particles released within the groundwater discharge zone only occured
between X = 500 m and 550 m, and were marked with a black outline.

Figure 7 Travel distance in across-shore, along-shore, and vertical directions for
particles released from (a) inland and (b) the seawater-groundwater recirculation zone,
respectively, for all heterogeneous realizations. The lateral movement of groundwater
(i.e., alongshore movement) was zero by definition in 2D cases. Bar, box, and line
display the full range of variation (from min to max), the likely range of variation (i.e.,
from 25™ percentile to 75 percentile), and the mean value, respectively.

Figure 8 Comparison of (a) travel length and (b) travel time of particles released from
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inland between 2D and 3D conduit, equivalent homogeneous, and SIS cases. The
particle travel length is calculated based on Eq. (1). The cross symbols marked with red
and purple color represent the median travel time for conduit and SIS cases, respectively.

Figure 9 Examples of spatial distribution of travel time for particles released offshore,
from the seawater-groundwater recirculation zone for (a) 3D conduit case, (b) 2D
conduit case, (¢) 3D homogeneous case, (d) 2D homogeneous case, (¢) 3D SIS case,
and (f) 2D SIS case. The particles were released in offshore recharge locations from x
=550 m to 700 m along Y =140 m. Forward particle tracking was implemented to
quantify travel time of particles released along the offshore major recharge zone with
10 m intervals.

Figure 10 Comparison of saline SGD (m/d) between 2D and 3D simulations for (a)
conduit and equivalent homogeneous and (b) SIS cases.
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Figure 1 Model setup. Boundary conditions implemented in the three-dimensional simulations
of groundwater flow and salt transport using SEAWAT v4.0. The simulations were run to steady
state for hydraulic heads and concentrations. The neutrally buoyant particles were released at two
alongshore locations (Y =14 and 20 m) and at two across-shore locations (onshore and offshore).
The onshore particles were released at 10 m depth interval along the vertical inland boundary,
spanning from Z = 0 to -100 m. The offshore particles were released along the sea floor
boundary from X =550 m to 700 m.
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Figure 2 Example of heterogeneous K fields for (a) conduit and (b) SIS cases, respectively. The log(K/Kmin) values of 0, 2, 3, 4, 6, 8
denote the heterogeneous facies of ash, aa, transitional lava, pahoehoe, clinker and lava tube, respectively.
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Figure 3 Example of simulated 3D (a, c) and 2D (b, d) steady-state salinity distributions for (a,
b) conduit and (c, d) SIS cases, respectively. White lines in a and b show locations of transition
zone for corresponding equivalent homogeneous cases. Gray conduits in a and ¢ show
preferential flow zones with velocity 8 orders of magnitude higher than minimum velocity

simulated in each heterogeneous field.
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Figure 4 Comparison of mixing zone volume for the simulated cases. Note that 2D and 3D
Homogeneous cases are identical. Top and bottom of the rectangles represent the 25" and 75™
percentiles of the data set. Solid line and cube indicate median and mean values, respectively.
Whiskers indicate maximum and minimum values. Six geologic realizations were considered for
conduit, equivalent homogeneous, and SIS cases.
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Figure 5 Comparison of mixing zone centroid between 3D and 2D simulations for conduit,
equivalent homogeneous, and SIS cases. The distance (in meter) shown in horizontal and vertical
axes represents the mixing zone centroid of across-shore slices simulated by 2D and 3D models,
respectively, for conduit, equivalent homogeneous, and SIS cases.
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Figure 6 Examples of 3D trajectory of particles released from inland (left, top view) and
offshore (right, top view) for (a-c) conduit, (d-f) equivalent homogeneous, and (g-i) SIS cases,
respectively. Top view of the trajectories is to highlight lateral movement of particle flowpaths.
Different particle trajectories are marked with different colors. The start and end locations of
particle flow paths are marked with square and circle symbols, respectively; dashed line denotes
shoreline location. Backward particle tracking scheme was implemented to trace trajectory of
offshore particles, and thus particles released at recharge locations could not be traced. These
recharge locations are marked in black for conduit cases; for equivalent homogeneous and SIS
cases, offshore particles released within the groundwater discharge zone only occured between X
=500 m and 550 m, and were marked with a black outline.
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Figure 7 Travel distance in across-shore, along-shore, and vertical directions for particles

released from (a) inland and (b) the seawater-groundwater recirculation zone, respectively, for all
heterogeneous realizations. The lateral movement of groundwater (i.e., alongshore movement)
was zero by definition in 2D cases. Bar, box, and line display the full range of variation (from
min to max), the likely range of variation (i.e., from 25" percentile to 75™ percentile), and the

mean value, respectively.
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Figure 8 Comparison of (a) travel length and (b) travel time of particles released from inland
between 2D and 3D conduit, equivalent homogeneous, and SIS cases. The particle travel length
is calculated based on Eqg. (1). The cross symbols marked with red and purple color represent the
median travel time for conduit and SIS cases, respectively.
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Figure 9 Examples of spatial distribution of travel time for particles released offshore, from the
seawater-groundwater recirculation zone for (a) 3D conduit case, (b) 2D conduit case, (c) 3D
homogeneous case, (d) 2D homogeneous case, (e) 3D SIS case, and (f) 2D SIS case. The
particles were released in offshore recharge locations from x =550 m to 700 m along Y =140 m.
Forward particle tracking was implemented to quantify travel time of particles released along the
offshore major recharge zone with 10 m intervals.
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Figure 10 Comparison of saline SGD (m/d) between 2D and 3D simulations for (a) conduit and
equivalent homogeneous and (b) SIS cases.
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