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Freshwater-seawater (FW-SW) temperature contrasts widely exist in natural
coastal aquifers. The significant effects of thermal forcing on water flow and
salinity distributions for homogeneous aquifers have been demonstrated
recently, however, the impact on heterogeneous aquifers remains unclear.
This study conducted simulations of variable-density flow, and heat and salt
transport  with Monte-Carlo realizations of log-normally distributed
permeability fields to examine such impacts. The averaged results showed
that warmer freshwater could lead to a significant landward intrusion of
freshwater-seawater interface in the heterogeneous aquifer. The random
permeability fields increased the thermal effects of warmer freshwater and
thus facilitated landward seawater intrusion. Furthermore, under warmer
seawater conditions, salt dispersion was enhanced and density effects were
reduced in heterogeneous coastal aquifers, thus altering the two opposing
seawater circulation cells induced by double diffusion of salt and heat. The
clockwise seawater circulation was strengthened whereas the anticlockwise
one was weakened. Sensitivity analyses showed that an increased variance of
permeability field further inhibited the anticlockwise seawater circulation cell
caused mainly by heat diffusion. A larger correlation length of permeability field
facilitated the thermal effect on the salinity distribution, increasing the
associated uncertainty range caused by FW-SW temperature contrasts.

KEYWORDS

seawater intrusion, submarine groundwater discharge, thermal impact, density-
dependent flow, heterogeneity

Key points:

> Freshwater-seawater interfaces are significantly affected by freshwater temperature
in heterogeneous aquifers

> Salinity distributions are affected by variances and correlation lengths of
permeability fields

> Double diffusion of salt and heat is inhibited with a larger variance of permeability
field
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Introduction

Flow, freshwater-seawater (FW-SW) mixing and associated
biogeochemical reactions in coastal aquifers affect both marine
and terrestrial ecosystems (Moore and Joye, 2021; Santos et al,,
2021). With a terrestrial hydraulic gradient, inland fresh
groundwater flows into the sea (Burnett et al, 2003). The
FW-SW density contrast induces the convective circulation of
seawater below lighter freshwater (Cooper, 1959; Smith, 2004).
The two behaviors could form a FW-SW transition zone in the
coastal aquifer, which could be treated as a sharp freshwater-
seawater interface (FSI) when the transition zone is narrow
(Bear, 1979). As the
freshwater recharge flux is large, density-dependent effects are

relative to the aquifer thickness

weakened and the FSI is pushed seaward (Chang and Clement,
2012; Abdoulhalik and Ahmed, 2018).

FW-SW temperature contrasts have been widely reported
around global coastlines (Wilson, 2005; Befus et al,, 2013; Paldor
etal, 2020; Pu et al,, 2020). Temperature could alter the fluid density
and viscosity in coastal aquifers, regulating density-driven flow and
FW-SW mixing processes (van Lopik et al, 2015). Salinity
distributions could thus be
significantly regulated as the thermal regime changes in coastal
aquifers (Nguyen et al., 2020; Pu et al,, 2020). Wilson (2005) pointed
out that geothermal convection could be developed in regional-scale

and groundwater discharge

coastal flow systems, contributing to the saline submarine
groundwater discharge. The geothermal gradient modifies salinity
distributions, particularly for the FSI toe (Blanco-Coronas et al.,
2021). Nguyen et al. (2020) examined the impact of different

seawater temperatures on the tidally influenced coastal
unconfined aquifer. They found that higher seawater
temperatures  significantly  increase  tide-induced = seawater

circulations and thus affect fresh groundwater discharge zones
and saltwater wedges. Recently, Pu et al. (2020) revisited the
classical Henry problem for coastal confined aquifers and
considered FW-SW  temperature contrasts. Both laboratory
experiments and numerical simulations demonstrated that
warmer freshwater or colder seawater can lead to landward FSI
in homogeneous coastal aquifers. Furthermore, due to double
diffusion of salt and heat, a higher seawater temperature, once
reaching certain levels, could cause two seawater circulation cells in
the saltwater wedge (clockwise and anticlockwise circulations). The
formations of two opposing circulation cells remarkably increase
total fluxes of seawater circulations in homogeneous coastal aquifers
(Pu et al,, 2020).

While previous studies have demonstrated significant effects
of thermal forcing on water flow and salinity distributions,
geological heterogeneities were overlooked (Nguyen et al,
2020; Pu et al, 2020, 2021). The heterogeneity with spatial
variability is the inherent property of coastal aquifer systems
(Werner et al., 2013; Micallef et al., 2021), which may alter
groundwater flow and strengthen the salt mixing and spreading
(Kim et al., 2006; Michael et al., 2016). With the assumption of
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isothermal conditions, considerable efforts have been devoted to
evaluating the effect of aquifer heterogeneity on salinity
distributions and water circulations (e.g., Geng and Michael,
20205 Yu and Michael, 2019; Lu et al., 2013; Guo and Li, 2015).
The random permeability field is a typical geostatistical method
for simulating spatial heterogeneity, allowing a more realistic
representation of complex geological properties (Freeze, 1975;
Bellin and Rubin, 1996). Abarca et al. (2007) examined the Henry
problem in heterogeneous aquifers with random permeability
fields. The study demonstrated that salt dispersion and averaged
permeability are predominant factors for the extent of seawater
intrusion. Geological heterogeneity leads to increased salt
dispersion around salt fronts and thus weakens density
which the FSI to
(Mahmoodzadeh and Karamouz, 2019; Ketabchi and Jahangir,
2021). Pool et al. (2015) examined the combined effects of
heterogeneity and tides on the FSI and found that random

gradients, causes retreat  seaward

heterogeneity enhanced the tide-induced salt mixing and
(2020) conducted 3D density-
dependent groundwater flow simulations to investigate the

spreading. Kreyns et al

effects of heterogeneity on coastal volcanic aquifers and
highlighted that the
heterogeneous  aquifers

complex salinity distributions in

enhance density-driven saltwater
circulations increasing the ratio of saline to fresh groundwater
discharge. Michael et al. (2016) demonstrated that combined
effects of geological heterogeneity and density gradients could
drive multiple circulation cells and result in more significant
saltwater circulation rates. Yu and Michael (2022) also pointed
out that the simplified geological model underestimates density-
driven saltwater circulations. Geng et al. (2020a) found that in
tidally beach

significantly alters groundwater

influenced coastal aquifers, heterogeneity
in the
circulation zone and leads to highly variable transit time.
Although  these of

geological salinity

flow intertidal

studies revealed significant impacts

heterogeneity on water flow and
distributions in coastal aquifers, how geological heterogeneity
behaves under varying thermal regimes remains unclear.

In this study, we conducted Monte-Carlo simulations
considering random permeability fields and three FW-SW
temperature contrasts to address the following research
1) Whether
circulations in heterogeneous coastal aquifers caused by
with

homogeneous cases? 2) how do heterogeneous permeability

questions: salinity distributions and water

temperature  contrasts are consistent those in
fields change the thermal effects? 3) how do the variances and
correlation lengths of permeability fields regulate salinity

distributions considering temperature contrasts?

Conceptual model and simulations

The Henry problem (Henry, 1964) is a representative model
of density-dependent flow and salt transport in natural coastal

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1002587

Yu et al.

Freshwater
Q,C, T,
Seawater

C,, T,
Hydrostatic pressure

D (-400, 0)

FIGURE 1

The conceptual model of a heterogeneous coastal confined
aquifer with domain (ABCD) and boundary conditions indicated.
The salinity and temperature are fixed at both the landward and
seaward boundaries. The x-z coordinate origin is set at Point

A (bottom right side of the confined aquifer).

aquifers. Therefore, a similar conceptual model and setup have
been adopted. As shown in Figure 1, a two-dimensional coastal
confined aquifer (with a 400 m length and a 100 m height)
perpendicular to the shoreline was considered. According to
the setup of boundary conditions in the Henry problem (Henry,
1964), we adopted a fixed freshwater flux of 5.7 m*/m/d for the
landward boundary CD. The seaward boundary AB was assigned
to a fixed head of 100 m seawater level. Boundaries BC and AD
are confined by impermeable layers, i.e., assumed to be no-flow
boundaries (Henry, 1964). The seawater salinity was set to
35 ppt. Note that the conceptual model has been widely
adopted in previous studies (e.g., Croucher and O’Sullivan,
1995; Simpson and Clement, 2004; Abarca et al., 2007; Voss
and Provost, 2008; Sebben et al., 2015).

The simulations were carried out with SUTRA-MS (Hughes
and Sanford, 2005), a 2-D groundwater flow model coupled with
solute and heat transport. In this study, the saturated
groundwater flow in confined aquifers is based on Darcy’s
law, as follows:

dp; oC  Op; OT _ -
<_ac a*%a) - “7'<"f‘1> verQe )
. k
7 _<ﬁ> (Ve-rs9) @

where ¢ is the soil porosity [-]. C and T are the fluid salinity [-]
and temperature ['C], respectively. t represents the time [T]
and g represents the Darcy velocity [LT']. Qg and pj. are the
fluid source [T™'] and the corresponding density of fluid source
[ML™’], respectively. y and g are the fluid viscosity [ML'T™"]
and the gravitational acceleration [LT ], respectively. k and p
represent the intrinsic permeability [L*] and the pore-water
pressure [ML™"T?], respectively. p is the fluid density [ML™’].
Note that the fluid density is assumed to be linearly associated
with the temperature and salinity as done in Pu et al. (2020),

Le, p;=1002+0.7705C-0.2205T. Fluid viscosity is
negatively related to fluid temperature
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(4 =239.4 x 10@159 7, given by (Hughes and Sanford,
2005)).

Salt and heat transports are described by advection-
dispersion equations, as follows:

0 C
% =V (p,dC) + V- (9p,DsVC) +p,QuC  (3)
dlgpser + (1-¢)pscs|T i
[ For - ] =-V. (,DfoqT> +V- (PfoDTVT)
+ CfPFQFTF
)

R G L
Py

Dy (5)

where Dy is the diffusion coefficient tensor (Voss and Provost,
2008). Cr and T represent the salinity [-] and temperature [°C]
of fluid source, respectively. ¢, and ¢ are the solid matrix specific
heat [EM°C'] and the fluid specific heat [EMC™'],
respectively. p; is the solid matrix density [ML™]. A; and Af
are the thermal conductivity [ET'L™°C™'] of solid matrix and
fluid, respectively. Dy is the effective thermal diffusivity [L*T'].
InEq4,5,¢pcy+ (1 - ¢)pcsand ¢pAs + (1 - $)A; represent the
bulk heat capacity and bulk thermal conductivity of the saturated
soil, respectively.

A log-normal permeability field was chosen to mimic
geological heterogeneity, as widely adopted previously (e.g.,
Freeze, 1975; Abarca et al., 2007; Geng et al., 2020b; Ketabchi
and Jahangir, 2021). The random permeability field is generated
using Hydro_gen (Bellin and Rubin, 1996). For the base case, the
permeability distribution was characterized by a mean logarithm
value of —25.82 (corresponding to geometric mean permeability
0f 107" m®) and a logarithm variance (02, ) of 1. An exponential-
decay covariance function is adopted to represent the spatially
correlated structure of permeability field. The key parameters of
random fields are the variance (07,;) and directional correlation
lengths (horizontal correlation length A, of 0.5 m and vertical
correlation length A, of 0.05m). In addition to the cases with
randomly-distributed permeability, the homogeneous cases with
uniform permeability of 107" m* (similar to that used in Pu et al.
(2020)) were also examined.

In this study, we investigate the effect of three FW-SW
temperature contrasts on heterogeneous coastal aquifers (T's =
35°Cand Ty =20°C, Ty =20°Cand Ty = 20°C, and T'; = 20°C and
Ty= 35°C, Table 1). Note that there exists a temperature contrast
larger than 15°C in the natural coastal system (Kohout, 1965;
Hughes et al., 2007). The temperature contrast of 15°C was also
adopted in previous studies (Nguyen et al., 2020; Pu et al., 2020,
2021). Furthermore, we conducted sensitivity analyses on log-
permeability variances (alzn ¢« = L 2, and 3, Table 2 and
Supplementary Figure S1) and field correlation lengths (A, =
0.5, 2.5, and 12.5 m, Table 3 and Supplementary Figure S2). The
correlation length ratio of z-direction to x-direction was set to 1/
10 in our studies (Gelhar, 1986).
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TABLE 1 Key results for homogeneous and heterogeneous cases influenced by different FW-SW temperature contrasts.

T (OC) Tf (GC)< XToe (m)
Homogeneous 35 20 -161

20 20 -174

20 35 -258
Heterogeneous 35 20 —-102

20 20 -112

20 35 -170

SM (kg/m) Seawater influx (m*/m/d)
Clockwise Anticlockwise Total

58,493 0.25 0.13 0.38
67,174 0.28 NA 0.28
107,489 0.45 NA 0.45
32,559 0.47 0.07 0.54
38,693 0.47 NA 0.47
67,340 0.61 NA 0.61

“ T, and Ty are seawater and freshwater temperatures, respectively. x7,, and SM are the toe location and the total amount of salt mass stored in the aquifer, respectively. For the
heterogeneous aquifer, the random permeability field is determined by the log-permeability variance (o7, , = 1) and correlation length (A, = 0.5 m). The geometric mean permeability is
10" m” in all cases. The results for heterogeneous aquifers are averaged (n = 50). NA means not applicable.

TABLE 2 Key results for heterogeneous cases with different permeability variances and FW-SW temperature contrasts.

T (OC) Tf (DC) XToe (m)
op =1 35 20 -102

20 20 -112

20 35 -170
b =2 35 20 -59

20 20 -66

20 35 -107
ob =3 35 20 -28

20 20 -34

20 35 -63

SM (kg/m) Seawater influx (m*/m/d)
Clockwise Anticlockwise Total

32,559 0.47 0.07 0.54
38,693 0.47 NA 0.47
67,340 0.61 NA 0.61
14,319 0.91 0.04 0.95
18,143 0.85 NA 0.85
37,807 0.95 NA 0.95
4,143 137 0.02 1.39
6,011 1.28 NA 1.28
17,207 1.40 NA 1.40

* o1, is the log-permeability variance in the heterogeneous aquifer. T and T s are seawater and freshwater temperatures, respectively. xro, and SM are the toe location and the total amount

of salt mass stored in the aquifer, respectively. The correlation length (A.) is fixed at 0.5 m in all cases. The results for heterogeneous aquifers are averaged (n = 50). NA means not applicable.

Other parameter values used in this study are consistent with
those adopted in the large-scale model considered by Pu et al.
(2020). The porosity was set to 0.35. The longitudinal dispersivity
(az) and transverse dispersivity (ar) were set to 1 and 0.1 m,
respectively (Hunt et al., 2011). The molecular diffusivity was
assigned to 10 m?/s (Voss and Provost, 2008). The fluid specific
heat and solid matrix specific heat were set to 4,182 and 840 J/kg/
°C, respectively (Engineering ToolBox, 2003a). The fluid thermal
conductivity and solid thermal conductivity were set to 0.6 and
3.5 J/m/°C/s, respectively (Engineering ToolBox, 2003b;
Anderson, 2005).

A model mesh was generated with a uniform discretization of
This spatial
requirements

in both x-direction and z-direction.
stability
(i.e., Peclet criteria), as suggested by Voss and Provost (2008).
50  Monte-Carlo of

1m

discretization ensures numerical

simulations randomly-distributed

Frontiers in Environmental Science

04

permeability were conducted for each model setup, leading to
750 simulation runs. All simulations were run to the steady state,
i.e,, pressure, salinity, and temperature unchanged.

Results
Model validation at the laboratory scale

the

et

Firstly, we validated numerical model against
experimental (Pu 2020) under FW-SW
temperature contrasts (T; = 40°C and Ty = 25°C, T = 25°C
and Ty = 25°C, T, = 25°C and Ty = 33°C) and heterogeneous

permeability fields. The model parameters and boundary

results al.,

conditions of homogeneous aquifers were similar to those
adopted in Pu et al. (2020). For heterogeneous confined

frontiersin.org
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TABLE 3 Key results for heterogeneous cases with different correlation lengths and FW-SW temperature contrasts.

T, (C) Tf (0 XToe (M)
Ay =05 35 20 -102

20 20 -112

20 35 -170
Ay =25 35 20 -113

20 20 -126

20 35 -190
Ay = 12,5 35 20 -127

20 20 -139

20 35 -208

SM (kg/m) Seawater influx (m*/m/d)
Clockwise Anticlockwise Total

32,559 0.47 0.07 0.54
38,693 0.47 NA 0.47
67,340 0.61 NA 0.61
34,996 0.50 0.05 0.55
42,737 0.46 NA 0.46
74,532 0.62 NA 0.62
39,274 0.45 0.06 0.51
47,170 0.47 NA 0.47
81,589 0.65 NA 0.65

* A« is the correlation length of permeability field in the heterogeneous aquifer. T and T  are seawater and freshwater temperatures, respectively. xr,, and SM are the toe location and the
total amount of salt mass stored in the aquifer, respectively. The variance (Ulzn i) is fixed at 1 in all cases. The results for heterogeneous aquifers are averaged (n = 50). NA means not

applicable.

aquifers, the geometric mean permeability of 5 x 107'° m* and the
logarithm variance of 0.5 were used (the randomly-distributed
permeability is shown in Supplementary Figure S3).

As the
impacted the extent of FW-SW mixing, changing groundwater

expected, randomly-distributed  permeability
flow paths and steady-state salinity distributions (Figure 2).
However, the associated changes in salinity distributions due
to random permeability fields were not significant at the
laboratory scale. The simulated steady-state FSI (ie., 50%
seawater isohalines of 17.5 ppt) for heterogeneous aquifers was
also in well agreement with the measured results (Pu et al., 2020).
Differences of FSI toe locations (intersection of the 50% seawater
isohaline with the aquifer basement) between heterogeneous
simulations and flume experiments were 0.13, 0.17, and
0.14 m,
isothermal condition and warmer freshwater (Figures 2B,D,F).
This the of
heterogeneous coastal aquifers subjected to temperature

respectively, for cases with warmer seawater,

demonstrates effectiveness simulations in

contrasts and could be used as model validation.

Thermal effects on salinity distributions
and water circulations

Salinity distributions of heterogeneous aquifers under
different FW-SW temperature contrasts (T = 35°C and Ty =
20°C, T, =20°Cand Ty = 20°C, T = 20°C and Ty = 35°C) were
examined here. For the isothermal condition, the location of
steady-state FSI toe in a Monte-Carlo simulation was —113 m,
different from that for the homogeneous aquifer (x = -174 m,
Supplementary Figure S4). Furthermore, the steady-state FSI and
groundwater flow paths were unsmooth in the heterogeneous
case. To further quantify the changes in heterogeneous aquifers,
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we calculated the averaged results (e.g., salinity distribution and
water flux) of 50 heterogeneous permeability simulations. The
averaged results smoothed out the disturbance of randomly-
distributed permeability to salinity distributions and flow paths
(Figure 3). Therefore, the variations caused by thermal forcing
could be exhibited clearly for heterogeneous coastal aquifers.
With warmer seawater, the averaged FSI toe slightly retreated
seaward (from x = —112 to —102 m) for heterogeneous coastal
aquifers, consistent with the results from homogeneous cases
(Figure 3). The total amount of salt stored in the aquifer (SM)
accordingly decreased (from 38,693 to 32,559 kg/m, Table 1).
Similar to homogeneous aquifers, warmer seawater decreased
seawater density (from 1024.56 to 1021.25 kg/m?, Figures 4B,D),
and thus weakened pressure gradients along the FSI in coastal
confined aquifers (Glover, 1959). With warmer seawater,
groundwater heads at landward boundaries were slightly
smaller than that under the isothermal conditions for both
homogeneous and heterogeneous aquifers (103.89 compared
with  104.05m 105.20 105.37 m,
respectively). This caused a slight decrease in the lateral

and compared with
hydraulic gradient. On the whole, the effect of density
gradient on the FSI was more significant than that of the
lateral hydraulic gradient, resulting in the FSI retreating seaward.

In contrast, warmer freshwater facilitated saltwater intrusion
into the heterogeneous freshwater aquifer (Figures 3D,F). The
averaged FSI moved landward with the toe changing from
x = —112 to -170 m. Correspondingly, the associated SM
increased remarkably (from 38,693 to 67,340 kg/m). Warmer
freshwater decreased the freshwater density and thus increased
the FW-SW density difference (with an increase of 3.31 kg/m?).
This favored the landward intrusion of FSI compared to the
isothermal case. More importantly, the higher freshwater
temperature can largely decrease the water viscosity in the
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0.4
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0.1
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FIGURE 2
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125
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115
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The laboratory-scale salinity distributions under different FW-SW temperature contrasts. The left-hand (A, C, E) and right-hand (B, D, F) panels
are the results for homogeneous and heterogeneous aquifers, respectively. The black solid and dashed lines are, respectively, for the 50% seawater
concentration isohalines (17.5 ppt) and the measured (Pu et al., 2020) freshwater-seawater interface (FSI). The white lines show flow streamlines. T

and T; are seawater and freshwater temperatures, respectively.

freshwater zone and thus increase the hydraulic conductivity
(approximately increased by 50%), declining the lateral hydraulic
gradient for the flux-controlled system (Pu et al.,, 2020). The
lateral hydraulic gradient (calculated by the ratio of total
freshwater head difference between landward and seaward
aquifer boundaries to the horizontal aquifer length) decreased
from 0.0134 to 0.0111 for the heterogeneous aquifer with warmer
freshwater. Therefore, warmer freshwater caused the saltwater
wedge to advance landward remarkably. This was consistent with
the thermal impacts on homogeneous aquifers (Pu et al., 2020).

Compared with homogeneous aquifers, the averaged FSI in
heterogeneous aquifers was closer to the seaward boundary (with
smaller SM, Table 1). The retreated FSI was attributed to enhanced
lateral hydraulic gradients in heterogeneous aquifers. The averaged
lateral hydraulic gradients of heterogeneous aquifers were larger
than that of homogeneous cases for the three temperature contrasts
(0.0130 compared with 0.0097, 0.0134 compared with 0.0101, and
0.0111 compared with 0.0087, respectively). Similarly, randomly-
distributed permeability also led to a relatively narrow temperature
mixing zone for both warmer seawater and freshwater cases
(Supplementary Figure S5). Furthermore, warmer freshwater
significantly contributed to the hydraulic conductivity of
heterogeneous aquifers. The groundwater head at the landward
boundary decreased by 095m, larger than that for the
homogeneous aquifer (0.58 m, Supplemntary Figure S6). Warmer
freshwater largely decreased the lateral hydraulic gradient compared
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with the homogeneous aquifer (difference of 0.0023 compared with
0.0014). The averaged relative change of SM caused by warmer
freshwater for the heterogeneous aquifer was more significant than
that for the homogeneous aquifer (74% compared with 60%). The
results suggest that randomly-distributed permeability enhanced the
impacts of warmer freshwater on hydraulic gradients and salinity
distributions.

For the isothermal case, mechanical dispersion and
molecular diffusion could cause the salt to move towards the
freshwater aquifer. That induced a FW-SW mixing zone and
contributed to density-driven convective circulations in the
saltwater wedge (Smith, 2004). With randomly-distributed
permeability, salt dispersion in the saltwater wedge was
enhanced (Kerrou and Renard, 2010). It caused a larger
seawater circulation flux (0.47 m*/m/d). The relative change
caused by random permeability field was 67% for the total
seawater influx, compared with uniform permeability. Further,
random permeability fields changed water fluxes per unit area
across seaward boundaries. Water exchange across the aquifer-
sea interface was larger for high-permeability zones of
heterogeneous aquifers. And the freshwater efflux curves were
no longer smooth and monotonous (Figure 5B). The maximum
freshwater efflux per unit area for the heterogeneous aquifer was
much less than that for the homogeneous aquifer. It could be
attributed to dissipated advective forces as permeability
randomly distributed in coastal aquifers.
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FIGURE 3

Salinity distributions in coastal aquifers subjected to different FW-SW temperature contrasts. The left-hand (A, C, E) and right-hand (B, D, F)
panels are the results for homogeneous and heterogeneous aquifers, respectively. The results for heterogeneous aquifers (aﬁTk =land A, =0.5m)
are averaged (n = 50). The black dashed lines are the 50% seawater concentration isohalines (17.5 ppt), i.e., the FSI. The white lines show flow
streamlines. Ts and T; are seawater and freshwater temperatures, respectively.

kg/m?3
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FIGURE 4

Density distributions in coastal aquifers subjected to different FW-SW temperature contrasts. The left-hand (A, C, E) and right-hand (B, D, F)
panels are the results for homogeneous and heterogeneous aquifers, respectively. The results for heterogeneous aquifers (oﬁ,k =land A, =05m)
are averaged (n = 50). The black dashed lines are the 50% seawater concentration isohalines (17.5 ppt), i.e., the FSI. Note that only the sections from
x = =300 to 0 m are presented. The white lines show flow streamlines. Ts and T are seawater and freshwater temperatures, respectively.
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With warmer seawater, we also found the two opposing
circulation cells in saltwater wedges of heterogeneous aquifers
(Figure 3B). FW-SW temperature contrasts increased the
complexity of density gradients and regulated density-driven
seawater circulations. As the effective thermal diffusivity (5.93 x
1077 m?/s) was significantly larger than the salt diffusivity (10~ m?/
s), double diffusion of heat and salt within the saltwater wedge
induced the formation of two seawater circulation cells in opposing
directions. It was consistent with the homogeneous results (Pu
et al., 2020). Under warmer seawater conditions, flow velocities in
the upper (clockwise) circulation cells were largely increased,
influencing total seawater influxes. Although the clockwise
seawater circulation zone was significantly smaller than that for
the isothermal case (x = 0 and z = 30-67 m in comparison with x =
0 and z = 0-70 m), the averaged amount of seawater influx for the
clockwise circulation cell was close to the total seawater influx of
isothermal case (0.47 m*/m/d, Table 1). The anticlockwise
seawater influx induced mainly by heat diffusion was 0.07 m’/
m/d. The average percentage of anticlockwise circulating seawater
influx to total seawater influx (hereinafter termed the percentage of
reverse seawater influx) was 15%, less than half of that for the
homogeneous aquifer (34%). Due to intensified salt dispersion in
heterogeneous aquifers, the upward convection was strengthened
whereas the downward convection mainly induced by heat
diffusion was weakened, i.e., randomly-distributed permeability
weakened the effects of buoyancy gradients induced by heat
diffusion.
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With warmer freshwater, larger FW-SW density differences
enhanced upward buoyancy forces of saltwater around salt
fronts, increasing density-driven circulation rates of
heterogeneous aquifers. Further, warmer freshwater heated
part of saltwater within the saltwater wedge through heat
conduction, thus influencing the density distribution
(Figure 4E). This caused saltwater flow streamlines to tilt
upwards further, regulating the circulation paths. The
seawater circulation zone significantly expanded for the
heterogeneous aquifer with warmer freshwater (x = 0 and z =
0-80m, x = 0 and z = 0-70 m, respectively, for warmer
freshwater and isothermal cases). It produced a total seawater
influx of 0.61 m*/m/d (30% relative increase) for the warmer
freshwater case. Compared with the homogeneous aquifer, the
effect of warmer freshwater on the variation of total seawater
influx was also weakened in the heterogeneous aquifer (relative
change, 30% compared with 61%).

In addition, we applied box plots to show the distributions of
quantitative data for toe locations, SM and seawater influxes of
50 heterogeneous simulations (Figure 6). For isothermal cases,
the toe locations varied between —115 and —107 m and the SM
ranged between 36,522 and 41,106 kg/m. Thermal effects could
influence uncertainty ranges caused by randomly-distributed
permeability. For toe locations and SM, the uncertainty range
was narrowed by warmer seawater and enlarged by warmer
freshwater. For example, warmer seawater led to a decreased

interquartile range for the SM, in comparison with the
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panels are the results for (A) the toe location, (B) the total amount of salt mass stored in the aquifer (SM), and (C) the total seawater influx across the
aquifer-sea interface, respectively. The dashed lines are the results for homogeneous aquifers. Ts and T¢ are seawater and freshwater temperatures,

respectively.

isothermal case (1,175 in comparison with 1,723 kg/m). In
contrast, warmer freshwater further increased the interquartile
range (1,723 in comparison with 1,850 kg/m). That could be
attributed to the changed lateral hydraulic gradients and density
differences influenced by thermal effects.

The wuncertainty range of total seawater influx in
heterogeneous aquifers was relatively large (Figure 6C). The
minimum seawater influx was lower than that for the
homogeneous aquifer (0.23 compared with 0.28 m*/m/d). In
contrast, the maximum seawater influx of heterogeneous
aquifer reached 1.05m’/m/d, about four times that of
This that the

permeability field induced a significant variation of seawater

homogeneous aquifer. suggests random
circulation flux. As temperatures of seawater or freshwater
increased, the uncertainty of total seawater influx was changed
(Figure 6C). With warmer seawater, the lower quantile of total
seawater influxes was overlapped with the value of homogeneous
aquifer. The percentages of reverse seawater influxes varied from
5.53% to 26.84% for heterogeneous cases, suggesting that random
permeability fields could change two opposing seawater
circulation cells significantly. With warmer freshwater, the
range (maximum-minimum) of total seawater influx was
larger than that of the isothermal case (1.03 compared with
0.81 m*/m/d). Whereas the interquartile range of warmer
freshwater than  the
(0.18 compared with 0.24 m*/m/d). The results demonstrate
the importance of thermal effects on heterogeneous aquifers

and suggest that permeability fields could significantly regulate

was  smaller isothermal case

the impacts.
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Sensitivity analysis on variances of
permeability fields

In this section, we conducted additional simulations on

variances of permeability fields (Ulzn ¢ = 1, 2, and 3,
respectively) to  further examine the variations of
heterogeneous aquifers caused by FW-SW temperature

contrasts (n = 50 for each setup). The correlation length and
other parameters remained unchanged in these numerical
simulations. The increased o7, led to an extended range of
randomly-distributed permeability (Supplementary Figure S1),
influencing groundwater flow and salinity distributions. As o, ,
increased, the impact of geological heterogeneity was
significantly enhanced. This resulted in a higher lateral
hydraulic gradient (0.0134, 0.0188, and 0.0274, respectively,
for alzn ¢ = 1, 2, and 3 in the isothermal case). Therefore, the
intrusion of FSI was remarkably inhibited for larger o7 , (for
isothermal cases, the averaged toe locations moved from
x = -112 to —66 and -34m as ¢}, increased from 1 to 2,
and 3, Supplementary Figure S7). As expected, the thermal effects
on salinity distributions were also significant for o, =2 and 3.
The larger of,, increased relative changes caused by warmer
seawater for the averaged SM (relative decreases of 16%, 21% and
31%, respectively, for alzn « = 1, 2, and 3). Similarly, as alzn X
increased, the variations caused by warmer freshwater were
remarkably increased (relative increases of 74%, 108% and
186%, respectively, for the averaged SM with o7, = 1, 2, and
3). With the larger o7, ,, the decrease of lateral hydraulic gradient
was more pronounced caused by warmer freshwater (from
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Averaged salinity distributions in heterogeneous aquifers under different permeability variances and FW-SW temperature contrasts (n = 50). The
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0.0023 to 0.0039 and 0.0063). This led to changes in salinity
distributions (Goswami and Clement, 2007).

The box plots were shown to compare thermal effects of
heterogeneous aquifers with different permeability variances
(Figure 8). The larger of,, widened uncertainty ranges of toe
locations due to the increased dispersion (Figure 8A). For
isothermal conditions, the interquartile ranges of toe locations
increased from 2.98 to 3.37 and 3.49 m as o7, ;. increased from 1 to
2 and 3, respectively. The uncertainty range of SM tended to
decrease as of,, increased (Figure 8B). This was because the FSI
significantly retreated seaward with the larger o7, ,. However, the
associated differences in uncertainty ranges caused by different
0}, were not as evident as the averaged results for both the toe
location and SM. The changes in uncertainty ranges caused by
warmer freshwater were relatively larger than that caused by
8A,B),
freshwater could significantly strengthen the variation of

warmer seawater (Figures showing that warmer
hydraulic conductivity and thus enlarge the differences in
salinity distributions among heterogeneous simulations. The
variations can be further enhanced by larger o7 ,. As o},
increased from 1 to 2 and 3, the ratios of interquartile ranges
(warmer freshwater to the isothermal condition) for SM changed

from 107% to 167% and 201%, respectively.
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Concurrently, groundwater flow paths were adjusted by the
variances of permeability fields (Figure 7). With the larger o7, ,,
disturbances caused by aquifer heterogeneity to the flow and salt
transport were intensified. The larger of,, increased salt
dispersion altering saltwater circulation rates and seawater
influxes significantly. Although saltwater wedges retreated
seaward as alzn « enhanced, the averaged seawater influxes
remarkably increased (from 0.47 to 0.85 and 1.28 m*/m/d for
isothermal cases with alzn « = 1, 2,and 3, Table 2). This suggests
that local seawater circulation fluxes in freshwater discharge
zones were significantly enhanced, resulting from geological
heterogeneity and local density gradients (Supplementary
Figure S8). Both warmer seawater and freshwater can increase
total seawater influxes of heterogeneous aquifers with larger
permeability field variances (Table 2). In particular, for
warmer seawater, the anticlockwise circulation cell was much
smaller as the of , increased. With of, = 3, no apparent
anticlockwise  seawater  circulation cell ~demonstrated
(Figure 7C). The associated averaged anticlockwise seawater
influx was very small because salt dispersion was intensified
and density effects (induced by temperature contrast) was
weakened in highly heterogeneous aquifers. However, for

olznk = 3, the clockwise seawater influx under warmer seawater
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Box plots (n = 50) for percentages of anticlockwise

circulating seawater influx to the total seawater influx in
heterogeneous aquifers with different permeability field variances
(02, = L1, 2, and 3, respectively). A, is fixed at 0.5 m. The black
dashed line is the result for the homogeneous aquifer.

conditions reached 107% of the total seawater influx under
isothermal conditions on average. This was due to enhanced
seawater circulation rates for warmer seawater cases.

With larger of,;, the maximum total seawater influxes
increased significantly for isothermal cases (1.05, 1.93, and
2.77 m*/m/d, respectively, for of, = 1, 2, and 3). The
interquartile ranges of total seawater influxes increased from
0.24 to 0.36 and 0.66 m*/m/d as o7, increased from 1 to 2 and 3,
respectively. It indicates that the larger of, increased the
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uncertainty of total seawater influx. For of,, = 2 and 3, both
warmer seawater and freshwater could increase uncertainty
ranges of total seawater influxes (Figure 8C). As stated above,
the

heterogeneous aquifers could lower lateral hydraulic gradients,

higher seawater and freshwater temperatures in
which favored salt dispersion induced by randomly-distributed
permeability thus strengthening uncertainty of total seawater
influxes. For warmer seawater, two circulation cells in the
saltwater wedge were remarkably changed as of,, increased.
The percentages of reverse seawater influxes were lowered
(Figure 9). The average percentages decreased from 15% to
6% and 2% as of,, increased from 1 to 2 and 3, respectively.
With o?, , = 3, most percentages of reverse seawater influxes were
not significant in heterogeneous simulations (the upper quantile
of 2%, n = 50). The results suggest that two opposing seawater
circulation cells induced by double diffusion of salt and heat were
very sensitive to and negatively correlated with the variance of

heterogeneous permeability field.

Sensitivity analysis on correlation lengths
of permeability fields

With other parameters unchanged, we tested the
importance of correlation lengths (A, = 0.5, 2.5, and 12.5,
respectively and A,/A, = 0.1) for heterogeneous aquifers with
random permeability fields (n = 50). The increased correlation
length can reduce the difference among neighbored points and
thus result in the formation of patches in the permeability field
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(Supplementary Figure S2). The larger high-permeability
patch would produce preferential flow paths and modulate
the flow and local FW-SW mixing in heterogeneous aquifers
(Pool etal., 2015). An increase in A, induced a slight decrease
in the averaged lateral hydraulic gradient (0.0134, 0.0123, and
0.0115, respectively, for A, = 0.5, 2.5, and 12.5 m in isothermal
Therefore, the FSI intruded landward slightly
(Figure 10; Supplementary Figure S9). The averaged toe

cases).

locations changed from x = —112 to —126 and -139 m as A,
increased from 0.5 to 2.5 and 12.5 m, respectively. With the
increase of A, the heterogeneous aquifer is likely to stratify
densely with multiple patches. Thus, the wider FW-SW
mixing zone for the averaged salinity distribution was
further the
in Similarly,

found. Temperature contrasts regulated

averaged salinity distributions aquifers.
warmer freshwater caused a more significant variation than
warmer seawater for A, = 2.5 and 12.5 m, in comparison with
isothermal cases (e.g., 74% compared with 18%, 73%
compared with 17%, respectively, for the averaged SM with
Ay = 2.5 and 12.5 m).

Furthermore, we found that uncertainty ranges of toe
SM  were

heterogeneous aquifers with larger correlation lengths (Figures

location  and significantly  increased  for
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11A,B). For isothermal conditions, as A, increased from 0.5 to
2.5 and 12.5 m, the interquartile ranges of toe locations increased
from 2.98 to 4.83 and 13.98 m, respectively. Correspondingly, the
interquartile ranges of SM increased from 1,723 to 3,243 and
10,373 kg/m. The variations of uncertainty ranges were
attributed to the enhanced FW-SW mixing in heterogeneous
aquifers. The uncertainty ranges of toe location and SM were
further widened as freshwater temperature increased (Figures
11A,B). With A,
(warmer freshwater to the isothermal condition) reached
117% for the toe location and 108% for the SM. The results
demonstrate that the larger A, facilitated effects of thermal
thus
distributions in heterogeneous aquifers.

= 12.5m, the ratio of interquartile range

forcing, increasing uncertainty ranges of salinity

The impacts of different correlation lengths on salt
dispersion were slight due to the similar permeability range of
field. Thus, by averaging, the total seawater influx was similar
(0.47, 0.46 and 0.47 m*/m/d, respectively, for A, = 0.5, 2.5 and
12.5m in isothermal conditions). The thermal effects on water
= 2.5 and 12.5 m were close to that of A,

Supplementary Figure S10). Both warmer

circulations for A,
0.5m (Figure 10;
seawater and freshwater can enhance the averaged seawater

influxes in the cases with A, = 2.5 and 12.5m (Table 3). For
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dashed line is the result for the homogeneous aquifer.

example, with A, = 12.5m, warmer seawater and freshwater,
respectively, led to relative increases of 9% and 38% for the total
seawater influx. For warmer seawater, the different A, slightly
changed two opposing circulation cells induced by double
diffusion of heat and salt (Figures 10A-C). The average
percentages of reverse seawater influxes were 15%, 11%, and
12%, respectively, for A, = 0.5, 2.5 and 12.5 m.

The larger A, caused total seawater influxes to centralize
slightly, narrowing uncertainty ranges (Figure 11C). The
associated uncertainty range was slightly changed by seawater
and freshwater temperatures for A, = 2.5 and 12.5m. With
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warmer seawater, the two circulation cells were affected and
associated uncertainty ranges behaved differently for A, = 2.5 and
12.5m (Figure 12). The larger A, was expected to reduce the
uncertainty range for the percentage of reverse seawater influx.
with A,
anticlockwise seawater circulation flux was increased, causing

However, 12.5m, the uncertainty range of

a larger difference in percentages of reverse seawater influxes
(from 1% to 31%). The results showed that all percentages of
reverse seawater influxes in heterogeneous aquifers were lower
than that for the homogeneous aquifer (Figure 12).

Discussion

The results on heterogeneous coastal confined aquifers
showed that the freshwater-seawater interface intrudes further
landward as freshwater temperature increases. This is consistent
with the previous findings of homogeneous aquifers (Pu et al,
2020). For aquifers with randomly-distributed permeability,
salinity distributions could be changed significantly under the
same boundary conditions (Pool et al., 2015; Mahmoodzadeh &
Karamouz, 2019). Yu and Michael (2022) applied the upscaling
hydraulic conductivity methods and found that salinity
distributions considering upscaling effects are completely
different from the original one. However, our results
suggested that the indicators of seawater intrusion varied
within a relatively small range among Monte-Carlo
simulations, compared with the mean value. For salinity
distributions, differences in the averaged results caused by

thermal forcing are easier to compare and generalize.
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Therefore, equivalent homogeneous model is still a feasible
solution for investigating variations of salinity distributions in
coastal aquifers affected by various forcing factors. For site-
specific coastal aquifers, variations of salinity distributions are
affected by combined specific geological architectures and
hydrological ~forcing factors. Groundwater simulations
considering spatial heterogeneity could be better for this
situation.

Pu et al. (2020) pointed out that FW-SW temperature
contrasts regulate salinity distributions by changing density
differences and lateral hydraulic gradients in homogeneous
coastal aquifers. For heterogeneous aquifers, permeability
contrasts are critical factors influencing salinity
distributions (Lu et al., 2013; Yu and Michael, 2022).
Thermal effects on high-permeability zones are more
significant than that on low-permeability zones. That is, the
differences in salinity distributions caused by thermal effects
would be enlarged for aquifers with bigger permeability
(e.g.,
particularly for impacts of freshwater temperatures. As

contrasts larger permeability field variances),
freshwater temperature increases, the lateral hydraulic
gradient of heterogeneous aquifer is further lowered,
affecting the salinity distribution. In natural aquifer
systems, geological heterogeneity with spatial variability is
common. Due to heterogeneity, the effects of warmer
should be

pronounced than that assuming homogeneity.

freshwater on seawater intrusion more

For water circulations, we found that locations and rates of
seawater exchange are highly uncertain in heterogeneous coastal
aquifers. This is significantly different from the results for
homogeneous aquifers (Pu et al., 2020). We don’t recommend
using equivalent homogeneous models to investigate water
This s
demonstrated in recent studies (Michael et al, 2016; Kreyns
et al,, 2020; Yu and Michael, 2022). The temperature modulates

density-driven circulations and influences total seawater influxes.

circulations in  heterogeneous aquifers. also

For heterogeneous aquifers, the increased dispersion induced by
spatial heterogeneity weakens density gradients (Soldrzano-Rivas
et al,, 2019). However, warmer freshwater or seawater could
affect hydraulic conductivity and increase seawater circulation
rates. This enhances the uncertainty of total groundwater
discharge caused by complex salinity differences and
geological heterogeneity. Seawater circulation induced by
temperature change might be an important contributor to
groundwater discharge of coastal aquifers (Guimond et al., 2022).

For natural systems, freshwater temperatures are relatively
stable, whereas seawater temperatures can vary significantly
(Locarnini et al, 2013; Benz et al, 2017). With a higher
seawater temperature, two opposing seawater circulation cells
induced by double diffusion of salt and heat are evidenced by Pu
et al. (2020). A variety of system properties (e.g., permeability,
thermal diffusivity, heterogeneity), together with temperature
contrasts, could affect the two opposing circulation cells. In this
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study, we demonstrated that the anticlockwise seawater
circulation cell mainly induced by heat diffusion was sensitive
to and negatively correlated with the log-permeability variance of
heterogeneous aquifer. For natural systems with spatial
heterogeneity, FW-SW temperature contrasts in most coastal
aquifers might not be such significant as we used in this study.
Hence, two opposing circulation cells induced by double
diffusion of salt and heat would be less pronounced. However,
for heterogeneous aquifers, freshwater discharge zones under
uniform permeability might switch into the zones of seawater
circulations. This phenomenon is enhanced by the bigger
permeability contrast (e.g., the larger log-permeability variance
in this study). The mixing of land-sourced and sea-sourced
chemicals could be strengthened in highly heterogeneous
aquifers. Furthermore, freshwater and seawater temperatures
would further change biogeochemical reactions in coastal
aquifers (Cogswell and Heiss, 2021), influencing marine
ecosystems (e.g., causing coastal eutrophication, algal blooms
(Santos et al., 2021)).

Conclusion

We have examined the effects of temperature on salinity
distributions and water circulations in heterogeneous aquifers
through Monte-Carlo realizations of permeability fields.
Based on our results, the following conclusions could be
drawn:

(1) The averaged salinity distributions in heterogeneous aquifers
are significantly affected by thermal regime, particularly for
warmer freshwater. The random permeability field could
increase the thermal impact of warmer freshwater and thus
lower the lateral hydraulic gradient further, in comparison
with the results from homogeneous aquifers. This causes the
freshwater-seawater  interface to intrude landward
significantly in heterogeneous aquifers.

(2) Water exchange across the aquifer-sea interface is also

changed with thermal regime of heterogeneous aquifers.

Randomly-distributed salt

dispersion and decreases density gradients, influencing

permeability  increases
water circulations of heterogeneous aquifers. With warmer
seawater, two opposing circulation cells induced by double
diffusion of salt and heat are weakened by random
permeability fields.

and water circulations in

(3) Salinity distributions
heterogeneous coastal aquifers are affected by variances
and correlation lengths of permeability fields. The
increased permeability field variance could enhance
inhibit double
diffusion of salt and heat. The larger correlation length

the effects

clockwise seawater circulations and

could facilitate thermal on salinity

distributions.
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It should be pointed out that the simulation results were
based on fixed boundary temperatures. In natural systems, the
thermal effects on water flow and salinity distributions are much
more complex (e.g., time-variant temperature conditions) than
that considered in this study. Dynamic forcing conditions, such
as tides and varying freshwater input, also play important roles in
adjusting groundwater hydrodynamic processes of coastal
aquifers (Kuan et al, 2019; Yu et al., 2019). The impacts of
thermal forcing on other types of heterogeneous aquifers (e.g.,
layered aquifers and aquifers with conduit and fractures) also
deserve future studies. Nevertheless, this study has shed light on
the combined effects of temperature and aquifer heterogeneity on
flow and salinity distributions, which should be considered in
managing coastal groundwater resources.
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