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1.  Introduction
Numerical simulations of density-dependent flow assess the risk of saline groundwater intrusion in coastal 
areas (Heiss & Michael, 2014; Meng et al., 2002; Trabelsi et al., 2013), and in arid and often endorheic basins 
where evaporation outpaces recharge and concentrates solutes in groundwater (Stein et al., 2019). The dis-
crepancy in fluid density develops an interface where the denser brine underlies the less dense fluid to cre-
ate a freshwater lens, which is commonly known as a brine-to-freshwater interface (Duffy & Hassan, 1988; 

Abstract  Despite the prevalence of density-dependent flow systems in the brine-rich aquifers of 
arid climates and coastal aquifers, the impact of realistic geologic conditions on interface geometry and 
density-dependent time-sensitive dynamics remains poorly constrained. Salar de Atacama provides an 
analog for exploring interface dynamics in arid regions. A site-specific two-dimensional hydrostratigraphic 
interpretation is used to examine the dynamics of the brine-to-freshwater interface. With the same 
simulation framework and core data, a separate parametric series of hydraulic conductivity distributions 
with varying horizontal continuity provides a mechanistic explanation for observed dynamics. Comparing 
modeled interfaces and their sensitivity to perturbations in recharge in each realization yields insight into 
interface dynamics coupled with horizontal continuity in subsurface heterogeneity. Recharge fluctuation 
is introduced to each distribution following the interface reaching a dynamic steady state. Metrics for 
results evaluation include interface slope geometry, interface width, migration length, and response rate. 
Analyses suggest that the average slope of the modeled interface shallows by 0.01 and 0.05 m ⋅ m−1 for an 
increase in continuity of highly permeable pathways by a factor of two and three, respectively. Increasing 
continuity also increases the overall response times and the variability in response. Results indicate 
that accurate representations of transient dynamics in modeling density-dependent brine-to-freshwater 
interface dynamics requires the consideration of heterogeneity, as saline intrusion in the highest 
continuity group extends over twice as far on average and the modeled interface takes over 43% more time 
on average to reach a new dynamic steady state when compared to their homogeneous counterparts.

Plain Language Summary  Differences in the density of groundwater from dissolved salt 
causes groundwater flow to behave differently under different subsurface conditions. This paper focuses 
on how spatial differences in porosity affects flow behavior and changes the risk of saline groundwater 
intrusion. Core and groundwater data from the southeastern edge of the salt flat in Salar de Atacama 
provides information on subsurface physical characteristics and groundwater chemistry. This data is 
used to create an interpretation of how flow properties vary in time and space. This provides a means 
for assessing the impact of spatially variable geology on the geometry and the sensitivity of the brine-to-
freshwater interface to changes in recharge to an aquifer. We use distributions of the area's geology to test 
different amounts of geologic variability in the horizontal versus the vertical direction. Results indicate 
that more horizontal continuity shallows the geometry and increases the time required for a brine-to-
freshwater interface to reach a new position following a change in recharge. These model results suggest 
that it is important to consider how differences in the flow properties of different geologic units impact the 
response time and the extent of saline intrusion in deserts as well as any other areas that might have salty 
groundwater.
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Fan et al., 1996; Houston et al., 2011; Philip & van Duijn, 1996; Wooding et al., 1997). For interfaces located 
in arid and endorheic basins, the processes that control the geometry and sensitivity of such interfaces re-
main unconstrained (Tejeda et al., 2003; Vásquez et al., 2013). The global decline of groundwater storage in 
aquifers in endorheic basins (Wang et al., 2018) increases the need to refine density-dependent dynamics 
when coupled with perturbations in recharge in such environments (Condon & Maxwell, 2019).

The Ghyben-Herzberg approximation (Morgan et al., 2012) serves as a simple analytical solution to ap-
proximate the geometry of the brine-to-freshwater interface (Post et al., 2018), but it cannot account for 
time-dependent dynamics of density-dependent flow. Numerical simulations represent a tool for time-de-
pendent analysis of saline intrusion, but simulations of saturated subsurface density-dependent fluid flow 
in homogeneous porous media do not ubiquitously capture the interface's geometry under realistic hydrau-
lic conditions due to influences from heterogeneity (Post et al., 2007). Density-dependent numerical simu-
lations of brine-to-freshwater interfaces in arid basins have either been homogeneous (Tejeda et al., 2003; 
Vásquez et al., 2013) or simply layered models of local geology that underestimate basin-scale heterogeneity 
and produce unrealistic results of the modeled interface (Marazuela et al., 2018). Previous geostatistical 
modeling documented the influence of subsurface heterogeneity on seawater circulation in coastal aquifers 
(Geng et al., 2020; Kreyns et al., 2020; Michael et al., 2016). However, the extent to which the continuity of 
subsurface heterogeneity impacts time-sensitive dynamics in general and the interface geometry for aqui-
fers in arid basins specifically remains unconstrained.

This paper documents that heterogeneity influences both the steady-state geometry of the brine-to-freshwa-
ter interface and the time-sensitive reaction of the interface in response to perturbations in recharge. Salar 
de Atacama (SdA) provides an ideal site for assessing the role of heterogeneity because of its complex struc-
tural history (Reutter et al., 2006) and extensive development of evaporite sequences (Jordan et al., 2004). 
Field observations document that the interface between the brine and freshwater along the southeastern 
margin of SdA has a shallow geometry that has not yet been captured by previous density-driven flow sim-
ulations the basin (Figure 1). As shown in Figure 1, other published observed interfaces at SdA indicate 
similarly shallow geometry. Yet previous literature has neither presented density-driven flow simulations 
that express such shallow geometry nor presented a mechanistic framework to explain the hydrogeologic 
dynamics that would result in such interface expressions. A geostatistical approach with equally probable 
distributions of hydraulic conductivity based on field data from SdA provides a means for investigating the 
role of continuity in heterogeneous geology on density-driven dynamics. This represents the first attempt 
to constrain the impact of subsurface heterogeneity on brine-to-freshwater interface geometry for arid and 
endorheic basins specifically. Our findings are also the first definition of time-sensitive response of saline 
intrusion to perturbations in recharge in relation to variations in continuity.

2.  Background
2.1.  Hydrogeologic Setting of Salars

Salars (“salt flats”) comprise brine-bearing aquifers with subsurface heterogeneity in porous media and 
distinct hydrologic dynamics. Salars primarily consist of evaporites in basins with an annually negative 
hydrologic budget on average (Rosen, 1994; Hernández-López et al., 2014; Tyler et al., 2006). Endorheic ba-
sins provide an ideal environment for evaporite accumulation due to their tendency to inhibit the effective 
discharge of incoming sources (Eugster, 1980; Houston et al., 2011), but salars also occur in open basins 
with a negative water budget (Rosen, 1994). Brine that is more saline than seawater (>35 ppt) can occur, 
and the higher discrepancy in density results in a relatively shallower slope in the interface between the 
brine and freshwater (Yechieli, 2000). Figure 2 illustrates how salars can develop a range of stratigraphi-
cally complex aquifers, and how density-driven freshwater upwelling occurs above the brine-to-freshwater 
interface in brine-bearing aquifers. Their climate-sensitive change in areal extent can create a series of 
interbedded lithologies (Houston, 2009), and this interbedding at SdA is specifically documented in Munk 
et al.  (2020). Since brine-bearing aquifers commonly exist in tectonically active endorheic basins (Yager 
et al., 2017), faulting among lithologies further complicate the lateral continuity of subsurface heterogene-
ity and produce interface geometries that defy theory when intersecting fault systems (Yechieli, 2000). This 
study therefore provides a sensitivity analysis for investigating the role of heterogeneity in density-depend-
ent dynamics of such aquifers.
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Aquifers in these environments also exhibit recharge-controlled water table configurations (Haitjema & 
Mitchell-Bruker, 2005). The resulting lateral inflow dominates long-term recharge as predicted by the Toth 
flow model (Carmona et al., 2000; Qureshi, 2011; Rissman et al., 2015), which can include groundwater 
flow into a topographically separate and relatively upgradient basin (Maxey, 1968; Montgomery et al., 2003; 
Schaller & Fan, 2009). Therefore, while surface recharge provides a mechanism for sustaining groundwa-
ter levels (Boutt et al., 2016) and solute delivery (Munk et al., 2018), lateral subsurface inflow represents 
the long-term recharge mechanism (Houston, 2009; Scanlon et al., 2006; Ye et al., 2016). Basin-scale re-
charge trends in arid climates can change over relatively short (i.e., interdecadal and millennial) timescales 
(Placzek et al., 2009), highlighting the importance of considering climate-driven shifts even if short-term 
hydrology appears to be stable (Zhu et al., 1998). To date, there has been no study that has characterized the 
impact of heterogeneity on the time-sensitive response of brine-to-freshwater interfaces to perturbations 
in subsurface lateral inflow (Ferguson & Gleeson, 2012; Sanford & Pope, 2010). The framework for the nu-
merical simulations include subsurface lateral inflow as the main source of recharge and evaporation at the 
margin of the modeled salar as the primary source of discharge.

MCKNIGHT ET AL.
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Figure 1.  Comparison of observed two-dimensional (2-D) brine-to-freshwater interface locations (solid lines) with 
numerical simulations from previous literature (dashed lines) of the interface along the transitions zone of Salar de 
Atacama. Interfaces 1–5 (purple solid lines) correspond with A-E from Marazuela et al. (2018). The observed interface 
(red points) with interpolated geometry (red line) for this study is denoted as the A-A′ transect and its location is also 
shown on the reference map. The topography (brown line) and water table (blue line) for A-A′ is also included in the 
2D cross section.
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2.2.  Sensitivity Analyses on Density-Driven Flow Systems

Many studies have documented and simulated density-dependent flow 
and its resulting brine-to-freshwater interface in both coastal (Trabelsi 
et al., 2013; Werner & Simmons, 2009; Yechieli, 2000) and inland aquifers 
(Fan et al., 1996; Tejeda et al., 2003; Wooding et al., 1997). Studies that 
numerically assess the factors that impact saline intrusion commonly ex-
amine a single influence on the interface's dynamics, such as changes in 
recharge (Post et al., 2019) or discharge (Werner & Simmons, 2009). For 
coastal aquifers, studies primarily focus on coupling density-dependent 
flow with solute transport in order to define the risk of saline ground-
water intrusion to inland groundwater resources (Meng et  al.,  2002; 
Morgan et al., 2012; Werner & Simmons, 2009). Such studies frequent-
ly investigate the sensitivity of brine-to-freshwater interface migration 
via solute transport coupled with various influences, including but not 
limited to the buoyancy effect from density-dependent flow (Bear, 1972; 
Werner et al., 2013), wave-induced groundwater circulation cells (Heiss 
et al., 2017), fluctuating circulation from tidal forcing (Bailey, 2015; Heiss 
& Michael, 2014), variations in circulation cell size from bedform topog-
raphy (Konikow et  al.,  2013), increased landward interface migration 
from sea level rise (Ketabchi et al., 2016; Yechieli et al., 2010), increased 
supratidal salinity from evaporation (Geng & Boufadel, 2015), increased 
interface migration via preferential pathways from conducive faulting 
(Trabelsi et al., 2013), anthropogenic pumping of inland fresh ground-
water (Ferguson & Gleeson, 2012), different upscaling techniques (Held 
et al., 2005), and heterogeneity in geologic media (Heiss et al., 2020; Ker-
rou & Renard, 2010; Liu et al., 2014; Mahmoodzadeh & Karamouz, 2019; 
Michael & Khan,  2016; Michael et  al.,  2016; Pool et  al.,  2015). While 
studies of saline groundwater intrusion primarily focus on coastal en-
vironments, inland and arid basins are also prevalent sites of brine de-
velopment (Rissman et  al.,  2015). Arid basins further comprise evapo-
rite-dominated geology and arid geomorphology that is unique from 
coastal environments and yet remains uncomprehensively modeled on a 
global scale (Houston et al., 2011).

2.3.  Numerical Simulations of Density-Dependent Flow & Heterogeneity

Since geologically heterogeneous media comprise the majority of aquifers (Gelhar et al., 1992), many nu-
merical studies have investigated the impact of subsurface heterogeneity on density-dependent flow dynam-
ics in order to elucidate more realistic mechanistic explanations for the documented salinity distributions 
and transport flowpaths (Schincariol et al., 1997). Heiss et al. (2020) establish that hydraulically conduc-
tive stratigraphic features can control spatial variations in geochemical fluxes that have been observed and 
documented in previous studies (Russoniello et al., 2013; Sawyer et al., 2014). Michael et al. (2016) pro-
vide an extensive analysis on the impact of geologic heterogeneity on seawater circulation, while Kreyns 
et al.  (2020) document that freshwater discharge can extend further offshore in heterogeneous volcanic 
aquifers when compared to homogeneous counterparts. Geng et al. (2020) use simulations to investigate the 
impact of subsurface heterogeneity on tidally influenced circulation, thereby confirming the importance of 
coupling heterogeneity with influences on an aquifer's hydrologic dynamics in order to further constrain 
geologic impacts on solute transport. Michael and Khan  (2016) further detail heterogeneity's influence 
on variable solute transport and decreased travel time through an aquifer in response to relatively deeper 
groundwater pumping. Klammler et al. (2020) document that freshwater aquifer storage in coastal aquifers 
may experience a multi-decadal time lag in response due to changes in recharge resulting from fluctuations 
in brine-to-freshwater interface migration. Yet the impact of continuity in heterogeneity on further increas-
ing such a time lag remains unconstrained. This study therefore aims to further define how continuity in 
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Figure 2.  Conceptual illustration of mature versus immature salars and 
their homogeneous counterpart, with the resulting brine-to-freshwater 
interface and flow vectors of inflowing freshwater recharging the aquifer. 
Adapted from Houston et al. (2011).
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basin-scale heterogeneity impacts the time sensitivity of density-dependent response to perturbations in 
recharge.

Given the resource-rich importance (Kunasz,  1980; Munk et  al.,  2016) and prevalence of brine-bearing 
aquifers underlying inland and arid basins (Yechieli & Wood, 2002; Wang et al.,  2018), simulating den-
sity-dependent flow in these systems has increased in recent years. Evapoconcentration in these basins 
provide a mechanism for elevated concentrations of lithium in groundwater, and as a mining resource, 
these groundwater reserves represent approximately three-fourths of global lithium production (Kesler 
et al., 2012; Munk et al., 2016; Steinmetz, 2017). These basins' unique hydrologic conditions, such as lack 
of tidal influence and distinct evaporation patterns (Hernández-López et al., 2014), further elevate the need 
for environment-specific modeling. Simulations of density-dependent dynamics in arid, inland basins com-
monly model either homogeneous conditions (Tejeda et al., 2003) or simple stratigraphic interpretations 
with continuous, single-layer aquitards (Duffy & Hassan, 1988; Marazuela et al., 2018). While Marazuela 
et al. (2018), document the shallowing of the interface which presumably results from an underlying hy-
draulically confining unit, the resulting modeled interface does not capture realistic geometry (Figure 1). 
While continuity in stratigraphic units' hydraulic conductivity increases saline groundwater circulation 
(Michael & Khan, 2016), the degree to which basin-scale hydrostratigraphic complexity influences salinity 
distributions and thus brine-to-freshwater interface geometry remains unclear for arid basins (Houston 
et al., 2011). The series of numerical simulations presented here represent the first attempt to characterize 
the impact of heterogeneity on brine-to-freshwater interface geometry for arid and inland basins specifical-
ly, as well as provide insight on the impact of heterogeneity on density-dependent dynamics to changes in 
recharge for brine-bearing aquifers in general. This work's importance stems from the need to understand 
the interplay between freshwater and brine in these basins as pressures continue to mount on freshwater 
and resource extraction.

3.  Simulations
Saturated density-dependent groundwater flow was simulated using SEAWAT, a cell-centered finite differ-
ence approximation that solves both saturated fluid flow and solute transport (Langevin & Guo, 2006). We 
investigate the role of heterogeneity by varying distributions of hydraulic conductivity with a geostatistical 
approach. To address the site-specific implications for SdA, a separate hydrostratigraphic framework (HSF) 
was developed for the A-A′ transect shown in Figure 1, where brine underlying the salar interacts with 
shallow subsurface laterally inflowing freshwater to create a brine-to-freshwater interface along the south-
eastern margin (Figure S3). The HSF relies on a geologic model that was developed from core and well data, 
geophysical surveys, and knowledge of surface geology and basin structure based on previous literature 
(Jordan et al., 2002; Lowenstein et al., 2003; Mpodozis et al., 2005; Reutter et al., 2006), as further described 
in the Section S1.

3.1.  Boundary & Initial Conditions

The structure of the finite difference grid and boundary conditions for all simulations are based on rep-
resentations of aquifer characteristics for the modeled basin, including recharge via subsurface lateral in-
flow, discharge via evaporation, and topography based on the A-A′ transect (Figure 1). Initial conditions 
were calibrated during the sensitivity analyses conducted for the HSF. Excepting changes in recharge and 
the hydraulic conductivity distributions, all other physical boundary and initial conditions remain constant. 
Figure 3 illustrates the initial and boundary conditions used in all simulations for this study. The simu-
lated domain is 13,000 m long by 300 m deep and is discretized into 100 m long by 10 m deep grid cells. 
The framework represents one side of a basin because the hypothetical symmetry of a basin renders the 
simulation of both sides redundant and therefore unnecessary. The surface boundary is based on smoothed 
elevation models of the topography at SdA from the available 10 m-resolution digital elevation data. A Dir-
ichlet boundary represents specified head for the modeled edge of the nucleus, which is set to 1 m below the 
modeled nucleus surface, which is located in the upper left area of Figure 3. The entire left side of the model 
domain that represents the edge of the nucleus has a constant dissolved salt concentration of 0.2 g cm−3 
which represents the maximum concentration observed in highly saline brines. This condition assumes that 
halite-dominant geology that is common in mature salars would represent a constant salinity source, as 
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interacting fluid would reach saturation with respect to halite. A Neumann boundary condition represents 
the simulated subsurface recharge of freshwater in the upper right side of the model domain as seen in the 
upper right area of Figure 3; this boundary condition has no concentration of dissolved salt (co = 0 g cm−3). 
Simulated discharge via evaporation is represented as a Neumann boundary that is equivalent to the base-
line inflow flux of 500 m−3 d−1; it is a head-dependent flux that functions if simulated freshwater equivalent 
head is either at or less than 1 m from the modeled surface (Figure 3). Evapoconcentration was not included 
as a source of salinity. All other boundaries not otherwise described have no flux of either fluid or solute. 
The initial solute concentration for the entire extent of the domain is 0 g⋅cm−3. Initial head values are 1 m 
below the modeled surface. Values of longitudinal, horizontal transverse, and vertical transverse dispersivi-
ty in all models are 10, 1, and 0.01 m respectively. These values are consistent with modeling aquifers of this 
scale (Gelhar et al., 1992). All iterations run with the above-described initial conditions to 3⋅106 days. The 
models then run for another 3⋅106 days following a perturbation in hydrologic conditions in order to assess 

the sensitivity of the brine-to-freshwater interface. Table 1 lists relevant 
parameters for the numerical simulations.

3.2.  Simulating Perturbations in Recharge

Groundwater inflow is the only boundary condition in this study that 
experiences variation for every realization of hydraulic conductivity. The 
simulations were run to an initial dynamic steady state which is defined 
as no definitive movement of the interface's position in order to establish 
an interface geometry from initial conditions. Each realization is subse-
quently exposed to two different recharge scenarios as step functions: 
an increase in recharge of 200  m3⋅d−1 (i.e. total of 700  m3⋅d−1) and an 
equal decrease in recharge (i.e. a total of 300 m3⋅d−1). The development 
of the boundary condition representing recharge is based on the assump-
tion that arid hydrology relies on interbasin flow that is characterized 
by long residence times and therefore prolonged variations in recharge, 
as supported by site-specific data (Corenthal et al., 2016; Houston, 2009; 
Ortiz et al., 2014). While previous numerical studies have included di-
rect recharge (Marazuela et al., 2018), the impact of direct recharge from 
precipitation is not considered in this study because arid basins recharge 
0.1%–5% of precipitation (Scanlon et al., 2006) and the dominant recharge 
mechanism of such basins is lateral groundwater flow following the Toth 
model (Schaller & Fan, 2009). Each simulation was run to 3⋅106 days both 
prior and subsequent to the simulated perturbation in recharge.
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Figure 3.  Boundary conditions for the 300 m deep by 13,000 m long two-dimensional model framework. Note that the 
model is discretized into 30 by 130 cells, and each cell has the dimensions of 10 m deep by 100 m wide. Also note that 
cmax = 0.2 g⋅cm−3, co = 0 g⋅cm−3, and that qinflow varies by 300, 500, and 700 m3⋅d−1. Vertical exaggeration is 10.

Parameter Value Unit

Domain length 13,000 m

Domain thickness (b) 300 m

Longitudinal dispersivity (αL) 10 m

Horizontal transverse dispersivity (αH) 1 m

Vertical transverse dispersivity (αV) 0.01 m

Diffusion coefficient 1⋅10−9 m2⋅s−1

Effective porosity (ϑ) 0.3 –

Constant head at nucleus boundary 2,299 masl

Freshwater density (ρo) 1 g⋅cm−3

Brine density (ρmax) 1.2 g⋅cm−3

Storativity (Ss) 1⋅10−4 m−1

Specific yield (Sy) 0.02 –

Vertical anisotropy (Kh/Kv) 10 –

Note. These conditions are constant throughout the every simulation. 
Note that the listed vertical anisotropy value applies for the non-isotropic 
models.

Table 1 
Parameters for the Numerical Modeling Approach
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3.3.  Distributions of Hydraulic Conductivity

To address the role of heterogeneity on brine-to-freshwater interface sensitivity, we use a geostatistical ap-
proach with a series of realizations of hydraulic conductivity fields by kriging available hydrogeologic data 
for SdA with a Markov approach using T-PROGS (Carle,  1999). We base the transition probabilities for 
the distributions of hydraulic conductivity on the lithologies documented from diamond drill cores recov-
ered from the southeastern margin of SdA (S1). Realizations of heterogeneous distributions were based on 
hydraulic conductivity values assigned to lithostratigraphic units from the study site in the southeastern 
margin of SdA. Hydraulic conductivity values are based on correlating geologic and hydraulic data from the 
26 cores (Table S1) and 43 wells (Table S2) from within the ∼130 km2 area that comprises the southeastern 
margin of SdA. The hydrostratigraphic correlation is based on over 50 hydraulic tests that have occurred 
in the area. Hydrostratigraphic interpretations were separated into five lithologic facies with assigned hy-
draulic conductivity based on the conceptualization in Munk et al. (2020): medium-grain clastic from al-
luvial fan deposits (10 m⋅d−1), fine-grain carbonate (1 m⋅d−1), vuggy carbonate (100 m⋅d−1), un-fractured 
ignimbrite (0.01 m⋅d−1), and interbedded gypsum and carbonate (0.1 m⋅d−1). Hydraulic conductivity values 
were determined within one standard deviation from the average for each lithostratigraphic facies. For all 
realizations, the proportions for fine carbonate, alluvial fan deposits, ignimbrite, vuggy carbonate, and in-
terbedded gypsum and carbonate were 43%, 24%, 19%, 8%, and 6%, respectively.

Three groups of realizations with distinct horizontal to vertical stratigraphic continuity ratios (ch/cv) were 
created to address the role of geologic complexity in the geometry and time sensitivity of interface response: 
Equal continuity in both directions (ch/cv = 1), increased horizontal continuity by a factor of two (ch/cv = 2), 
and increased horizontal continuity by a factor of three (ch/cv = 3). For each group, the length of transition 
probabilities for lithologic units in the horizontal direction were multiplied by their respective ch/cv factor. 
Thirty-seven realizations of hydraulic conductivity were created for each group. The effective conductivity 
(Keff) values for the realizations range within 5.3 m⋅d−1 and 20.3 m⋅d−1, according to Darcy flux estimates. 
While these realizations are based on the same hydraulic data as the HSF, they differ in that they are rand-
omized distributions that only share the same hydraulic conductivity values with the HSF at the observation 
points that informed their development.

3.4.  Metrics for Assessing Interface Geometry & Response to Recharge Variations

For each simulation, velocity fields, solute concentration, and resulting freshwater equivalent head values 
were collected. Four metrics were used to assess the simulation results for differences in interface geometry 
and response to perturbations in recharge. The first metric is the average slope of the interface, which was 
assessed with a linear best fit for each simulated interface after reaching an initial steady state. Second, 
another metric for assessing the physical expression of the interface is the horizontal width of the interface 
transition zone, which is defined as the simulated salinity concentrations that range between brackish (i.e. 
<0.04 g⋅cm−3) and highly saline (i.e. >0.18 g⋅cm−3) groundwater (L). Third, the length of the interface's 
maximum migration in the horizontal direction (L) provides an assessment of the spatial sensitivity of 
interface migration following a change in recharge to the modeled aquifer. Fourth, the time-sensitivity of 
the interface's response following a perturbation in recharge can be characterized as proportional to an 
exponential rate as defined by:

 ktf
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where [m]f is the final simulated mass of salt following a perturbation, [m]i is the initial mass prior to the 
perturbation, and k is the rate of change in the mass (i.e., “e-folding time”). Solving for k results in the 
following:
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For this study, time constant k represents the rate of change in the total mass of modeled salt in the do-
main, assuming that mass is conservative. Further assuming that interface movement is proportional to the 
total mass of salt in the simulation, the e-folding time therefore indicates the interface's relative response 
rate, with the amount of time corresponding to the relative rate of interface response to a perturbation in 
recharge. This metric represents one of several ways to assess interface stability, such as interface toe move-
ment (Morgan et al., 2012).

We additionally assess flow topology using the Okubo-Weiss (OW) method in order to facilitate a mechanis-
tic explanation for the relationship between the spatial characterization of the flow field and the observed 
physical characteristics expressed in the simulation results (Okubo, 1970; Weiss & Provenzale, 2008). The 
OW parameter is defined as:

         
                    

2 2 2
z z zx x xv v vv v vOW

x z x z x z
� (3)

where vx and vz represent the flow velocity in the x (i.e. horizontal) and z (vertical) directions (Geng 
et al., 2020). Flow topology can be characterized as either vorticity-dominated flow (OW < −0.2σOW) which 
indicates relatively more vertical flow and a higher likelihood for advection, or strain-dominated flow (OW 
> 0.2σOW) which indicates relatively high horizontal flow and more lateral dispersive solute mixing. Geng 
et al. (2020) and de Barros et al. (2012) provide further explanation of the OW parameter.

4.  Results
4.1.  Geometry & Dynamic Response of the Hydrostratigraphic Framework of Salar de Atacama

Figure 4 shows the solute concentration values, flow velocity fields, and the resulting freshwater equivalent 
head field of both the HSF of SdA and the homogeneous model that represents the Keff of the HSF. For 
the homogeneous results, solute concentration values show a consistent transition zone width from 0 to 
0.2 g⋅cm−3 with depth, though the upper 50 m of the model near the area of modeled evaporation increases 
in transition zone width. The flow velocity fields for both simulations coincide with the geometry of con-
centration values to represent freshwater upwelling, with higher velocity values concentrated both at and 
above the simulated interface between brine and freshwater. Yet the two simulations diverge in the physical 
distribution of concentration and velocity.

Compared to its homogeneous counterpart, concentration results from the heterogeneous model that rep-
resents the HSF of SdA indicate a shallower interface that conforms with observed concentration values 
within 10 m at depth. Simulated concentration results shown in Figure 4 also indicate a varying width of 
the brine-to-freshwater transition zone from sharp (<100 m) to diffuse (>100 m). The flow velocity field 
similarly expresses sharp to gradual transitions from high to lower values. The majority of the high flow 
velocity is concentrated in the upper surficial layer of the domain and coincides with the laterally subsur-
face inflowing recharge. The response time to inflow perturbations is larger by at least a factor of three for 
the HSF model when compared to the homogeneous model (Table S3). The total distance that the interface 
travels as a result of a change in inflow, as assessed through the movement of the 0.5 isoconcentration line, 
likewise exhibits a distinct difference between the heterogeneous and homogeneous models, with increased 
interface travel through permeable pathways within the heterogeneous model (Table S3).

4.2.  Geometry & Dynamic Response of the Geostatistical Realizations of Hydraulic Conductivity 
to Changes in Inflow

Simulations with equally probable hydraulic conductivity distributions produce time-sensitive physical re-
sults that diverge from their homogeneous counterparts and show a statistically significant relationship 
with stratigraphic continuity in a geologically complex environment (Table S4). Figure 5 provides an exam-
ple of these results from each group of realizations, including the hydraulic conductivity distribution, salt 
concentration distribution, freshwater equivalent head distribution, and flow velocity fields. Figure 6 shows 
the interface geometry results for each simulation of the hydraulic conductivity realization, which were 
statistically significant when separated by ch/cv and decreased in slope as ch/cv increases. The average slope 
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for each group of realizations increases by approximately half a degree for every increase in ch/cv by a factor 
of one. Homogeneous models with equivalent Keff produce interface geometries that are steeper by at least 
a factor of two and in some cases by an order of magnitude. Figure 7 is the average and standard deviation 
for the horizontal width of the interface for every realization as separated by every group of realizations. 
Similarly, the horizontal width of the transition zone between saline and freshwater also has a pattern of 
decreasing while expressing more variation in the physical extent of concentration gradients as horizontal 
continuity increases. The homogeneous models comparatively show a consistently thicker transition zone 
(Figure 7).
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Figure 4.  The distribution of hydraulic conductivity, concentration (g⋅cm−3) of dissolved salt, freshwater equivalent 
head, and flow velocity fields for both the (a) heterogeneous model based on the HSF of SdA and (b) the homogeneous 
model with the same Keff within the 300 m by 13,000 m domain. White dots indicate the location of the observed 
interface in the wells along the A-A′ transect.
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The density-dependent dynamics of the realizations respond to recharge perturbations in several remark-
able patterns when distinguished by ch/cv. Figure 8 provides the range of results for both the maximum 
distance traveled and the time constant value which indicates the time-sensitive response for the interface's 
movement following a perturbation in recharge. In these chaotic flow fields, the relatively higher velocity 
values are both elongated and concentrated toward the surface as ch/cv increases and the interface geometry 
shallows. The homogeneous simulation comparatively exhibits a bimodal distribution of velocity magni-
tudes that diverges from the heterogeneous simulations which approach Lagrangian distributions, though 
increased ch/cv exhibits more shallow freshwater upwelling that produces high concentrations of high-ve-
locity values (Figure 5). Results further indicate that increased ch/cv yields an increase in the overall length 
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Figure 5.  Results for one example of each group of K realizations in the 300 m by 13,000 m domain, with (a) ch/cv = 3, 
(b) ch/cv = 2, (c) ch/cv = 1, and (d) homogeneous model. For each example, clockwise from the upper left corner, the K 
distribution in m/d, flow velocity vectors, flow velocity distribution (log10 m/d), freshwater equivalent head distribution 
(masl), and salinity distributions (g/L) are shown. White points are observed interface locations.
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of interface migration and thus presumably creates an increase in the response of density-dependent flow to 
changes in subsurface lateral inflow into an aquifer. An increase in the horizontal continuity also results in 
longer time constants in the exponential decay of an interface's migration rate (Figure 8). From least to most 
continuous, each group of realizations respectively yielded average interface migration of 3,586 ± 2,323 m, 
3,816 ± 1,679 m, and 6,548 ± 2,926 m following a decrease in recharge. This equals an increase of 48% and 
31% in average migration for each respective increase in ch/cv. For e-folding times in the interface response, 
the average time constant was 4804 years, 5754 years, and 9881 years for each group from least to most in ch/
cv, creating a 20% and 72% increase in time for each respective increase in ch/cv. The observed time response 
differences are statistically significant between the groups ch/cv = 1 and ch/cv = 3 to a significance level of 
0.1; between groups ch/cv = 1 versus ch/cv = 3 and ch/cv = 2 and ch/cv = 3 to a significance level of 0.05 (Ta-
ble S4). Comparatively, the brine-to-freshwater interface migration within the homogeneous models exhibit 
less sensitivity in terms of the amount of interface movement and decreased time required to reach a new 
steady state subsequent to being exposed to the same perturbations in recharge.
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Figure 6.  Distance of the 0.5 concentration point from the recharge area with depth for each group of realizations of 
hydraulic conductivity. Each group of realizations is separated based on degree of continuity, with increased horizontal 
continuity by a factor of three (dark blue), increased horizontal continuity by two (light blue), and equal continuity 
(green) respectively shown from top to bottom. The value for the linear best fit (dashed red) for the median (solid black) 
of each group is listed in the lower right corner of the graphs. The shaded region is the standard deviation.
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5.  Discussion
5.1.  Geometry & Inferred Density-Driven Dynamics of the Brine-to-Freshwater Interface at 
Salar de Atacama

This study represents the most robust attempt to date to numerically simulate and accurately capture the 
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Figure 7.  The distribution of (a) the average and (b) the standard deviation of transition zone widths from brackish (0.04 g⋅cm−3) to brine (0.18 g⋅cm−3) for the 
geostatistical realizations of hydraulic conductivity, separated based on ch/cv. Gray shaded area is the range of homogeneous values.
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geometry of the brine-to-freshwater interface along the southeastern margin of the halite nucleus at SdA. 
It also represents the most accurate 2-D hydrostratigraphic interpretation of the southeastern margin. Sim-
ulation results of the hydraulic conductivity field resulting from the hydrostratigraphic interpretation sug-
gest that subsurface heterogeneity impacts density-dependent dynamics to the degree that it decreases the 
slope the interface geometry. The increased hydrostratigraphic continuity in heterogeneous framework also 
focuses flow where the interface intersects conduits of relatively higher hydraulic conductivity. Focused 
discharge represented by the modeled velocity values occur along highly continuous preferential pathways, 
as shown in the results of the HSF simulation in Figure 4 and example simulations in Figure 5, further 
suggesting that continuity in hydrostratigraphic units may serve as a controlling factor in the impact of 
heterogeneity. These results therefore provide a basis for investigating not only the role of heterogeneity in 
hydraulic conductivity, but specifically the degree to which hydraulic conductivity differences impact densi-
ty-dependent dynamics and associated solute transport. While the motivations behind previous simulations 
of the basin may not have included the creation of an accurate density-dependent basin-scale simulation, 
results from this study suggest that locating and defining the distribution of hydraulic conductivity holds 
value in defining density-dependent dynamics (Marazuela et al., 2018). Thus site-specific observations os-
tensibly indicate a possible relationship between heterogeneity in hydraulic conductivity and density-de-
pendent sensitivity to perturbations in recharge that require further investigation, as this current work 
presents.

5.2.  Impact of Increased Hydrostratigraphic Continuity in Heterogeneity on Density-Driven 
Dynamics & Resulting Interface Sensitivity

Results from the series of realizations of hydraulic conductivity demonstrate that horizontal continuity in 
hydrostratigraphic heterogeneity decreases the slope of the brine-to-freshwater interface (Figure 6). The 
simulations also support that increased horizontal continuity in hydrostratigraphic units generally decrease 
the average thickness of the transition zone, while also increasing the variability between a sharp and dif-
fuse transition zone (Figure 7). Figure 9 plots the spatial distributions of OW values as a metric for char-
acterizing flow topology for the three simulations previously shown in Figure 5. As shown in Figure 9, 
the shallower expression of interface slope that occurs with increasing ch/cv correlates with decreased vor-
ticity-dominated flow throughout the aquifer. This supports previous findings of variable expressions of 
the geometry of the brine-to-freshwater interface in heterogeneous media (Michael et al., 2016). Increased 
variability in transition zone thickness likely results from increased preferential pathways in the horizontal 
direction, which is supported by the increased prevalence of strain-dominated flow in areas where the in-
terface intersects conduits of relatively higher hydraulic conductivity (Figure 9). Since increased versus de-
creased perturbations in recharge have distinct effects on the thickness of the transition zone, it is important 
to account for different mechanisms involved in the physical expression of an interface. Increased recharge 
does not impact the average transition zone width because the majority of interface movement is controlled 
by the interplay between pressure and density gradients; decreased recharge results exhibit similar average 
transition zone thickness regardless of horizontal hydrostratigraphic continuity because diffusion is a pri-
mary mechanism for solute transport.

The simulated interface responses to changes in inflow are consistent with previous density-dependent 
interface modeling where the interface responded to hydraulically driven flow variations (Liu et al., 2014; 
Yechieli, 2000; Yechieli et al., 2001). This study further indicates that increased horizontal hydrostratigraph-
ic continuity increases density-dependent sensitivity of groundwater flow in terms of the extent of interface 
travel and the time-sensitive response for the interface to reach a new dynamic steady state following a 
perturbation in recharge (Figure 8). The shift of the simulated aquifer's increased strain-dominated flow 
focused along the brine-to-freshwater interface as well as its variability in flow topology accounts for this 
change in sensitivity (Figure 9). The importance of continuity in heterogeneity is supported by comparison 
with homogeneous models, which have results that are comparatively limited in both length of interface 
movement and time-sensitive response, though they share the same Keff and anisotropy values as the series 
of realizations of hydraulic conductivity (Figure 8). The realizations with ch/cv = 1 result in similar time 
responses when compared to the homogeneous results because the connectivity of vorticity-dominated 
flow regimes at depth allow density-dependent flow to equilibrate at comparatively similar rates. Increas-
ing horizontal continuity in hydrostratigraphy limits the vertical connectivity of vorticity-dominated flow 
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regimes and promotes strain-dominated flow, which promotes further localization of chaotic advection and 
therefore results in prolonged density-driven flow responses at the aquifer scale.

Horizontal continuity in hydrostratigraphic unit controls flow topology along the brine-to-freshwater inter-
face in density-dependent dynamics, and this relationship is responsible for the resulting variable sensitivity 
of the interface to recharge perturbations. An increase in ch/cv leads to an increase in the prevalence of 
highly conductive preferential pathways in the horizontal direction which thus increases the potential for 
localized advection in a chaotic flow field. These localized hydraulic conditions result in increased variabili-
ty in pressure gradients in the vertical direction. Higher hydraulic disequilibrium therefore results in longer 
timescales required for density-dependent flow to reach a new stable position. Sensitivity likewise increases 
in terms of the length of interface migration because increased preferential pathways facilitate sensitivi-
ty to density-driven pressure variations and thus trigger strain-dominated flow where the interface meets 
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Figure 9.  Spatial distributions and histograms of OW values for the same example simulations for each group from Figure 5, with (a) ch/cv = 3, (b) ch/cv = 2, 
(c) ch/cv = 1, and (d) homogeneous model. The white shaded areas indicate the physical location of the simulated interface's transition zone and the gray lines 
indicate areas where the OW increases above 0.2 of the standard deviation. OW, Okubo-Weiss.
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media with high hydraulic conductivity. OW analysis suggests that strain-dominated flow (OW > 0.2σOW) is 
focused along the brine-to-freshwater interface where it intersects with high-K preferential pathways (Fig-
ure 9). Physical distributions of OW values shown in Figure 9 also indicate elongated diffusion-dominated 
flow in the horizontal direction as ch/cv increases. These two observations indicate that while increased ch/
cv creates horizontally elongated diffusive flow conditions that increase hydraulic disparities in the vertical 
direction and therefore decrease the response time for the system as a whole, the interface-specific locations 
of conduits for preferential flow host the density-dependent discrepancies in pressure gradients that drive 
saline intrusion.

Simulated evaporation remained constant throughout the study, and an analysis of the impact of evapora-
tion on the brine-to-freshwater interface sensitivity is beyond the scope of this study. However, it is possible 
to infer the potential impact from evaporation on the interface-based sensitivity analysis. A remarkably 
consistent characteristic of the response to changes in inflow was the relatively unchanged interface posi-
tion within the modeled area of evaporation. When the interface's confluence with the surface intersected 
the evaporation area, interface migration in response to perturbations in recharge decreased by almost an 
order of magnitude compared to the average length of migration at depth. This observation confirms the 
importance of considering potential evaporation in arid aquifers with abundant brine.

5.3.  Implications for Future Simulations & Accurate Physical Expressions of Brine-to-
Freshwater Interfaces in Arid Basins

Increased horizontal hydrostratigraphic continuity creates brine-to-freshwater interface dynamics that shal-
low the interface and increase the variability in transition zone thickness, which differs from predictions 
based on homogeneous numerical simulations of density-dependent groundwater flow (Figure 10). The 
direct relationship between lateral hydrostratigraphic continuity in subsurface heterogeneity and interface 
geometry indicates that heterogeneity represents a primary control on brine-bearing systems with subsur-
face lateral recharge as the primary long-term recharge mechanism. The relationship between horizontal 
continuity in geologic heterogeneity and variability in transition zone thickness indicates that representa-
tions of hydrostratigraphic heterogeneity is valuable for realistic expressions of the interface thickness. This 
is especially critical for arid endorheic basins, where the development of transitional evaporite facies cre-
ates locally continuous units (Vásquez et al., 2013). In salar environments, the prevalence of continuous 
boundaries of evaporite series against higher-permeability facies may account for the shallowing behavior 
of observed interfaces in certain locations where high evaporation dominates. Brine-bearing aquifers with 
continuous stratigraphic contacts between high and low permeability units may develop distinctly shal-
lower interface geometries than traditional homogeneous or simplistic models, where units with higher 
hydraulic conductivity act as conduits for fluid flow. This is especially true for depositional environments 
and marginal zones adjacent to developed salars. These observations are particularly relevant to brine-bear-
ing aquifers that do not experience additional hydraulic fluctuations like tidal forcing and wave-induced 
circulation, such as coastal aquifers.

These findings hold several implications for the future of numerically simulating density-dependent flow 
in arid and endorheic basins. Current density-dependent modeling of such basins typically produces simple 
representations of an aquifer, using homogeneous changes in anisotropy or simple layers with differing 
hydraulic conductivity values in order to shallow the interface geometry and match model results with 
observed field conditions. Considering that recharge may decrease in arid climates as a result of climate 
change, it is prudent to focus on the impacts of decreased inflow in the models (Wang et al., 2018). Mode-
ling suggests that brine-to-freshwater interface migration distances are at least 10%–35% more sensitive to 
a decrease than an increase in inflow. These reactions highlight the importance of accounting for projected 
climate-driven changes in the hydrologic budgets of arid basins. Without considering the geologic complex-
ity or continuity of hydrostratigraphic units in an aquifer, such models result in conditions that may not 
produce either accurate geometries or reliable saline intrusion predictions. Thus homogeneous models are 
not suitable for understanding an aquifer's response to climate-driven changes in recharge. While simple 
changes in anisotropy may produce interface slopes that approach observed conditions, they do not account 
for local variation in the geometry, including the observed shallowing trend seen in the upper 50 m of the 
aquifer of SdA. This sensitivity analysis documents that this shallowing trend impacts the time dependent 
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Figure 10.  Conceptual illustration of results from observations of simulations with different distributions of hydraulic 
conductivity, with (a) a comparison of this study's simulations with previous studies, (b) a homogeneous, single-density 
flow with black dashed lines showing potentiometric head contours, (c) a homogeneous, variable-density flow model 
where the main determinant of interface geometry is the difference in density, and (d) a heterogeneous model where 
the geometry of the interface is dependent on density. (e) The extent of continuity in K influences interface geometry. 
(f) The sensitivity of the interface is also sensitive to continuity. (g) The extent and rate of evaporation also has a likely 
impact on interface geometry.
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density-driven response to changes in inflow. Accurate estimations of saline intrusion therefore require 
precise modeling of geologic heterogeneity in order to more effectively assess geometry as well as response 
to changes in recharge and discharge mechanisms. Since, high horizontal continuity is a common feature 
in sedimentary deposits, such as salars specifically, and arid, endorheic basins in general, homogeneous 
or simplistic modeling methods underestimate both the total amount of possible saline intrusion and the 
timescale at which migration can occur. This implies that predictions and analysis of transient saline intru-
sion in all brine-bearing aquifers must account for subsurface heterogeneity, especially within interface-ad-
jacent areas.

5.4.  Limitations of the Simulation Framework

Randomized distributions of hydraulic conductivity may not exactly represent the asymmetrical deposi-
tional environments of salt flats. Evaporite sequences produce geochemically zoned areas that often abut 
facies with distinctly different hydrogeologic characteristics (Vásquez et al., 2013). This creates an asymmet-
ric distribution of hydraulic properties, which randomized distributions of hydraulic conductivity may not 
accurately represent. Therefore, analysis of time constant values is limited to comparison among models. 
While a simple comparison with the HSF model indicates that most of the time constant values may seem 
plausible for salar environments, the question of the realizations' geologic plausibility impedes the ability to 
rely on time constant values produced from these models as globally realistic scenarios.

Several hydrogeologic conditions remain homogeneous in the framework for the simulations, despite their 
direct correlation to changes in hydraulic conductivity. Specific yield, porosity, and anisotropy would be 
intrinsically heterogeneous, yet they remain consistently homogeneous for computational simplicity giv-
en the number of realizations in the study's scope. Constant and homogeneous values for these variables 
may under-represent the full impact of subsurface heterogeneity on the hydrogeologic dynamics of these 
aquifers.

6.  Conclusion
Constraining the physical impacts of heterogeneity of hydraulic conductivity on the density-driven dynam-
ics that control brine-to-freshwater interface migration and sensitivity is crucial for managing groundwa-
ter resources of brine-bearing aquifers in anticipation of climate-driven change. Homogeneous numerical 
simulations of density-driven flow fail to capture accurate geometry and presumably the dynamics of such 
interfaces. Aiming to develop a more accurate framework for the mechanisms driving density-driven fluid 
flow in arid basins, we assess the extent to which lateral hydrostratigraphic continuity impacts physical 
characteristics and time-sensitive behavior of the interface. To constrain the impact of continuity in geolog-
ic complexity, we employ a series of realizations of hydraulic conductivity with varying horizontal continu-
ity. Following a perturbation in the simulated recharge to groundwater flow through each realization, we 
collect the interface slope, total distance that the interface travels, and the time required for the interface to 
reach a new steady-state in terms of an “e-folding” time constant.

The hydraulic conductivity distribution from the hydrostratigraphic framework of SdA produced a modeled 
interface that matched the observed location within 10 m to a depth of 100 m. Solute distribution results 
from the homogeneous counterpart of the HSF diverged from observed values. Simulated responses to per-
turbations in recharge from the HSF were also longer in both interface migration and migration response 
times than the homogeneous results. Results from the series of realizations of hydraulic conductivity distri-
butions investigate whether the comparative observations can be attributed to hydrostratigraphic continuity 
in heterogeneity. Simulated values of concentration best match observed conditions from SdA for the reali-
zations with the strongest trend in horizontal continuity. Results further show a decrease in the slope of the 
interface as horizontal hydrostratigraphic continuity increases in the heterogeneous realizations, indicating 
that the improved matching of observed and simulated values is linked to the shallowing effect of increased 
continuity. This suggests that the relationship between the different hydrostratigraphic units and the result-
ing localized disequilibrium from those preferential pathways controls the distribution and sensitivity of 
the interface to recharge perturbations. Our findings show a relationship between hydrostratigraphic con-
tinuity in heterogeneous environments and the resulting brine-to-freshwater interface response dynamics, 
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with interface migration increasing by an order of magnitude and migration response times increasing by a 
factor of three when horizontal hydrostratigraphic continuity increases by a factor of two.

The results suggest that horizontal hydrostratigraphic continuity in heterogeneity impacts saline intrusion 
and therefore must be accounted for when modeling at the basin scale. The degree to which both anthropo-
genic extraction and evaporation coupled with hydrostratigraphic continuity impact interface dynamics re-
mains undefined in arid basins. Future modeling initiatives using a similar geostatistical approach can ad-
dress possible relationships on these different strains to brine-bearing aquifers. Arid regions throughout the 
world are experiencing strains on groundwater resources as anthropogenic exploitation and climate-driven 
aridity increases. This modeling approach constrains the density-driven dynamics of brine-to-freshwater 
interfaces in arid regions in response to climate-driven changes in recharge by establishing a first-order 
control between hydrostratigraphic continuity and density-driven dynamics. This study also confirms the 
importance of subsurface heterogeneity in controlling time-sensitive reactions to changes in recharge for 
all brine-bearing aquifers.

Data Availability Statement
The data and model results presented may be obtained through the University of Massachusetts Data 
Repository.
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