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Abstract Aquifers within the Pampa del Tamarugal Basin
(Atacama Desert, northern Chile) are the sole source of water
for the coastal city of Iquique and the economically important
mining industry. Despite this, the regional groundwater sys-
tem remains poorly understood. Although it is widely accept-
ed that aquifer recharge originates as precipitation in the
Altiplano and Andean Cordillera to the east, there remains
debate on whether recharge is driven primarily by near-
surface groundwater flow in response to periodic flood events
or by basal groundwater flux through deep-seated basin frac-
tures. In addressing this debate, the present study quantifies
spatial and temporal variability in regional-scale groundwater
flow paths at 20.5°S latitude by combining a two-dimensional
model of groundwater and heat flow with field observations
and δ18O isotope values in surface water and groundwater.
Results suggest that both previously proposed aquifer re-
charge mechanisms are likely influencing aquifers within the
Pampa del Tamarugal Basin; however, each mechanism is
operating on different spatial and temporal scales. Storm-
driven flood events in the Altiplano readily transmit ground-
water to the eastern Pampa del Tamarugal Basin through near-
surface groundwater flow on short time scales, e.g., 100–101

years, but these effects are likely isolated to aquifers in the
eastern third of the basin. In addition, this study illustrates a
physical mechanism for groundwater originating in the east-
ern highlands to recharge aquifers and salars in the western
Pampa del Tamarugal Basin over timescales of 104–105 years.

Keywords Arid regions . Groundwater flow . Numerical
modeling . Chile

Introduction

The Atacama Desert in northern Chile is among the driest re-
gions on Earth, receiving less than 5 mm of precipitation per
year (Clarke 2006). This extreme climate is of particular interest
for groundwater investigations because arid regions are highly
sensitive to subtle variations in climate (Amundson et al. 2012;
Gayo et al. 2012; Nuñez et al. 2011; Rech et al. 2010; Hoke
et al. 2004). Consequently, hydrogeological processes in the
Atacama Desert may be a useful proxy for understanding the
implications of expanding global aridity. The most economical-
ly important aquifer system in the Atacama Desert lies within
the Pampa del Tamarugal (PdT) Basin, which is a broad, rela-
tively flat basin bounded on the east by the Andean Altiplano
and on the west by the Chilean Coastal Range (Fig. 1). Aquifers
within the PdT Basin are the sole source of potable and indus-
trial water for the cities of Iquique and Arica, and are the pri-
mary water supply for northern Chile’s economically important
mining industry (Fritz et al. 1981; Oyarzún and Oyarzún 2011).

Although there is little debate over the source (and to a
lesser extent timing) of groundwater recharge from the
Altiplano into the PdT, there remains uncertainty surrounding
the mechanisms and magnitudes of this groundwater flux.
Numerous investigators have studied regional hydrologic pro-
cesses, with an emphasis on understanding groundwater flow
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from the Andean Altiplano into the PdT basin. Oxygen and
hydrogen isotope variation in surface and subsurface waters
from the region suggest that groundwater discharging to
springs and salars in the eastern PdT likely results from infil-
tration and gravity-driven fluid migration from the Altiplano
(e.g. Fritz et al. 1981; Aravena et al. 1999). The prevalence of
Pleistocene-aged (14C-dated) wetland deposits at 2,500 m
above mean sea level (amsl) in northern Chile suggests that
the last major period for perennial stream discharge into the
PdT Basin occurred ∼ 18,000 years ago (Nester et al. 2007).
Subsequent work by Gayo et al. 2012 reconstructed the late
Pleistocene–Holocene climate record in the PdT by
documenting regional scale variation in archeological sites,
paleoecology, and carbon isotope variations in organic mate-
rial to infer three climate-driven aquifer recharge (pluvial)
periods in the PdT occurring at 17.6–14.2, 12.1–11.4, and
1.01–0.71 ka, and the authors suggest modern PdT aquifers
receive little, if any, naturally occurring recharge.

Recent studies of the mechanisms and magnitudes of
groundwater flux from the Altiplano to the PdT differ in their
conclusions regarding the relative importance of deep versus
shallow flow paths. Magaritz et al. 1990 combined the aquifer
thermal profile and 14C groundwater ages to present a

conceptual model suggesting that meteoric water penetrates
deep within the Cordillera before circulating upward into the
PdT by topographic driving potential and thermal gradients
through fault-controlled migration pathways (Fig. 2, black
arrows). The Magaritz et al. 1990 conceptual model is a con-
vincing observational argument for deep fluid circulation, and
is in general agreement with mechanics governing
topography-driven fluid flow (Tóth 1962, 1963); however,
the mechanism is poorly constrained at the subbasin scale.
In contrast, Houston 2002 used the hydrograph response from
a major 2001 flooding event comprising an estimated 34Mm3

of overland flow to show that infiltrating precipitation from
the Altiplano to the PdT is governed by shallow topography
driven flow through alluvial fan systems (Fig. 2, white arrow).
In addition, Houston 2002 constrained the magnitude of
this basin recharge flux to be 200 L/s over a 4-year period
following the flash flood, and argues that residual hydrau-
lic head from these flood events may be sufficient to drive
aquifer recharge across the lateral extent of the PdT Basin.
As a result, this model suggests that alluvial fan drainage
is likely the primary groundwater recharge mechanism
within the basin because flood events of this type have a
4-year recurrence interval.

Fig. 1 Shaded relief map of the study area. Transect A–A′ is the lateral
extent of the numerical model domain, which is at ∼20.5°S latitude and
158 km wide. The locations of water samples collected as part of this

study (1–30) and sample type (i.e. spring, groundwater, salar) are noted
on the map. See Table S1 of the electronic supplementary material (ESM)
for detailed descriptions of sample locations
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The seemingly incompatible aquifer recharge mechanisms
pose a significant challenge to groundwater resource manage-
ment in the region—for example, the Houston (2002) re-
charge model has been adopted in the most recent conceptual
model of PdTaquifer geometry (Rojas et al. 2010), as well as a
basin-wide numerical model used to quantify future ground-
water resources within the PdT Basin (Rojas and Dassargues
2007). In this latter model, the authors specify the Houston
(2002) alluvial fan recharge model as a Neumann (fixed flux)
boundary condition representative of alluvial fan recharge
along the eastern extent of the model domain, while
neglecting basal groundwater flux by imposing an adiabatic
boundary (no fluid flux) across the bottom of the model do-
main. Although there is convincing evidence that groundwater
enters the PdT aquifer through deep hydrothermal circulation
(Houston 2002), the adiabatic basal boundary condition spec-
ified by Rojas and Dassargues (2007) is a reasonable choice
because the magnitude and spatial distribution of this basal
groundwater flux has not been constrained. To develop a
quantitative conceptual model constraining the magnitude
and spatial distribution of regional groundwater flux, as well
as first-order estimates of groundwater residence time across
the study area, this work combines a regional scale two-
dimensional (2-D) numerical model of groundwater and heat
flow with oxygen isotope (δ18O) measurements from ground-
water and spring samples.

Study area

The study area is a 158 km west-to-east transect at ∼20.5°S
latitude that begins 4 km off the Pacific coast of Chile and
extends east through PdT Basin to the Bolivian border (Fig. 1,
A–A′). The elevation profile for transect A–A′ ranges from sea
level at the Pacific coast to 4,900 m at the peak of the Andean
Cordillera (Fig. 3). Transect A–A′ was selected due to its
proximity to Iquique so that results may be of use for regional
groundwater management.

Climate

The PdT Basin lies within the Atacama Desert, and covers an
areal extent of ∼105,000 km2 in three South American coun-
tries, including portions of Bolivia, Chile, and Peru. This re-
gion is of scientific interest for both its natural mineral re-
sources and its extreme, hyper-arid climate, which is charac-
terized by less than 5 mm/yr of precipitation in most areas
(Clarke 2006; Hartley et al. 2005; Houston 2002; Rojas and
Dassargues 2007. The Atacama Desert is among the oldest
deserts on the planet with some studies suggesting that the
Atacama has been arid for the last 150 Ma (Hartley et al.
2005). Additionally, the Atacama Desert has been located at
the same latitude since the late Jurassic, and there exists a
fairly continuous sedimentary record of arid to semi-arid cli-
mate (Hartley et al. 2005; Houston 2005).

Although the regional climate has been generally stable,
researchers have noted a drying period ∼19–13 Ma BP

(Alpers and Brimhall 1988; Rech et al. 2006; Sillitoe and
McKee 1996). One hypothesis for this drying period is that
during this time the western flank of the Andean Cordillera
was approximately half of its present day elevation, and
increasing elevation through the lower-middle Miocene re-
sulted in an increasing rain shadow effect (Farías et al.
2005; Garizone et al. 2008; Gregory-Wodzicki 2000;
Lamb and Hoke 1997). In contrast to this model,
Garreaud et al. 2010 developed a climate model suggesting
the Western Cordillera rain shadow has not contributed to
the drying climate and the largest contributing factor is the
appearance of the Hadley Cell ∼25 Ma. The Hadley Cell
creates a sub-tropical anticyclone hindering mid-latitude
disturbances, which aid the Humboldt Current causing
north winds to remain along the Chilean coast and assisting
in the transport of cold water from higher latitudes
(Garreaud et al. 2010). While the Coastal Cordillera, PdT
Basin, and most of the Precordillera receive little to no rain,
the Altiplano receives increasing precipitation with increas-
ing elevation (Houston 2002; Magaritz et al. 1989).

Fig. 2 Conceptual model of regional scale groundwater circulation from
the Altiplano and Andean Cordillera to the Pampa del Tamarugal Basin.
Black arrows illustrate the recharge mechanism by which deep, thermally
driven groundwater enters the basin through deep-seated basin fractures

(Magaritz et al. 1990). The white arrow illustrates the recharge
mechanism by which periodic flood events in the Altiplano recharge
the basin through surface infiltration and near-surface groundwater flow
(Houston 2002). General schematic adapted from Magaritz et al. (1990)
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Geology

Transect A–A′ comprises the five regional morphotectonic
features of northern Chile, which include the Coastal
Cordillera, Pampa del Tamarugal (PdT) Basin, Precordillera,
Altiplano, and Andean Cordillera (Fig. 1). The Coastal
Cordillera is a N–S range trending parallel to the Peru-Chile
trenchwith an average width of∼50 km and elevations as high
as 3 km. The Coastal Cordillera is bound to the west by a
Miocene age coastal escarpment with an elevation gain of
up to 1 km (Hartley and Evenstar 2010). Within the study
area, the Coastal Cordillera is comprised of Jurassic age vol-
canic arc remnants, including (1) the Caleta Ligate Formation,
which is a ∼600 m thick layer of volcaniclastic rocks, lime-
stone, and basaltic andesites; (2) the Officina Viz Formation,
which underlies the Caleta Ligate and is composed of basaltic
andesite and andesitic lava piles with a minimum thickness of
1,500 m; and (3) the Pre-Cambrian granitic-gneissic basement
rock, which underlies the Caleta and Officina Viz formations
(Fig. 4). These volcanic formations extend offshore towards

the Peru-Chile trench Kösters et al. (1997), and are now cross-
cut by a series of extensional faults (Gregory-Wodzicki 2000;
Hartley et al. 2000; Hartley and Evenstar 2010; Kramer et al.
2005). The eastern edge of the Coastal Cordillera is marked by
the Atacama Fault Zone (AFZ), which is a N–S trending ex-
tensional and oblique strike-slip fault system (Dingman and
Galli 1965; Nester 2008) that formed during the Late Jurassic
and Early Cretaceous (Cembrano et al. 2005). The AFZ is
considered to be a continental-scale feature, and has been
mapped for ∼1,000 km from Iquique (20°S) to La Serena
(32°S). Loveless et al. 2005 describe the AFZ as having a very
low permeability core ∼3 m thick with a higher-permeability
damage zone that extends ∼100 m laterally to each side.

The PdT Basin is a forearc basin resulting from subduction
of the Nazca plate beneath the South American plate. As is
typical on the continental side of a subduction zone, an exten-
sive graben complex developed and has since been filled with
up to 1,700 m of non-marine, Oligocene to recent sediments
(Dingman and Galli 1965; Houston 2002; Magaritz et al.
1989; Nester 2008; and Rojas and Dassargues 2007)

Fig. 3 Schematic illustration of model domain and boundary conditions
for the numerical groundwater model across transect A–A′. The model
domain is a 2-D Cartesian mesh with 80,018 grid cells specified with
100 m × 100 m × 100 m dimensions. Although the out-of-plane
dimension is arbitrary for a 2-D model results, the surface area of each

grid cell is required for the integral finite volume solution method used by
TOUGH2-MP (Zhang et al. 2008). The blue curve illustrates elevation-
dependent groundwater recharge (R) rate computed as a function of mean
annual precipitation (MAR) by Eq. (1)

Fig. 4 Geological model of the
study area transect illustrating the
spatially distributed heterogeneity
incorporated into the numerical
groundwater model. Hydraulic
and thermal properties for each
geological formation are listed in
Table 1
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overlying the strongly folded Cenozoic basement rock (Nester
2008). The PdT Basin is the topographic low between the
Coastal Cordillera and Precordillera with an average elevation
of 1,000 m amsl. The non-marine sediments filling the basin at
this latitude are collectively called the Altos de Pica Formation
(AdP), which includes five members that alternate between
sedimentary and volcanic deposits. AdP member 1 (AdP1)
was deposited ∼26 Ma BP and marks the beginning of uplift
for the Altiplano. The AdP1 unit is a mix of fluvial and allu-
vial deposits comprising conglomerates interbedded with
sandstones having an average aggregate thickness of 325 m
(Dingman and Galli 1965; Nester 2008; Rojas and Dassargues
2007). AdP member 2 (AdP2) is a volcanic layer comprising
rhyolitic tuff and andesitic ignimbrite that was deposited
∼20.6 Ma BP when the volcanic arc was located in the present
day Coastal Cordillera. The AdP member 3 (AdP3) is a sed-
imentary unit dating 20–16MaBP that was deposited when the
Coastal Cordillera and Precordillera were present and provid-
ed the sedimentary fill for the basin. AdP3 has an average
thickness of 175 m and consists primarily of medium- to
coarse-grained sandstone, interbedded with conglomerates.
AdP member 4 (AdP4) is the second volcanic deposit of rhy-
olitic tuff and andesitic ignimbrite deposited ∼16.3 Ma BP.
AdP4 is called the Huasco Ignimbrite because it outcrops near
Salar de Huasco in the Altiplano (Fig. 4). AdP member 5
(AdP5) was deposited between 16 and 11 Ma BP, and consists
of sandstone and conglomerates. JICA-DGA-PCI (1995) used
borehole logs and pumping tests to obtain the aquifer param-
eters within the basin and found that AdP5 is the primary
water-bearing unit for the PdT Aquifer. The sedimentary fill
in this basin forms a symmetrical lens shape, thinning both to
the east and west with the thickest part of the basin located
∼15 km west of Pica (Fig. 4; Dingman and Galli 1965; Nester
2008; Rojas and Dassargues 2007). Underlying the sedimen-
tary fill are the Cerro Empexa, Chacarilla, and Longacho for-
mations, which are marine deposits consisting of mainly ma-
rine sandstones and shales that are interbedded with volcanic
ignimbrites and tuffs (Dingman and Galli 1965; Houston
2002).

The Precordillera marks the eastern extent of the PdT
Basin, where elevation increases sharply and AdP members
1, 3, and 5 start pinching out at ∼2,000 m amsl. As a result,
these units are no longer present by 3,200 m amsl, which
results in ignimbrite units in direct contact with the
Cenozoic marine deposits. The Precordillera crests at an aver-
age of 4,200 m amsl, and is bounded to the east by the high
elevation plateau, which is known as the Altiplano (Victor
et al. 2004).

The Altiplano and Andean Cordillera are the eastern-most
features in the study area, and collectively form the modern
day volcanic arc. The Altiplano has an average elevation of
4,000 m amsl, and is characterized by ignimbrite plateaus with
north-trending ridges (Hartley and Evenstar 2010; Valero-

Garcés et al. 1999). The Altiplano geology comprises (1) a
shallow layer of alluvial and eolian deposits overlying approx-
imately 1,200 m of AdP2 and AdP4 volcanic ignimbrite; (2)
∼800 m of marine sandstone; and (3) the Pre-Cambrian gra-
nitic-gneissic basement rock (Dingman and Galli 1965;
Horton et al. 2002; Houston 2002, 2005; Magaritz et al.
1989; Nester 2008). Along the western edge of the Altiplano
is Salar de Huasco (Fig. 4), which is an important hydrological
feature because it is one of the few areas in northern Chile
where surface water is present. The geology underlying Salar
de Huasco comprises a low-permeability clay layer from 10 to
50 m below ground surface, which is underlain by a high-
permeability sandy gravel to ∼300 m depth (Acosta and
Custodio 2008). Salar de Huasco is recharged primarily by
springs located along the basin walls and surface runoff in
the high-elevation basin (Ave. 4,164 m amsl; 1,462 km2;
Uribe et al. 2015; Stoertz and Ericksen 1974). The Altiplano
is bounded on the east by the Andean Cordillera, which com-
prises volcanic peaks, ignimbrite plateaus, and north-trending
ridges with maximum elevation over 6,000 m amsl (Hartley
and Evenstar 2010; Valero-Garcés et al. 1999).

Within the study area, salars are the predominant expres-
sion of surface water, and are present in the Altiplano and
western PdT Basin (Fig. 1). Although the terms salar and
playa are often used interchangeably, here salar is defined as
a permanent body of groundwater-fed saline surface water
with regional extent and several meters depth. In contrast,
playas, which are also common in northern Chile, are shallow
ephemeral saline pools that are scattered around mudflats
within a central depression. Both salars and playas are char-
acterized by salt crusts that can either be (1) actively evapo-
rating brines and gypsum, or (2) a fossil salt crust that is
similar in mineralogy to active salt crusts, but much thicker
and no longer forming. Salars are commonly associated with
playa deposits. For example, playa deposits in the Salar de
Huasco have an areal extent of ∼50 km2, with ∼2.5 km2 of
permanent surface water (Uribe et al. 2015; Dorador et al.
2010; Risacher et al. 2003). Salars are highly sensitive to
changes in geologic and hydrologic conditions because the
water budget outputs are driven primarily by evaporation
(Stoertz and Ericksen 1974); however, industrial groundwater
pumping has been implicated in rapidly shrinking salar foot-
prints across much of the western PdT Basin (Oyarzún and
Oyarzún 2011).

Materials and methods

Field sampling and analytical methods

A field campaign was completed in November 2014 to obtain
30 water samples from 23 accessible wells, springs, and salars
across the study area transect. Samples were taken from both
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the unconfined aquifers at unpumpedwells (well depth ranged
from 5 to 43 m), as well as at free-flowing surface water
bodies. Transect A–A′ (Fig. 1) represents a generalized
cross-section of the region; as such, sample locations within
∼50 km have been projected onto the study area transect. The
δ18O values of water samples were measured at the Northern
Illinois University stable isotope laboratories via CO2 equili-
bration on a GasBench II coupled to a Thermo MAT253 iso-
tope ratio mass spectrometer in continuous flow. δ18O values
are reported in VSMOW with an analytical precision of ±0.3
‰.

Numerical modeling approach

As discussed in section ‘Geology’, the study area is a 158 km
west-to-east transect at ∼20.5°S latitude beginning 4 km off
the Pacific coast and extending east to the Bolivian border
(Fig. 1). In order to investigate the timing and flux magnitude
of groundwater flow from the Altiplano into the Pampa del
Tamarugal (PdT) Basin, a 2-D numerical model is developed
to simulate regional-scale groundwater flow across the study
area transect A–A′. The elevation profile for transect A–A′ is
based on sampling the transect at 100 m intervals using
Google Earth™ (Fig. 3), and the transect is discretized as a
regular Cartesin grid comprising 80,018 total grid cells with
100 m × 100 m × 100 m dimensions. Although the out-of-
plane grid cell dimension is arbitrary for a 2-D model, the
simulation code used here (TOUGH2-MP, discussed later) is
based on the integral finite volume method which is specified
on the basis of 3-D grid cells; moreover, the horizontal surface
area of each grid cell is needed for quantifying heat and mass
flux across grid cell interfaces. The maximum thickness of the
model domain is 8,000 m at the Chile-Bolivia border, which is
∼4,000 m deeper than the mean elevation (1,100 m) of the
PdT Basin. This domain thickness was chosen on the basis of
Forster and Smith 1998, who show that groundwater flow
regimes in mountainous regions can extend to depths compa-
rable to regional topographic highs.

The regional geology described is modeled as a layered
heterogeneous system (Fig. 4) with hydrogeologic and ther-
mal properties listed in Table 1. Although the spatial distribu-
tion of transect geology is fairly well constrained (Dingman
and Galli 1965), there is significant uncertainty surrounding
thermal and hydraulic properties at the scale of interest for the
present investigation. This parametric uncertainty is discussed
in section ‘Parameter selection and analysis’. In addition, there
is uncertainty with respect to the orientation of the Atacama
Fault Zone (AFZ). Loveless et al. (2005) suggests the AFZ
comprises a 3-m core surrounded on each side by a damage
zone extending ∼100 m laterally; however, this work was
based on 1-m IKONOS satellite imagery and provides little
constraints on the fault orientation at depth. Mpodozis and
Ramos (1989 and Victor et al. (2004) interpreted geophysical

surveys of the region to suggest the AFZ is a vertical structure
beyond 3 km depth; however, this work does not constrain the
AFZ configuration at shallow depths. As a result, these two
scales of inference are combined by projecting the AFZ as a
vertical structure, which is discretized by three columns of grid
cells. The center column represents the AFZ fault core and one
adjacent column on each side represents the AFZ damage zone.
In order to parameterize the AFZ, the damage zone permeabil-
ity is taken as the arithmetic mean of literature permeability
values for its cross-cutting formations, which are the Caleta
Ligate, Oficina Viz, and the Pre-Cambrian Granitic-Gneissic
basement rock. Permeability of the AFZ core is reduced two
orders of magnitude on the basis of Evans et al. (1997), whose
investigations of granitic and gneissic core samples from East
Fork thrust faults in Wyoming suggest that damage zone per-
meability is 2–3 orders of magnitude higher than the fault core
of the same parent lithology. Although the orientation and
hydrogeologic parameters of the AFZ are poorly constrained,
the effects on regional groundwater flow resulting from a low-
permeability fault core and high-permeability damage zone are
presumed to be suitable for the scale of this investigation.
Moreover, the AFZ bounds the PdT to the west, which suggests
that topographically driven groundwater flow from the eastern
highlands will be minimally impacted by error associated with
poor constraints on the AFZ. Nevertheless, caution is warranted
in utilizing results of this modeling investigation for making
inferences the west of the AFZ.

The code selection for this study is TOUGH2-MP (Zhang
et al. 2008) compiled with EOS1 (Pruess et al. 1999), which is
the equation of state module for simulating nonisothermal
groundwater flow in porous and fractured geologic media.
In this work, the combined effects of groundwater and heat
flow are taken into account; however, fully saturated condi-
tions are assumed to ground surface on the basis that the com-
putational demands for simulating nonisothermal, unsaturated
flow are unreasonably high and return negligible confidence
gains at the scale of this investigation. A Dirichlet boundary
condition is imposed at ground surface to maintain both atmo-
spheric pressure (0.101MPa) and mean annual ground surface
temperature, the latter of which ranges between an maximum
of 20.4 °C in the PdT basin to ∼2.2 °C in the Andean
Cordillera (Fig. 3). Similarly, a Dirichlet boundary is imposed
at the western vertical boundary to maintain hydrostatic fluid
pressure and a constant geothermal gradient (18 °C km–1) in
the far field of the model domain. Adiabatic pressure and
temperature boundaries are defined at the eastern extent of
the model domain on the basis that this position marks the
South American drainage divide, which corresponds with
the Chile-Bolivia border. In keeping with basin-scale ground-
water flow models at similar scales (e.g., Pollyea et al. 2015;
Ge and Garven 1989), the bottom hydrogeologic boundary is
also defined as adiabatic (Fig. 3). In order to account for the
regional geothermal heat flux, a Neumann type thermal

1926 Hydrogeol J (2016) 24:1921–1937



boundary condition is imposed across the bottom of the model
domain. Constraints on spatial variability of the regional geo-
thermal heat flux in northern in Chile have been quantified by
Hamza andMuñoz 1996 and Giese (1994), which suggest that
subduction processes result in a steadily increasing heat flux
of ∼40 mW/m2 at the Chilean coast (transect location A) to
∼90 mW/m2 beneath the Altiplano (transect location A′). As a
result, the basal heat flux specified here increases linearly
from 40 mW/m2 at the Chilen coast to 90 mW/m2 at the
Chile-Bolivia border (Fig. 3).

Initial conditions were computed by simulating groundwa-
ter and heat flow within the model domain until gravity and
thermal equilibrium were reached. Results of this simulation
indicate that the spatially variable basal heat flux results in a
steadily increasing steady-state geothermal gradient from
18 °C/km at the western boundary to 31 °C/km at the eastern

boundary (Fig. 5). Additionally, these results indicate that the
steady-state groundwater flow regime comprises three distinct
features, which include (1) subbasin-scale groundwater circu-
lation below Salar de Huasco; (2) rapid lateral groundwater
flow from east-to-west within the Precordillera, and (3) up-
welling below the PdT Basin.

Prioir to transient simulations, the model domain is aug-
mented to include source terms for simulating the effects of
meteoric water infiltration within the high elevation Altiplano.
The source terms are parameterized on the basis of a high
elevation groundwater recharge model developed for arid
Andean aquifers by Houston (2006), which suggests that an-
nual meteoric water infiltration (R, in mm) is a function mean
annual precipitation (MAR), as given by

R ¼ 0:44 " MARð Þ−52:5 ð1Þ

Table 1 Hydraulic and thermal properties for geologic materials in transect A–A′

Formation Density
(kg/m3)

Porosity (-) Permeability (m2) Thermal conductivity (W/m K) Rock-grain specific
heat (J/kg K)

Sources

Basement (kh) 2,667 0.05 9.87 × 10−16 2.55 790 a, b, c, d, e, f, g, m

Basement (kv) 2,667 0.05 9.87 × 10−18 2.55 790 a, b, c, d, e, f, g, m

Altos de Pica 1 2,500 0.25 5.36 × 10−13 1.79 920 c, f, g

Altos de Pica 2 2,380 0.10 1.00 × 10−14 3.10 1,040 a, b, d, e, g

Altos de Pica 3 2,500 0.25 5.30 × 10−12 1.79 920 c, f, g

Altos de Pica 4 2,380 0.10 1.00 × 10−14 3.10 1,040 a, b, d, e, g

Altos de Pica 5 2,500 0.25 5.30 × 10−13 1.79 920 c, f, g

Caleta Ligate 2,980 0.17 1.05 × 10−17 2.14 840 c, f, g, j

Oficina Viz 2,700 0.17 9.78 × 10−17 2.40 1,050 a, b, d, e, f, i, j

Cerro Empaxa 2,650 0.15 5.26 × 10−14 1.85 920 c, f, g

Longacho 2,650 0.05 9.87 × 10−16 2.25 790 c, f, g

Sandy gravel 1,800 0.28 1.05 × 10−12 1.79 920 c, f, k

Clay 1,470 0.45 1.05 × 10−18 1.43 920 c, f, k

AFZ – damage zone 2,677 0.17 9.87 × 10−16 2.55 790 c, f, g, j, l

AFZ – core 2,677 0.17 9.57 × 10−14 2.55 790 c, f, g, j, l

Ocean sediments 2,500 0.25 1.00 × 10−12 1.79 920 c, f, g

Modern sediments 2,500 0.30 5.30 × 10−12 1.79 920 c, f, g

a Daly et al. (1966)
b Johnson and Olhoeft (1984)
c Fitts (2013)
d Brace (1980)
eWang and Narasimhan (1985)
f Eppelbaum et al. (2014)
g Sharma (1997)
h Smyth and Sharp (2006)
i Bacon (1975)
j Farquharson et al. (2015)
k Fetter (2001)
l Evans et al. (1997)
mHuenges et al. (1997)
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where MAR is quantified by Houston 2002 as,

MAR ¼ e
A
833 ð2Þ

In Eq. (2), e is the natural exponential function, and A is
elevation in m amsl. This expression for MAR indicates that
annual precipitation in northern Chile decays exponentially
with decreasing elevation (A). The spatial distribution of R is
plotted as a function of elevation in Fig. 3 (inset), indicating
that groundwater recharge within the study area transect is nil

for elevations below 3,984 m amsl. In order to obviate the
complexity associated with mixed-type boundary conditions,
the infiltration cells are placed immediately below the surface
boundary (Fig. 3), in accordance the approach adopted by
Pollyea et al. 2015 for simulating infiltrating groundwater at
the basin scale. In this approach, infiltrating meteoric water is
inhibited from migrating upwards into the boundary cells by
augmenting the model grid to change the connection distance
between the center of each infiltration cell and its downward
interface from 50 m to an infinitesimally small value, which

Fig. 6 Temporal progression of
meteoric water infiltration and
migration through the study area
transect through 1million years of
simulation time. Color palette
denotes saturation of meteoric
water, which is nil for the initial
water mass. Little change in this
distribution occurs after 1 million
years of simulation time,
suggesting that the groundwater
flow regime reaches steady state
by this time

Fig. 5 Initial conditions for the
groundwater and heat flow model
across study area transect A–A′.
The color palette is the initial
temperature distribution and the
black contour lines are hydraulic
head at 100-m intervals
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effectively places the infiltrating meteoric water at the inter-
face between the source cell and its underlying neighbor. For
transient simulations, the two-waters function of TOUGH2-
MP/EOS1 (Zhang et al. 2008; Pruess et al. 1999) is invoked so
that the saturation of infiltrating (meteoric) water and initial
water are separately tracked through the model domain. In the
two-waters formulation, individual mass balances are solved
for each water component, while maintaining identical
thermophysical water properties within each cell.

Parameter selection and analysis

In the closing discussion on numerical model development, a
brief mention of parameter selection and the resulting uncer-
tainty is warranted. A detailed literature review revealed little
publicly available data for the thermal and hydraulic rock
properties needed to parameterize the geologic formations
within the study area. As a result, the geologic formations
illustrated in Fig. 4 are parameterized with thermal and hy-
draulic properties on the basis of field and laboratory analyses
for corresponding rock types, and these values are presented
in Table 1. In order to evaluate the effects of this uncertainty
on the regional-scale groundwater flow system, a parameter
study found that regional flow paths are strongly influenced
by the degree of permeability anisotropy in the crystalline
basement rock. Field investigations of deep (6–9 km depth)
crustal rocks have shown that in situ permeability varies over
three orders of magnitude from ∼10−18 to ∼10−16 m2 (Huenges
et al. 1997). In accordance with these findings, the permeabil-
ity model utilized for crystalline basement rocks in this study
is characterized by an anisotropic permeability structure such
that vertical permeability (kv) is 9.87 × 10−18 m2 and horizon-
tal permeability (kh) is 9.87 × 10−16 m2. This permeability
model for the basement rock results in a groundwater flow
regime that is highly compatible with the stable isotope results
within the western Pampa del Tamarugal basin; results from a
parametric analysis of basement permeability anisotropy are
presented in Figures S1 and S2 of the electronic supplemen-
tarymaterial (ESM). Figure S1 of the ESM illustrates meteoric
water saturation after 1 million years of simulation when ver-
tical permeability is held constant at 9.87 × 10−18 m2 and hor-
izontal permeability varies from 9.87 × 10−18 m2 to 9.87 ×
10−15 m2. Similarly, Figure S2 of the ESM illustrates ground-
water residence time distribution after 1 million years of sim-
ulation when vertical permeability is held constant at 9.87 ×
10−18 m2 and horizontal permeability varies from 9.87 × 10−18

m2 to 9.87 × 10−15 m2.

Results

The numerical model simulates groundwater flow across the
transect for 30 million years on the basis of numerous

investigations suggesting that climate in the Atacama Desert
has been stable for 16–25 million years (Alpers and Brimhall
1988; Garreaud et al. 2010; Hartley et al. 2005; Houston 2005;
Rech et al. 2006; Sillitoe and McKee 1996). Results suggest
that steady state is reached by 1 million years of simulation
time, which will be used as the terminal time step for the
following discussion. Figure 6 presents the temporal evolution
of infiltrating meteoric water from the Altiplano to the Pampa
del Tamarugal (PdT) basin. Figures 7 and 8 illustrate ground-
water flux within the PdT basin (45–90 m along transect) and
Salar de Huasco (125–158 m along the transect), respectively.
The simulated groundwater residence time distribution is
shown in Fig. 9. Oxygen isotope values measured in ground-
water samples collected for this study range from –14.33‰ in
groundwater samples from Salar de Huasco to +6.90 ‰ in
Salar de Llamara. These data are presented in Table 2, and a
summary of regional oxygen isotope variation is presented in
Table 3. All oxygen isotope data used for the regional sum-
mary are included in Table S1 of the ESM.

Discussion

The implications of the numerical model and oxygen isotope
results presented in the previous section are discussed in the
following in the context of regional groundwater flow, and in
the context of the spatial and temporal variations in meteoric
water distributions. In addition, simulated groundwater resi-
dence time is discussed within the context of oxygen isotope
values from both the field sampling campaign (Table 2) and
regional averages compiled from the literature (Table 3). The
final section presents interpretations of regional-scale ground-
water flow in the context of the numerical model and oxygen
isotope results.

Regional groundwater flow

Groundwater flow paths across the study area are reasonably
explained by the pioneering works of Tóth (1962), which
show that nested groundwater flow regimes arise when
local-scale topographic variations are superimposed on a re-
gional topographic gradient. Within the study area transect,
the groundwater flow regime is governed by the combined
effects of the high-elevation Altiplano subbasin and lower-
elevation PdT Basin, which are separated by a steep topo-
graphic slope descending through the Precordillera. The re-
gional hydraulic head gradient is east-to-west with a maxi-
mum lateral head gradient of 0.09 m/m in the Precordillera;
however, this regional head gradient is locally interrupted in
the east by the Altiplano, which is a high-elevation topograph-
ic depression bounded on the west by a subbasin drainage
divide delineated by the Precordillera crest and on the east
by the South American divide (Fig. 5). As a result, a portion
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of the meteoric water infiltrating within the Altiplano flows
eastward towards Salar del Huasco. Within the central and
western PdT Basin, the relatively flat topography results in a
rapidly decreasing lateral head gradient from east to west,
particularly at shallow depths. The flow paths and residence
time distribution associated with this fluid system architecture
are discussed in detail in the subsequent sections.

Meteoric water infiltration and flow paths

On the basis of Eqs. (1) and (2), groundwater infiltration oc-
curs above 3,984-m elevation with annual infiltration rates
ranging from 0.04 to ∼100 mm (Fig. 5, inset). Calculated
infiltration rates are in agreement with a published long-term
average recharge of 22 mm/yr in the Salar de Huasco basin
(Uribe et al. 2015). This infiltration occurs across two contig-
uous sections separated by the Salar de Huasco within which
there is no infiltration due to low precipitation and high evap-
orative potential. The recharge zones comprise (1) a relatively
flat, 15 km-wide topographic high marking the boundary be-
tween the Precordillera and Altiplano, and (2) a steep topo-
graphic slope bounding the Altiplano and terminating within
the Andean Cordillera at the South American divide. In order
to quantify the spatio-temporal evolution of this infiltration

over geologic time, the meteoric water saturation is evaluated
at discrete time-steps ranging from 10,000 to 1,000,000 years
(Fig. 6).

At 10,000 years of simulation time, a subbasin-scale
groundwater flow regime develops below Salar de Huasco
(Fig. 6). This groundwater system is characterized by (1)
downward infiltration from the bounding highlands to
∼1 km depth, (2) topographically controlled lateral flow to-
wards the salar, and (3) isolated upwelling within Salar de
Huasco between 140 and 145 km along transect (Fig. 6).
The spatial distribution of this upwelling comprises twomech-
anisms, which include near-surface flow from the eastern
highlands and a deep contribution that appears isolated to
the western portion of Salar de Huasco (Fig. 8). Near-
surface flow paths in the eastern salar are geologically con-
trolled by relatively high-permeability sedimentary units of
the Altos de Pica formations (Fig. 4), which are present above
a low-permeability clay unit, thus allowing rapid, shallow
groundwater flow from the eastern highlands. The deep up-
welling mechanism is a function of the higher infiltration rates
and elevations within the Andean Cordillera. The combination
of high infiltration rates and topographic potential increase the
lateral head gradient below the eastern portion of the basin,
thus driving groundwater farther west before the vertical head

Fig. 7 Hydraulic head contours (black lines) at 50 m intervals and
groundwater flux vectors are colored by magnitude at 1 million years of
simulation time within the Pampa del Tamarugal Basin. Convection cells
appear when head is less than 950 m due the combination of low head

gradient and thermal buoyancy effects, which results in a physical
mechanism for groundwater flow into the basin from depths beyond
2 km. Underlying geology is illustrated as alternating gray scale layers;
see Fig. 4 for geological descriptions

Fig. 8 Groundwater system
within the Altiplano at 1 million
years of simulation time.
Hydraulic head contours (black
lines) at 100-m intervals and
groundwater flux vectors are
colored by magnitude.
Underlying geology is illustrated
as alternating gray scale layers;
see Fig. 4 for geological
descriptions
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gradient is strong enough to bring water upwards; however,
this upwelling is inhibited by the presence of the laterally
contiguous clay layer below Salar de Huasco (Fig. 8). As a
result, upward flow from depth is isolated to a relatively small
window between 141 and 142 km and ∼3,500-m elevation.
Although this process would likely be governed by structural
discontinuities in the ignimbrite underlying Salar de Huasco,
the general result is supported by field observations made in
November 2014, as well as δ18O values from this study and
reported in the literature (Tables 2 and 3; Uribe et al. 2015), the
latter of which are discussed in section ‘Groundwater resi-
dence time and isotope geochemistry.’ In particular, field ob-
servations found that Salar de Huasco presently comprises a
groundwater fed lake on the western half of the basin along
with several smaller springs on the margins.

In addition, the groundwater flow regime below Salar de
Huasco at 10,000 years of simulation time suggests that a
significant fraction of meteoric infiltration is reaching depths
>2 km below the Precordillera-Altiplano boundary (Fig. 6).
This vertical flow is driven by the subbasin drainage divide,
which suppresses the influence of the regional head gradient
causing a substantial portion of the meteoric water infiltration
to flow vertically downward through the overlying marine
sediments (Longacho and Cerro Empaxa Fms.) and into the
underlying crystalline basement rock before westward migra-
tion under the influence of the regional east-to-west head
gradient.

By 50,000 years of simulation time, the groundwater flow
regime below Salar de Huasco is unchanged from the 10,000-
year simulation, suggesting that steady state has been
achieved within Salar de Huasco by 10,000 years. However,
the 50,000 year time step suggests the regional east-to-west
head gradient has captured the vertically penetrating meteoric
water below the Precordillera-Altiplano boundary, as well as a
proportion of infiltration along the South American drainage
divide; and as a result, a large plume of groundwater with

meteoric origin is migrating through the Precordillera within
crystalline basement rock (Fig. 6). This process continues de-
veloping through 100,000 years, by which time the deeply
penetrating groundwater from the South American divide
has migrated upwards and merged with the large plume orig-
inating in the Altiplano. In addition, the leading edge of the
meteoric water plume has reached the western Pampa del
Tamarugal (PdT) Basin near the transect location demarcated
by the town of Pica, Chile (77 km along transect).
Interestingly, the combination of geological heterogeneity
and flattening topographic gradient in this region interrupt
the flow regime as the meteoric water plume leaves the deep,
low-permeability Longacho shale formation (k = 9.9 × 10−16

m2) and enters the high-permeability Cerro Empaxa sandstone
formation (k = 5.3 × 10−14 m2). Consequently, the Longacho
Fm. governs the transport of meteoric water into the Cerro
Empaxa formation, which ultimately follows the fold limb
downward before migrating upwards into the Pica region
(Fig. 7). This pattern is consistent through the remaining
timesteps suggesting that the Longacho formation restricts
groundwater circulation from the Altiplano into the PdT
Basin; however, several warm springs are known to exist in
the Pica region (Risacher et al. 2011) and are likely the result
of a known, but poorly constrained fault system (Dingman
and Galli 1965). Nevertheless, the Longacho formation is lat-
erally continuous through the study area, and these results
indicate that it may exert significant control on the timing of
deep-seated groundwater recharge into the PdT Basin.

After 500,000 years of simulation time, the infiltrating me-
teoric water has reached the full lateral extent of the PdT
Basin, and the system reaches a steady state by
1,000,000 years (Fig. 6). Within the PdT Basin, two distinct
features characterize the groundwater flow system. In the east-
ern half of the basin, the regional head gradient associated
with the Precordillera drives horizontal flow westward with
decreasing flux magnitude as the topographic gradient

Fig 9 Contour plot of groundwater residence time with average regional
δ18O values measured in samples from shallow groundwater (wells)
across the study area, in addition to three individual δ18O values
measured in samples from shallow groundwater wells ∼5 km west of
Pica. Sample locations for the individual samples are in parentheses and

correspond with locations in Fig. 1. Regional δ18O values in the western
PdT, Pica, and Salar de Huasco are average values taken from the
literature and samples analyzed for the present study (Tables 2 and 3,
and Table S1 of the ESM)
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flattens. Within the western half of the basin, the Atacama
Fault Zone inhibits westward groundwater flow due to the
low-permeability fault core, which in combination with the
broad, flat topography results in a substantially lower head
gradient that permits thermally driven convection cells to de-
velop (Fig. 7). Although the spatial orientation of these con-
vection cells may arise from model grid discretization, this
result suggests that the low topographic driving potential com-
bined with sufficient basal heat flux permits the upward mi-
gration of relatively deep groundwater in this region.

The flow paths transporting groundwater of meteoric origin
to shallow aquifers within the western PdT Basin are evident

as mounds of elevated meteoric water saturation between 50
and 67 km along transect after 1 M years of simulation time
(Fig. 6). This deep-seated upward circulation begins in the
east at ∼67 km along the transect where the high-
permeability Cerro Empaxa sandstone folds sharply upwards
as the regional topographic gradient subsides (Fig. 7). The
western extent of this recharge zone occurs at ∼51 km along
transect in response to the Atacama Fault Zone, which inhibits
westward groundwater flow. In this region, vertical head gra-
dients are favored to near-surface depths because the high-
permeability Altos de Pica 3 sandstone pinches out, which
leaves lower-permeability formations juxtaposed with the

Table 2 Oxygen isotope values
collected and analyzed for this
study

Figure 1
location

Sample type Location/sample ID Elevation
(m amsl)

Coordinates (UTM
WGS84 19 K)

δ18O (‰
VSMOW)

1 Spring Iquique, Costal Spring
(CS14-01)

35 379235 7740032 –7.37

2 Groundwater La Tirana Well
(LL14-07)

766 435497 7647839 –7.10

3 Groundwater Cuminalla Well (C13-04) 996 434217 7743784 –9.90

4 Groundwater Cuminalla Well (C13-06) 996 434167 7743843 –10.15

5 Groundwater Cuminalla well (C14-10) 996 434217 7743784 –9.69

6 Groundwater La Calera Well (LC14-05) 1,109 455167 7745880 –6.56

7 Groundwater La Calera Well (LC14-04) 1,109 455167 7745880 –7.08

8 Groundwater La Calera Well (LC14-01) 1,389 458926 7748123 –6.65

9 Spring Pica (P14-01) 1,391 466944 7734743 –12.45

10 Spring Pica (P14-02) 1,391 466944 7734743 –13.05

11 Spring Pica (P14-03) 1,391 466944 7734743 –13.12

12 Spring Pica (P14-05) 1,391 466944 7734743 –13.01

13 Spring Quisma (Q12-01) 1,395 466942 7739323 –13.24

14 Spring Quisma (Q13-01) 1,395 466952 7734761 –13.30

15 Spring Quisma (Q14-01) 1,283 464268 7731614 –12.93

16 Groundwater Quisma Canyon (Q12-02) 1,274 463976 7731102 –12.80

17 Groundwater Pica Well (P13-01) 1,485 469750 7731265 –12.20

18 Groundwater Pica Well (P12-02) 1,485 469507 7731226 –11.17

19 Groundwater Salar de Huasco Well
(HAS14-08B)

3,954 517996 7784042 –14.33

20 Groundwater Salar de Huasco Well
(HAS14-02A)

3,791 512439 7753565 –11.99

21 Spring Salar de Huasco (HAS14-01) 3,784 511514 7757229 –12.23

22 Spring Salar de Huasco (HAS14-
07A)

3,794 512951 7759471 –11.96

23 Spring Salar de Huasco (HAS14-
07B)

3,794 512951 7759471 –12.00

25 Salar Salar de Llamara (LL12-09a) 754 433951 7647851 5.63

26 Salar Salar de Llamara (LL12-09b) 754 433951 7647851 5.80

27 Salar Salar de Llamara (LL12-16) 754 435943 7648160 6.09

28 Salar Salar de Llamara (LL13-02) 754 435962 7648081 6.90

29 Salar Salar de Llamara (LL13-16) 754 434646 7648407 6.50

30 Salar Salar de Llamara (LL13-17) 754 433944 7647852 6.70

The δ18 O values of water samples were measured at the Northern Illinois University stable isotope laboratories
via CO2 equilibration on a GasBench II coupled to a Thermo MAT253 isotope ratio mass spectrometer in
continuous flow. δ18 O values are reported in VSMOW with an analytical precision of ±0.3 ‰
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unconsolidated cover. Interestingly, salars within the PdT
Basin occur exclusively along the western extent (Fig. 1),
and these modeling results provide a theoretical basis for this
phenomenon. In addition, Magaritz et al. 1990 hypothesized
that deep, hydrothermal groundwater circulation into the PdT
Basin likely results from a deep fracture network underlying
the sedimentary cover. The modeling results presented here
suggest that such flow paths are not dependent on a deep
fracture network; however, the presence of a deep-seated frac-
ture system would likely increase the contribution of upward
flow.

Although the model domain continues west towards the
Pacific Coast, the authors believe that interpretations beyond
the Atacama Fault Zone are unreliable due to poor geological
constraints on the Atacama Fault Zone. As a result, this por-
tion of the model domain is used primarily to mitigate non-
physical boundary effects from influencing the simulation re-
sults, and caution is warranted in making inferences west of
∼45 km along the transect.

Groundwater residence time and isotope geochemistry

Groundwater residence time is an important criterion for un-
derstanding the temporal variability of groundwater recharge
across regional terrains (e.g., Jiang et al. 2010). In order to
quantify the groundwater residence time (τ) distribution
across the study area transect, τ is computed within each grid
cell using the traditional formulation: τ = Vw/Q, where Vw

(m3) is the volume of groundwater (grid cell volume × poros-
ity) in each cell and Q (m3/s) is the net volumetric flow rate
through each cell, which is computed with TOUGH2-MP

output as net mass flux (kg/s) divided by water density (kg/
m3). The groundwater residence time distribution is shown in
Fig. 9, which indicates that τ varies over 6 orders of magni-
tude, ranging from 100 years to >105 years. As would be
expected, groundwater residence generally increases with
depth and decreases with increasing topographic slope; how-
ever, several exceptions are observed within Salar de Huasco
and the Pampa del Tamarugal (PdT) Basin.

The groundwater flow regime within Salar de Huasco is
characterized by a residence time distribution ranging between
100 and 103 years, in which low τwaters are present at shallow
depths and comparatively high τ groundwater occurs within
and below the low-permeability clay layer underlying the salar
(Fig. 9). Historically, regional-scale variations of oxygen and
hydrogen isotope values for various water reservoirs in the
PdT (e.g. meteoric, surface water, groundwater) have provid-
ed the framework for interpreting hydrologic variations (e.g.
Fritz et al. 1981; Aravena et al. 1999). Consequently, the
model results of this study are discussed in the context of
δ18O variations in both newly collected water samples and
values reported in the literature. Regional-scale variations in
the relationship between δ2H and δ18O values of waters have
been reported extensively in the literature; therefore, only the
δ18O values are reported here for simplicity. A more detailed
examination of the isotope variations in regional waters may
be warranted, but is outside the scope of this study; neverthe-
less, the regional variation of δ18O values measured in waters
collected for this study range from –14.33 ‰ in Salar de
Huasco to +6.9 ‰ in Salar Llamara (Table 2), which is in
general agreement with regional averages reported in the lit-
erature (Table 3 and Table S1 of the ESM).

Table 3 Summary of regional oxygen isotope values of water in the study area. Note: For δ18O, average values are reported in per mil (‰) relative to
VSMOW. The standard deviation (2σ) and number of samples (n) are also reported

Location Sample type Elevation (m amsl) δ18O (2σ) n Sample year(s) Sources

N. Chile Precipitation <3,000 –5.9 3.2 25 1973–2013 a,b,c,e

3,000–4,000 –12.8 5.9 68 1973–2013

>4,000 –15.0 6.1 69 1973–2013

Salar de Huasco Groundwater 3,873 ± 115 –12.3 1.6 13 2008–2014 d,e

Surface water 3,917 ± 139 –12.2 1.3 10 1997–2014 d,e

Spring 4,003 ± 321 –13.1 1.1 14 2009–2014 d,e

Precipitation 4,249 ± 316 –15.6 2.7 9 2010–2011 e

Pica Groundwater and springs 1,351 ± 137 –12.7 0.6 11 2011–2014 a,d,e

PdT Basin Groundwater 1,203 ± 161 –9.0 1.7 27 1972–2014 a,d

Salar de Llamara Salar 754 ± 1 +6.3 0.5 6 2012–2014 d

a Fritz et al. (1981)
b Alpers and Whittemore (1990)
c IAEA/WMO (2014)
d This study
eUribe et al. (2015)

The complete dataset used for preparing this summary table is presented in Table S1 of the electronic supplementary material (ESM)
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In northern Chile, δ18O values in precipitation decrease by
as much as 0.64‰ per 100 m of elevation gain as air masses
move into the higher elevations of the Andes, the result of
which is a regional altitudinal gradient in the δ18O values of
precipitation. Consequently, the observed variability in sur-
face water in the Salar de Huasco basin likely reflects the
combination of altitude effects on the δ18O values of precipi-
tation and extreme evaporation on the δ18O values in the sur-
face waters of the Salar de Huasco (Uribe et al. 2015; Aravena
et al. 1999). The mean δ18O values measured in precipitation
from samples collected in a two-year study (2010–2011) at
Salar de Huasco are reported as –15.6 ± 2.7 ‰ (Uribe et al.
2015), while mean δ18O values measured in groundwater and
surface water (the salar lake) within Salar de Huasco are re-
ported as –12.3 ± 1.6 and –12.2 ± 1.3 ‰, respectively
(Table 3). Consequently, groundwater reservoirs within Salar
de Huasco comprise slightly higher δ18O values than average
precipitation or seasonal springs with very small τ in the Salar
de Huasco Basin (Ave. δ18O = –13.1 ± 1.1 ‰; Table 3).
Although this investigation does not purport to decipher the
complete geochemical signal of these groundwater-fed salars,
increases of a few ‰ in δ18O values resulting from evapora-
tive processes (at ground surface and within the vadose zone)
is in general agreement with the numerical modeling results,
which indicate relatively rapid groundwater cycling from the
high elevation recharge areas bounding the arid Salar de
Huasco.

Within the Precordillera, the groundwater residence time
ranges between 100 and 102 years within the upper km of
the model domain (Fig. 9). These relatively small τ values
arise due to the high-permeability sedimentary units overlying
the low-permeability crystalline basement, which in combina-
tion with the high head gradient in this region results in rapid
groundwater flux through the sedimentary cover. This effect is
particularly pronounced below the boundary separating the
Precordillera and PdT Basin, where τ is on the order of
100 years at 500–750 m depth within the Altos de Pica 5
sandstone (k = 5.3 × 10−13 m2). This τ distribution is consis-
tent through the eastern third of the PdT Basin, where the
regional east-to-west head gradient governs the groundwater
system; however, the δ18O values from spring water samples
collected near Pica suggests a more complex hydrogeological
framework. In particular, there are two distinct groups of water
samples from (1) groundwater and springs near Pica (δ18O = –
12.7 ± 0.6 ‰) and (2) three groundwater samples (6, 7, 8 in
Table 2) from wells in the PdT ∼5 km west of Pica with δ18O
values of –6.56,–7.08, and –6.65 ‰ (Fig. 9). On the basis of
low residence time and high head gradient immediately east of
Pica, the modeling results rule out a high likelihood of strong
evaporative enrichment or water–rock interaction in the wa-
ters at Pica. This result is in agreement with low δ18O values
measured at Pica that are nearly identical to the groundwater
δ18O values from the high elevation source areas in Salar de

Huasco. The combination of low δ18O values and low
simulated residence times are suggestive of a meteoric
source with rapid subsurface flow paths, which is in general
agreement with the Houston (2002) recharge hypothesis that
suggests periodic storm events in the Altiplano recharge aqui-
fers in the PdT basin through near-surface alluvial fan drain-
age. However, this near-surface recharge mechanism is likely
limited to aquifers within the eastern basin on the basis of the
rapidly decreasing head gradient within the eastern portion of
the PdT, which would inhibit the development of near-surface
flow paths across the lateral extent of the basin.Moreover, this
recharge mechanism does not explain the substantially higher
δ18O values measured in samples ∼5 km west of Pica (Fig. 9),
which are suggestive of strong evaporative enrichment or wa-
ter–rock interactions. The modeling results suggest that these
comparatively higher δ18O values are likely a result of water–
rock interactions, and it is hypothesized that a poorly
constrained fault system underlying Pica (Dingman and
Galli 1965) is a likely source for hydrothermally altered
groundwater. This fault system is not simulated here due to
unknown spatial and parametric constraints; however, up-
wardly folded basement rocks occur at depths < 1 km, which
is a potential source for hydrothermally altered fluids to reach
shallow depths and discharge within the shallow groundwater
system near Pica.

Within the western PdT Basin (45–65 km along transect),
groundwater residence time ranges from 103 to 105 years
(Fig. 9), which is substantially longer than in the eastern basin,
and suggests a minimal influence of shallow recharge mech-
anisms from near-surface flow coming off the Precordillera.
The elevated δ18O values (Ave. +3.7 ‰ relative to Pica) ob-
served in groundwater collected in the western PdT Basin
indicate the waters are out of equilibrium with meteoric
δ18O values in high altitude recharge areas, suggesting (1)
the measured δ18O values may be the result of both evapora-
tive processes and fluid–rock interactions at depth, or (2)
groundwater in the western PdT represents temporal variation
in the δ18O values of infiltrating meteoric water (e.g., in-
creased precipitation at lower elevations in the PdT basin)
not seen in the modern dataset (e.g. Aravena et al. 1999).
The evaporation potential within the PdT Basin is extreme,
and groundwater fed salars along its western extent are char-
acterized by highly brackish water with abundant evaporative
mineral deposits covering large areal extents and extremely
high δ18O values (e.g. +6.3 ± 0.5 ‰ in Salar de Llamara;
Fig. 1). However, the numerical model results also provide a
theoretical basis for groundwater originating in the Altiplano
to recharge shallow aquifers and salars in the western PdT
Basin through deep groundwater circulation in crystalline
basement rocks, which can also result in the +3.7‰ increase
in δ18O values PdT groundwater from the meteoric source.
This recharge mechanism is shown to operate on a time scale
of 105 years, and includes vertical meteoric water infiltration

1934 Hydrogeol J (2016) 24:1921–1937



to depths >2 km below the Altiplano followed by westward
migration within the Precordillera through crystalline base-
ment rocks before discharging within the western PdT Basin
(Fig. 6). It is impossible to conclusively rule out temporal
variation in the source region or hydrothermal alteration as
the cause of elevated δ18O values of groundwater in the west-
ern PdT Basin; however, both processes are in agreement with
the recharge time scale of 105 years.

Integrated model and stable isotope interpretations

Results from this study show that Salar de Huasco (a high
elevation topographic depression) creates a local drainage di-
vide below the Precordillera-Altiplano boundary, which per-
mits infiltrating groundwater to reach depths in excess of 2 km
depth before westward migration through the crystalline base-
ment rocks. As the infiltrating meteoric water reaches the
eastern PdT Basin, upward migration is inhibited by the
low-permeability Longacho formation, which folds upwards
below the Pica region creating a bottleneck and locally in-
creasing the head gradient below Pica. In this region, the
δ18O variation in spring water samples is complex, and sug-
gests the presence of groundwater with both meteoric and
hydrothermal sources that may be the result of (1) deep
groundwater upwelling through a poorly constrained fault sys-
tem near Pica, and (2) near-surface groundwater flow origi-
nating as periodic floodwaters at high elevation. This latter
inference is in agreement with the Houston (2002) recharge
model. Groundwater flow within western PdT Basin is
governed by the presence of the Atacama Fault Zone, which
is characterized by a low-permeability fault core that inhibits
across-strike flow. As a result, the regional east–west head
gradient is fully suppressed west of ∼65 km along the transect
and at depths above 2 km. Consequently, the groundwater
flow regime in this region is governed by thermal effects,
which manifest in the model results as convection cells be-
tween 50 and 65 km along the transect. Although the spatial
distribution of these convection cells may be a result of grid
size, their presence in the simulation results suggests that
deep, hydrothermal circulation is likely occurring in the west-
ern PdT Basin on time-scales of 104–105 years. Moreover, the
upwelling associated with this process is localized in the west-
ern portion of the basin, providing amechanism and time scale
for the source and formation of salars within the PdT Basin.
This result is in general agreement with the aquifer recharge
model proposed by Magaritz et al. 1990, which argued for a
thermally driven basal aquifer recharge flux through deep-
seated basin fractures.

The combined model and isotopic results suggest that both
previously proposed aquifer recharge mechanisms (Houston
2002; Magaritz et al. 1990 are likely influencing aquifers
within the PdT Basin; however, each mechanism is operating
on different spatial and temporal scales. In particular, this

study finds that storm-driven flood events in the Altiplano
would readily transmit groundwater to the eastern PdT Basin
through near-surface groundwater flow on short time scales,
e.g., 100–101 years. However, these effects would likely be
isolated to aquifers in the eastern third of the basin because the
regional head gradient drops rapidly west of Pica. In addition,
these results also provide a physically plausible mechanism
for groundwater originating in the eastern highlands to reach
the PdT Basin; however, this mechanism is operating on a
timescale of 104–105 years and is localized to the western half
of the basin, where the lateral head gradient is suppressed by
the presence of the Atacama Fault Zone, thus permitting ther-
mal effects to drive groundwater upwards.

Conclusions

This paper presents results of a regional-scale groundwater
investigation at ∼20.5°S latitude in northern Chile. This study
is designed to enhance our understanding of regional-scale
groundwater flow from high-elevation recharge areas in the
Andean Altiplano into aquifers within the Pampa del
Tamarugal (PdT) Basin. Although it is widely accepted that
aquifer recharge in the PdT Basin originates as precipitation in
the Altiplano and Andean Cordillera to the east, there remains
debate on whether the aquifer recharge results primarily from
deep groundwater circulation (Magaritz et al. 1990 or storm-
driven flood events (Houston 2002). In order to fill this gap in
knowledge, this study combines a regional-scale 2-D numer-
ical model of heat and groundwater flow with δ18O values
measured in samples obtained along a study area transect to
develop a quantitative conceptual model of groundwater flow
at 20.5°S latitude across northern Chile. Results from this
study show that both previously proposed aquifer recharge
mechanisms are likely recharging aquifers within the PdT
Basin; however, each mechanism is operating on different
spatial and temporal scales. These results suggest that storm-
driven flood events may transmit groundwater to the eastern
PdT Basin on time scales of 100–101 years, while deep
groundwater circulation is recharging PdT aquifers in the
western basin on time scales of 104–105. This study may have
important implications for regional groundwater resource
management because PdT aquifers are the sole source of mu-
nicipal water for the coastal City of Iquique (population
∼215,000), as well as the economically important mining in-
dustry. In addition, these results provide important constraints
on groundwater resource availability over time scales of inter-
est for researchers seeking inputs on Holocene groundwater
availability.
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