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Abstract

Saltwater intrusion is one of the most pressing environmental concerns in coastal areas with increased water demands. Water
extraction decreases the level of fresh groundwater, reducing the water pressure and allowing saltwater to flow further inland.
Tools for simulating, monitoring and managing saltwater intrusion can provide valuable support in decision-making for man-
agement options. In this work, such a tool was developed for the arid coastal aquifer of La Paz in Baja California, Mexico. A
geomodel was generated by using a transient electromagnetic method (aquifer geometry, saltwater intrusion). This geomodel, in
turn, was used to construct a three-dimensional density-dependent flow model to simulate groundwater flow and saltwater
intrusion during the past decades. The results confirmed that a large cone of depression had formed due to excessive pumping
in the agricultural area. This successively led to the inversion of the hydraulic gradient and seawater intrusion advancement on the
order of 68 km inland in the northern-central portion of the aquifer. Freshwater recharge mostly originates from the mountainous
southeastern portion of the basin. It supplies water for the city of La Paz and counteracts the saltwater intrusion advancement. The
alternation of advancement and retreat of the freshwater—saltwater interface could be attributed to changing climate effects and/or
policy changes.
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Introduction

Groundwater has been considered the most important fresh-
water resource for drinking and irrigation in coastal regions
with an arid or semiarid climate. However, low recharge rates
induced by low rainfall values and/or overexploitation of
groundwater in these regions can modify the natural flow
system, inducing the flow of seawater inland from the
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coastline (seawater intrusion; Alfarrah and Walraevens 2018;
Zarif et al. 2018).

Effective tools are of vital importance for studying coastal
aquifers with seawater intrusion problems. Proper manage-
ment requires good knowledge of the aquifer system and the
ability to simulate present groundwater conditions and fore-
cast its future behavior under different scenarios of natural
forcing and human interactions (Kourgialas et al. 2016; De
Filippis et al. 2016). Therefore, the use of groundwater flow
models for modeling seawater intrusion has been increasing
globally in recent years, given that seawater intrusion has be-
come one of the principal causes of groundwater quality de-
terioration in coastal aquifers stressed by urban growth and
anthropogenic activities (Hugman et al. 2015; Comte et al.
2017; Siaka et al. 2017; Gopinath et al. 2018).

When modelers try to simulate groundwater flow in het-
erogeneous aquifer systems, they typically face difficulties
due to a lack of information regarding the system’s parame-
ters, hydraulic characteristics and their distribution. Thus, geo-
physical methods can provide information to fill this gap,
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determining the geometrical features of different
geohydrological targets showing a broad and complex geolog-
ical heterogeneity (Kourgialas et al. 2016; Meyer et al. 2019).
Techniques such as electrical resistivity tomography, electro-
magnetic induction, airborne electromagnetic survey and self-
potential, among others, are commonly used geophysical
methods for mapping near-surface geology and for identifying
and modeling saline intrusion in near-surface aquifers
(Francés et al. 2015; Kazakis et al. 2016; Graham et al.
2018; Meyer et al. 2019). However, the transient electromag-
netic method (TEM) has become one of the leading noninva-
sive methods for imaging alluvial aquifers in coastal areas
because of its high cost-effectivity and excellent resolution
(Tezkan 1999; Danielsen et al. 2003; Francés et al. 2015).
Constant developments of novel schemes for processing of
the acquired TEM data can provide geologically (realistic in-
terpretive model) two- and three-dimensional (2D and 3D)
resistivity models without much reliance on the availability
of a priori subsurface information (Soupios et al. 2010;
Kalisperi et al. 2018). However, although the TEM method
has been fully used for delineating saline intrusion zones
(Ziadi et al. 2017; Kalisperi et al. 2018), only a few efforts
exist to combine the geophysical data obtained through TEM
measurements with 3D density-dependent flow modeling to
reproduce the movement of the freshwater—seawater interface
in coastal aquifers stressed by excessive groundwater abstrac-
tion (Soupios et al. 2015; Kourgialas et al. 2016).

Given its geographical conditions, Mexico has a vast variety
of climates ranging from warm-humid climates in the southeast
of the country to desert or semidesert environments in the north,
which leads to different patterns in the management of water
resources. The peninsula of Baja California, located in northwest-
ern Mexico, has two of the most famous tourist destinations in
the region, Los Cabos and La Paz, the latter being capital of the
state of Baja California Sur and very well known as a focal point
of commerce and ecotourism (de los Monteros Lopez-Espinosa
2002). In fact, the constant growth of tourism (more than
320,000 visitors per year) in this arid climate location (INEGI
2017) has increased the stress over the exploited aquifer and has
forced officials to rethink the future of the city based on the
provision of water resources.

Owing to its location (60 km north of the Tropic of
Cancer), La Paz has a prevailing coastal desert climate.
The water supply system of this city depends entirely on
the underlying aquifer system, which shows a water bal-
ance deficit as a result of long-term water overextraction
following water use permits whose volumes exceed the
availability of renewable water resources. Water overex-
traction has occurred during the last five decades despite a
decree of closure emitted by the national water authority
(Comision Nacional del Agua, CONAGUA) enacted in
1954 (CNA 2002). Water overdraft has brought conse-
quences such as spring drought, continuous drawdown of

@ Springer

water levels (0.5—1 m year '), increase in pumping costs,
and the deterioration of groundwater quality due to seawa-
ter intrusion (Tamez-Meléndez et al. 2016; Torres-Martinez
et al. 2017; Cruz Falcon et al. 2017).

Recent hydrogeochemical and isotopic tools applied in
La Paz aquifer revealed that 35% of the abstracted wells had
been affected by seawater intrusion because the aquifer is
recharged in part by seawater flow in the lower plain por-
tion of the La Paz Valley (Mahlknecht et al. 2017). The
growing population, tourism and agricultural activities
can only exacerbate this situation in the years to come; thus,
management of seawater intrusion must be put in place in
the La Paz area. For this, it is necessary to understand how
the aquifer works and evaluate the impacts that well
pumping exerts on groundwater resources. To our knowl-
edge, only two previous works performed in insular envi-
ronments have used TEM data to constrain density-
dependent flow models (Soupios et al. 2015; Kourgialas
et al. 2016). Therefore, given that the TEM method is a
fully geophysical technique used for assessing the geolog-
ical background and salinity gradients in alluvial aquifers
such as La Paz aquifer, a 3D density-dependent flow model
is proposed based on TEM data to obtain an adequate rep-
resentation of the La Paz aquifer system and evaluate the
behavior of the freshwater—seawater interface under the
current groundwater extraction conditions.

Overall, the present study aimed at assessing, for the first
time in a continental environment, the hydrodynamics of an
overexploited alluvial aquifer impacted by seawater intrusion
using an approach which constrains a density-dependent flow
model with geoelectrical resistivity information. Specifically,
a comprehensive geophysical data model of the study area—
compatible with previous hydrogeological and geological in-
formation of the study area— was created first, and then a 3D
density-dependent groundwater flow model was constructed
based on the geomodel of the aquifer system.

Study area and hydrogeological setting

The city of La Paz is located to the south of the state of
Baja California Sur, towards the western coast of the Gulf
of California (Fig. 1). The climate in this area is warm-dry
over the year, with an average annual temperature of
22.5 °C an and annual total precipitation of 263 mm
(CONAGUA 2010). The rainfall is mainly associated with
tropical storms or hurricanes, which occur between July
and October. More than 75% of the total annual precipita-
tion is originated in this way (CONAGUA 2010), and,
given the climatic conditions, largely become evaporated.

Surface waters are ephemeral and thus not used for water
supply. All water is provided by 155 production wells located
mainly in the central and southwestern parts of the aquifer. The
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Fig. 1 Location of the La Paz aquifer, Baja California Sur, Mexico.
Geology map of the study area with the fault system (modified from
Torres-Martinez et al. 2017), and location of the model area and transient

groundwater extracted is approximately 32 million m® year ',
which is used for water supply (68%: 21.8 million m* year "),
crop irrigation (27% : 8.6 million m® year ), livestock (3%: 0.96
million m® year ') and other services, including industry (2% :
0.64 million m® year ). The depth of the production wells varies
from 7 to 200 m (Monzalvo 2010). The aquifer, being coastal,

electromagnetic method (TEM) data coverage area. Coordinate system:
WGS 84/UTM Zone 12 N

interacts with seawater from the Sea of Cortez (Gulf of
California), and because of its strong overextraction, the aquifer
is classified by authorities as overexploited with evidence of
seawater intrusion (CNA 2002).

Physiographically, the La Paz area is composed of
three large structures: a coastal plain (valley), plateaus
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and mountain ranges that reach 900 m above sea level (m
asl). The geological base of the area is a metamorphic
complex, consisting of Mesozoic shales, phyllites, silli-
manite, and gneiss. This unit is overlain by intrusive
Cretaceous rocks, namely, gabbro, granite, and granodio-
rite, emerging in the eastern portion of the study area (Las
Cruces mountain range). Miocene sandstones, conglom-
erates and fractured volcanic rocks (Comondt Formation,
San Ignacio Formation, and San Isidro Formation) crop
out in the western portion of the study area. In the central-
northern part, the valley comprises unconsolidated alluvi-
al deposits such as sands, silts, and clays. From a struc-
tural point of view, La Paz Valley corresponds to a graben,
delimited by two major faults (La Paz and La Giganta)
with N-S orientations (Hausback 1984; Cruz-Falcon
2007; Monzalvo 2010; McCloskey et al. 2015). Figure 1
shows a geologic map of La Paz indicating the locations
of the major faults.

The hydrostratigraphy of the valley includes an upper-
most unit that corresponds to nonconsolidated, granular
sediments and volcanoclastic material with little compac-
tion and medium-to-high permeability. The underlying
second unit matches the volcanic flows of the Comondu
Formation, with high hydraulic conductivity as a result of
fracturing, but is only of local importance due to its dis-
continuity. These two units represent an unconfined aquifer
system approximately 300-400 m thick and having an
average hydraulic conductivity of 1.2-14.3x 10> m s ..
Finally, the deeper third unit corresponds to the Pre-
Tertiary intrusive rock formations that outcrop in the
Cordillera Oriental portion of the study area and have
low permeability. The basement of these units is located
approximately 900 m below land surface and consists of a
metamorphic complex (CIGSA 2001).

Stable and radiogenic isotope studies performed previous-
ly on the La Paz aquifer have identified five different ground-
water recharge sources (Tamez-Meléndez et al. 2016;
Mabhlknecht et al. 2017). The most important recharge source
originates naturally in the eastern and southeastern mountain-
ous portion of the study area. This groundwater is from me-
teoric origin and flows from southeast to the northwest. Other
recharge sources identified using chlorofluorocarbons and
stable isotopes were irrigation return flow along the agricul-
tural lands located in the central part of the study area,
groundwater recharge from seawater intrusion and some re-
charge from anthropogenic sources in urbanized areas, which
can be derived by water leaks from the obsolete urban water
supply system. Finally, radiocarbon data identified a local
coning of deeper groundwater flow consisting of warm water
of up to 4,700 years. This regional flow was located in the
western portion of the study area and was suggested as an
interconnection between the upper aquifer and the lower
aquifer units.
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Methodology
Geophysical method

Electrical resistivity is affected by many parameters, i.e.,
mostly water content, permeability, composition, temperature,
pressure and salinity; thus, electric and electromagnetic
methods are widely used to obtain a better insight into aquifer
systems. The transient electromagnetic method is typically
used to infer the subsurface electrical resistivity distribution
at relatively shallow depths (i.e., less than 1 km). A stable
current is circulated through a cable loop (transmitter).
When the current is abruptly interrupted, a magnetic field is
induced, which is damped and disappears quickly. The rapid
variation in the magnetic field generates eddy currents into the
subsurface that responds to different electrical properties at
different depths, and its temporal evolution can be measured
by a receiver, usually using the same primary circuit that orig-
inated the magnetic field (a cable coil) or another device (e.g.
induction magnetometer). The process is repeated several
times, applying a stacking process to generate a single mean
curve showing the evolution of the induced potentials as a
function of time. Finally, this master curve is inverted to es-
tablish the geoelectrical model (i.e., true resistivity values at
different depths) that fits the subsurface response.

In the La Paz area, a TEM survey was carried out using
Sirotem-S equipment, with a single loop configuration (i.e.,
the same coil was used as transmitter and receiver) with di-
mensions of 150 m x 150 m, reaching a maximum interpreta-
tion depth of 500 m. In total, 50 soundings were acquired,
measuring eight curves per location across the study area
and complemented with 20 TEM soundings measured during
a previous survey (CIGSA 2001). The TEM data were
inverted to a 1D model employing an Occam regression,
fitting the model responses with a root mean square error
(RMSE) of less than 5%. Regarding the depth resolution, it
was performed following the proposal by Flores et al. (2013)
in order to assure the reliability of the models at depth. The
subsurface electrical resistivity distribution was inferred by
interpolating the information provided by all the 1D models
at different depths using a Kriging scheme. Nevertheless, all
the interpretation of the geoelectrical images was performed
using only the covered area by the TEM soundings.
Geoelectrical anomalies that were not supported by at least
two or more soundings were ignored.

Flow modeling

Based on the geophysical interpretation, the hydrogeological
units were identified, and the geometry of the 3D geomodel
was built. In aquifers with seawater intrusion problems, a
variable-density groundwater flow may be simulated by a dis-
persive solute-transport approach. In such an approach, fluid
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density can vary continuously from cell to cell in a model
domain (De Filippis et al. 2016). Thus, the finite element
density-dependent subsurface flow code FEFLOW (Diersch
2014) was used for modeling the coastal aquifer of La Paz
under the assumption that: (1) the porous medium is consid-
ered rigid and incompressible (Boussinesq approximation),
(2) fluid motion can be described by Darcy’s law, and (3)
dispersion follows the Fickian dispersion law (Diersch 1988;
Kourgialas et al. 2016).

Groundwater movement through porous materials of con-
stant density in transient can be described in three dimensions
using the general groundwater-flow equation, which is based
on Darcy’s law (Eq. 1):

oh

V(kVh) + W(x,y,z) = SSE (1)
where k is hydraulic conductivity (LT "), 4 is hydraulic head
(L), W is volumetric flux per volume unit (representing
sources and/or sinks) in the coordinates X, y (horizontal plane)
and z (vertical), S; is specific storage and ¢ is time (T) (Delleur
2016; Khayyun 2018). The generalized form of Darcy’s law
for variable-density fluid flow is derived as follows (Eq. 2):

—pV k
0= (T ) = g 2)

where p and p" are the macroscopic mass density of the fluid
and the mass density of water (M L), respectively, g is the
vector of gravity acceleration (L T 2), p the dynamic pressure
(P) and 1 is the dynamic viscosity of the fluid (P T™'; Kolditz
et al. 1998).

In the La Paz area, the model domain area covers an exten-
sion of approximately 475 km? and a depth of 500 m below
ground level. As a first approximation, the discretization in the
horizontal plane consisted of finite triangular elements with
refining zones of approximately 100 m around pumping wells,
verifying the Delaunay criterion violations (Weatherill 1992;
Rodriguez and Silveira 2017). The vertical discretization of
the model area consisted of dividing the model area into four
uniform hydrogeological layers (some of these units also have
subunits due to the presence of water). The properties of the
hydrogeological units were obtained, linking the resistivity
maps with well log information from exploration wells and
from geological sections defined in previous studies of the
area (Hausback 1984; Aranda-Gémez and Pérez-Venzor
1988; SGM 1995; CIGSA 2001; Cruz-Falcon 2007). For the
top elevation, a digital elevation model (DEM) with a pixel
resolution of 15 m x 15 m and an RMSE of 4.8 m was used
(INEGI 2013). To improve the calibration in the north and
south areas of the model domain, the mesh was refined. The
final configuration resulted in 51,375 nodes and 80,972 ele-
ments (Fig. 2).

A first-type flow boundary (Dirichlet) was set along the
coastline to the north of the study area (zone 1, Fig. 2). For
the first layer, the boundary was set to zero, and for the rest of
the layers, the boundary was set to the equivalent freshwater
head assuming a seawater density of 1,025 kg m>. Second-
type flow boundaries (Neumann) were set along lateral limits
(zone 2, Fig. 2): in the eastern flank of the model due to the
presence of relatively impermeable bedrock (mainly granite
and gabbro) along a fault (La Paz fault) which creates a phys-
ical boundary condition (acting as a barrier) to the alluvial
aquifer; in the western flank of the model, groundwater flows
parallel to topographic lows which forms an intermittent
streamline (Fig. 1) which, added to the lack of wells close
the aquifer limit, serves as groundwater divides, forming a
hydraulic no-flow boundary. A first-type flow boundary was
set along the southern flanks of the study area where inflow is
expected (zone 3), with initially estimated at 70% of the aqui-
fer recharge (Cruz Falcon et al. 2013). All the 147 pumping
wells were included in the model using well depths (7—
201 m), extraction rates (0.3—50 L/s), and tube radius (0.07—
0.17 m). Table 1 shows the properties of the different
hydrogeologic units used in the model domain such as the
initial values for hydraulic conductivity, the specific storage,
and the porosity.

Spatial variable recharge rates were assigned as the annual
inflow parameter on the top layer of the model. The different
recharge sources included the following: recharge by rainwater
infiltration, irrigation return flow in agricultural lands, and leaks
from the water system in urbanized areas. The recharge values
from precipitation were obtained from an annual hydrological
balance (Torres-Martinez 2017). The use of monthly recharge
rates was discarded due to the availability of groundwater extrac-
tions only at the annual level—for example, for 1997 (Fig. 3),
which was an average year, the recharge values varied from
14 mm in the valley floor to 46 mm in the mountain ranges.
The annual recharge values were assigned by zones according
to the different land uses and soil types in the study area, adding
an extra recharge flux in the urban areas caused by water leaks
from the obsolete urban water supply system, which has been
estimated by the local authority at 31.8%, on average, of the total
water supplied to La Paz (SAPA 2015). The additional recharge
flux assigned in the irrigated agriculture area was between 15 and
35% of the total water used for irrigation, according to the dif-
ferent crop type in areas with similar climatic characteristics.
Groundwater inflow coming from the western flank of the aqui-
fer was estimated according to values reported by Cruz Falcon
et al. (2013), who estimated the horizontal inflows through
pumping tests.

A two-stage calibration was performed. First, the flow
model was calibrated for the steady-state mode by matching
the hydraulic-heads calculated by the model to the measured
groundwater levels of 42 wells, which belong to the monitor-
ing network of CONAGUA. It is important to mention that
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water level measurements have been performed approximate-
ly once a year by CONAGUA using water level meters (man-
ual method) and taking the reference level elevation derived
from differential GPS surveys. Although there are temporal
data about the hydraulic-heads in the majority of these wells,
CONAGUA has not been used to perform a rigorous seasonal
periodicity regarding these water-table measurements. Thus,
the selected year for steady-state conditions was 1997 because
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it was the year with the most hydraulic head coverage data.
The hydraulic conductivity and lateral influx rates in the south
were used as calibration parameters for the flow model.
Second, based on the outcomes of the first stage, the flow
model was calibrated in transient-state mode considering
20 years (1990-2010), featuring an automatic time-step con-
trol scheme on behalf of the stability given to the model and
natural convergence.
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Table 1

Initial values for three-dimensional hydraulic conductivity (k, k,, k), specific storage (S;), and porosity (V) of the different hydrogeological
units used in the model (adapted from Cruz-Falcon 2007; Monzalvo 2010)

Units  Description e (1x10%ms™) &k (1x10%*ms™") k£ (1x10%ms™") S(1x10*Lm") N

Layer 1 Alluvial material (sand, gravel) 1.0 1.0 0.1 3.5 0.37

Layer 2 Comondu and San Ignacio formation 0.15 0.15 0.015 7.5 0.15
(calc-alkaline rocks)

Layer 3 San Isidro formation (rhyolites, breccia, andesites, 0.031 0.031 0.0031 2.85 0.20
intercalated with conglomerates and sandstones)

Layer 4 Tepetate formation (marine sediments: 0.019 0.019 0.0019 435 0.10

sandstone and lutite)

For the purpose of evaluating the effectiveness of the
model, a qualitative and quantitative assessment was per-
formed. The qualitative assessment (calibration process)
consisted of comparing measured versus simulated hydrau-
lic heads of wells to identify outliers and bias of the model
by comparing it graphically against a 1:1 line (Pifieiro et al.
2008); furthermore, time series allow us to identify where
the model is more accurate (Vaze et al. 2011). Once the
hydraulic heads were adjusted from the steady-state simu-
lation, a quantitative assessment was carried out comparing
measured versus calculated hydraulic-heads using statisti-
cal techniques such as the coefficient of correlation (+?), the

Infoutflow on top/bottom
Time: 2555 [d]

[mm/a)

B 451

B 429

39.7

364

M 332

M 300

Fig. 3 Spatial distribution of annual water recharge by zones in 1997

RMSE and the Nash-Sutcliffe Goodness of fit (NSE-GOF;
Eq. 3), which are useful for describing the degree of collin-
earity between simulated and observed values (), identi-
fying the error measured in the units of interest (RMSE),
and evaluating the prediction of the model (NSE-GOF;
Moriasi et al. 2007; Ritter and Munoz-Carpena 2013;
Chai and Draxler 2014). The term SD in Eq. (3) denotes
the standard deviation of the observed values.

2
NSE-GOF = 1—[ !

(rase 1) +1
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Results and discussion

Geoelectrical survey results and contribution
to the flow model setup

The inverted TEM soundings (1D models) were interpolated
to generate resistivity slices at different depths, providing total
spatial coverage of the subsurface electrical distribution over
the aquifer exploitation area. The resistivity maps were used to
correlate the original geological model, including the fault
system (Table 2), as well as to delineate the seawater intrusion.

As an example, Fig. 4 shows the cross-section A—A’ where
nine TEM soundings were interpolated to generate a pseudo
2D model. This cross-section reaches approximately 500 m
deep and 22 km inland in the NW-SE direction starting from
the coastline (A—A’ location is shown in Fig. 5). The
shallowest layer shows a lateral variation with resistivity
values ranging from 5 to 20 2 m in the northwestern portion
and more than 20 €2 m in the opposite site of the profile. This
behavior could be associated with recent sediments (Unit
Ula). Additionally, the lower resistivities measured in these
materials may suggest intrusion of the seawater in unit U2
inland (red arrow). Another subunit has been defined as
Ulb, related to sands and altered rocks with resistivities rang-
ing from 15 to 50 2 m. Underlying these horizons, unit U3 is
defined as a low-medium resistivity layer that is most likely
associated with sands and rhyolitic boles in a clay matrix of
low permeability. This unit is probably responsible for
preventing the inland advance of seawater in unit U2.
Underneath this layer, subunit U4a is found in the southern
portion, mainly composed of sandy-clayey materials with re-
sistivity values less than 15 2 m. Although groundwater is
currently extracted from subunit Ulb (the maximum depth of
the wells in this subunit is approximately 200 m), subunit U4a
may be considered a potential groundwater source. A different
horizon (U4b) is found below 300 m depth, showing resistiv-
ities ranging from 15 to 35 €2 m, most likely associated with
sandy-clayey materials. Finally, in the southeastern portion of

the profile, the granitic intrusive basement is observed as a
high resistivity anomaly with values greater than 100 {2 m.

On the horizontal slices, the low-resistivity zone (subunit
Ula) is found in the northern area along La Paz Bay. This
conductive zone extends to a depth of approximately 75 m
(Fig. 5) and most likely indicates the presence of brackish
water as a result of seawater intrusion into the sandy material
and altered rocks. Between depths of 100 and 200 m, unit U3
is predominant in the central region of the area and can be
associated with agglomerates and sandy materials; however,
in the southern region, low permeability sands and igneous
rocks are inferred (Fig. 5). Below this horizon, between 200 to
300 m, there is a layer characterized by the presence of brack-
ish water in the northern portion and clayey matrix rocks in the
middle of the valley. Nevertheless, at the bottom of this hori-
zon (between 250 and 300 m), a sandy-clayey layer appears
and extends from the center to the SW. The deepest layer
reached by the geoelectrical study (400-500 m) suggests the
presence of granitic igneous rocks, which are considered the
basement of the aquifer. The results of the horizontal depth
slices were compared with borehole information and were
used as an input for groundwater flow modeling.

Figure 5 clearly shows the influence of the saline intrusion
in the northern portion of the La Paz aquifer in Baja California
(<10 © m). It is possible that other structures are buried by the
volcanic breccia to the NW of the study area, in such a way that
the marine intrusion can extend to the SW of the coastline. At
greater depths, the media becomes more resistive, whereby the
influence of the marine intrusion only developed in the
shallower units. Figure 5 also shows high-resistivity values in
the shallower layers that cover most of the study area, and could
be associated with the low water content in the volcanic rock.

According to the geoelectric study, the system works as an
unconfined aquifer consisting of granular materials (gravels
and sands) in the groundwater exploitation area, which is un-
derlain by a semiconfined aquifer formed by a layer of frac-
tured volcanic rock. Finally, the basement is identified as gra-
nitic intrusive and compact metamorphic complexes;

Table 2 Correlation between

Lithological composition

geoelectrical units and the Gepelectric Resistivity range
lithological composition in the unit [€2 m]
study area
Ula Less than 12
Ulb More than 12
U2 1-15
U3 10-50
Uda 1-12
U4b 12-30
us More than 20

Saturated fine-to-medium granular materials, probably influenced by
seawater intrusion or brine

Soil, dry sands and altered rock

Saturated fine-to-medium granular materials, possibly with brackish wa-
ter

Thick materials (agglomerates, sands and rhyolitic boles) in low
permeability clay matrix

Saturated sandy-clayey materials and saturated sandy-clayey tuffs
Sandy materials and rhyolitic boles
Low permeability igneous rocks (granitic composition)
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furthermore, these two aquifers (the shallow overexploited
aquifer and the deeper unexploited aquifer) have variable
depths. The first aquifer is quite horizontally homogenous
reaching almost 200 m of thickness, while the second aquifer
varies from 200 to 400 m depth, which is in agreement with
the results from previous studies (e.g. Cruz-Falcon et al.
2010).

Density-dependent flow modeling

Calibration of the flow model was developed in two phases. In
the first stage, flow model calibration under steady-state condi-
tions was performed using the hydraulic head values of 42
observation wells across the domain area recorded by
CONAGUA in 1997 (Fig. 3). Once the results were obtained,
the performance of the model was evaluated first by a visual
inspection through a scatter plot graph between observed and
simulated head values looking for an adjustment close to the 1:1
line (Fig. 6), which helped to identify the presence of outliers or
bias in the model (Moriasi et al. 2007; Ritter and Mufoz-
Carpena 2013). Following this evaluation, a statistical assess-
ment was completed, obtaining a good fit reflected in the values
of 7*=0.96, RMSE=8.11 m, and NSE-GOF =0.99.
Accordingly, the groundwater flow model can be considered
a model that successfully reproduces steady-state conditions.
The second-stage calibration of the flow model consisted
of calibrating the model in the transient-state mode, in which
an annual variability flow boundary condition was considered
in the southern model boundary. In this step, the number of
wells used was reduced from 42 to 20 due to a lack of
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Fig. 4 Resistivity cross-section A—A' showing the different geoelectric units (the location of the profile is shown in Fig. 5)

information over the period. The results obtained for this cali-
bration showed a lower percentage of adjustment in comparison
with the steady-state condition (r2 =0.85, RMSE=3.53 m,
NSE-GOF =0.75); however, these numbers can be considered
satisfactory adjustment values. With this estimation achieved, it
is possible to simulate and infer the tendency of the groundwa-
ter level fluctuations for each well and, therefore, the model can
be further used for forecasting, taking into account the respec-
tive uncertainty analysis, which can be computed using differ-
ent techniques such as null-space Monte Carlo method and
linear uncertainty analysis, among others (Herckenrath et al.
2011; Sepulveda and Doherty 2015).

Figure 7 depicts the observed versus simulated groundwa-
ter levels for six selected wells in different zones (urban, ag-
ricultural, and coastal zones) along the study area. Overall,
almost all the wells located in the urban zone of La Paz
showed a small water-table rise between 2000 and 2010. In
fact, well 416 (located in the eastern part of the city) showed
the largest water-table rise during this period, increasing from
1.7 to 10.0 m asl. Previous work indicated that the chemistry
of the groundwater in the urban zone is similar to that of the
groundwater in the recharge areas of El Novillo and Las
Cruces ranges (Tamez-Meléndez et al. 2016). In addition,
the city of La Paz is supplied by groundwater taken from wells
located in those recharge zones, which confirms that the in-
crease in the water table in the urbanized zone is due to the
infiltration from leaks of the obsolete water supply system,
which was estimated on the order of 6.9 million m® year .
On the other hand, the wells located in the agricultural zone
showed a general downward trend in the water table from

@ Springer



2964 Hydrogeol J (2019) 27:2955-2972

550000 560000 570000 580000 550000 560000 570000 580000

2670000
2670000

(=]
(=3
(=]
(=]
©
©o
~N

2650000 2660000

2650000

2640000
2640000

550000 560000 570000 580000

550000 560000 570000 580000

550000 560000 570000 580000

550000 560000 570000 580000

2670000
2670000

2650000 2660000
2660000

2650000

2640000
2640000

550000 560000 570000 580000 550000 560000 570000 580000

550000 560000

550000 560000 570000 580000 570000 580000

L'a Paz]

o
=]
=
o
~
©
o~

2670000
2670000

2660000
2660000
2660000

2650000
2650000
2650000

2640000
2640000
2640000

550000 560000 550000 560000 570000 580000

Legend

e TEM Soundings
Profile A-A’

Resistivity (€2.m)
Fig. 5 a-f Horizontal depth slices of electrical resistivity generated at depths of 25, 50, 100, 200, 300, and 500 m

@ Springer



Hydrogeol J (2019) 27:2955-2972 2965
Fig.6 Simulated versus observed 160
hydraulic head values under r2=0.96
steady-state conditions 140 RMSE=38.11

e NSE-GOF = 0.99 o

£ 12 —

t - Ed

@ 100 1

£ e

E— 80 _ -

5 R

T 60 T

S -

& = g -

g 40

g

g 20 2

[7,) rd

o) . ’

o 0 s{(ﬂ .

o -
20 #°
-20 0 20 40 60 80 100 120

2000 to 2010 (the water table values of wells 152 and 205 are
examples of this trend), with groundwater levels between 2
and 8 m below sea level (m bsl) on average. However, the
wells located close to the coastline showed no significant tem-
poral changes in the water table (probably due to seawater
recharge), with levels that varied between 3.0 m asl and
1.6 m bsl (wells 368 and 197-A, Fig. 7).

Figure 8a illustrates the hydraulic head contours in slice 1
(50 m depth), which shows the zero head extending from the
coastline to the east-central portion of the valley, approximate-
ly in the area between the city of La Paz and the agricultural
zone. This finding suggests that the hydraulic gradient has
been inverted due to the cone of depression caused by inten-
sive pumping in the agricultural area, thereby leading a flow
coming from sea to inland. Based on the water-table levels
discussed previously and contrasting them with the simulated
hydraulic heads in Fig. 8a and the calculation of backward
streamlines generated from each pumping well in Fig. 8b, an
important flow coming from the southeastern region of the
study areca—recharge area of El Novillo mountain range
(Fig. 1)—could be inferred. This flow has helped to slow
down the advancement of the freshwater—saltwater interface
between La Paz (towards the south of the city) and the agri-
cultural lands, mitigating the saline intrusion. According to the
model calculations, the groundwater residence time extends
up to 1,500 years (Fig. 8b). Figure 8a also shows that some
local flow lines are originating at the coastline and connecting
with the city of La Paz, indicating pathways for saline-water
intrusion towards the city. Coinciding with the interpretation
of Figs. 7 and 8a,b, the inversion of the hydraulic gradient has
caused the wells located in the agricultural area (towards the

Simulated hydraulic head (m)

southwest of the city of La Paz) to extract groundwater with
flow patterns come from both the coastline and the southern/
southeastern portion of the study area, promoting the mixing
of freshwater with seawater and, therefore, increasing the sa-
linity gradient in the aforementioned overexploited areas.

Evolution of seawater intrusion in the last 20 years

In order to evaluate the historical evolution of seawater intrusion,
different isolines were generated for measured chloride concen-
trations (250, 500, 750, 1,000 and 1,500 mg L*I) in the study
area from 1996 to 2015 (Fig. 9). The isolines were created by
interpolation of point values through the inverse distance
weighting method. The chloride data of the years 1996, 2001
and 2005 were provided by CONAGUA, chloride data of
2010 were obtained from CONAGUA and Rosales-Ramirez
(2012), whereas the data of 2013 and 2015 were obtained from
published (Tamez-Meléndez et al. 2016) and unpublished works
performed by our team. The changing monitoring network of
chloride concentration over time represents a limitation.

Of these isolines, the concentration of 250 mg L' is an es-
sential value because it is the taste-based recommended concen-
tration of chloride in drinking water established by the World
Health Organization (WHO 2011), whereby beyond this level,
the taste could usually be affected. The results indicate that from
1996 to 2010, the green area (<250 mg L’l) tends to cover a
wider area of La Paz, whereas the yellow isoline (between 750
and 1,000 mg L") tends to disappear in the city area, which
suggests the retreat of the freshwater—saltwater interface in the
city during this period. This finding agrees with the water-table
increase in the wells located in the city (Fig. 7), which is caused
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Fig. 7 Example of observed versus simulated groundwater levels in six selected wells applying the transient-state mode (the locations of the wells are

shown in Fig. 2)
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by artificial recharge coming from the water-supply-system
leaks. Conversely, the red area (>1,500 mg Lfl) shows an in-
creasing trend in the center of the irrigation district from 1996 to
2001, which agrees with the descending water-table behavior of
the wells located in the agricultural zone between the years 1995
and 2000. Thus, the enhancement of the >1,500 mg L' isoline is
undoubtedly due to the advancement of the freshwater—seawater
interface as a consequence of the heavy groundwater extraction
for irrigation purposes. Towards the south, the green area
(<250 mg L") has progressed in the same period from Carrizal
Valley towards the city of La Paz, oscillating between 6.5 and
8 km from the southern part of La Paz Bay. This isoline is mainly
affected by two groundwater regional flows coming from the
southern and southeastern parts of the aquifer, as previously de-
scribed. In fact, this portion of the aquifer hosts the main produc-
tion wells operated and exploited by the water utility of La Paz,
who maintain the chloride concentrations below the taste-based
limit mentioned by WHO, thereby satisfying the current water
quality conditions for the public drinking water system.
Otherwise, the isoline of 1,000 mg L ! (concentration considered
to be the limit between freshwater and brackish water) showed an
advance in 2001 with regard to 1996. However, this isoline has
been retreating since 2001, showing a reduction of 2.1 km in the
area near El Centenario and 5.3-6.5 km to the east of this com-
munity in 2015. Nevertheless, despite the overexploitation of this
aquifer system, almost all the chloride isolines have retreated in
2015 in comparison with those in previous years, indicating that
there was an efficient aquifer recharge in the last several years
that diluted the groundwater.

One of the possible causes of the retreat of the seawater
intrusion interphase can be attributed to the fact that in
periods prior to those included in this work, some
prolonged droughts were present since the 1950s in north-
ern Mexico, as described in other works (CONAGUA
2014; Dominguez 2016). Those droughts could have
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caused water stress on the aquifer favoring the advance-
ment of the seawater intrusion, and after this stress, the
aquifer has been recovering to its natural condition. In ad-
dition, another variable to consider is that there was no
proper regulation and control of groundwater resources in
Mexico until 1992. In that year, the Law on National
Waters of Mexico was created, and it was not until 1994
when a national registry of wells was implemented, where
the number of wells, the different uses and the allocation of
groundwater was reported for each aquifer (CONAGUA
2012; Pineda Pablos et al. 2014). This information leads
to an additional consideration of droughts because exces-
sive exploitation was carried out in the years before those
considered in this study. However, these policies were
enacted according to political and economic needs, some-
times obviating the aquifer overdraft (Hoogesteger 2018;
Bhattacharjee et al. 2019). Another factor to take into ac-
count in the retreat of the freshwater—saltwater interface, is
the occurrence of high precipitation events (hurricanes) in
the south of Baja California, which increases precipitation
significantly in a short time compared to the monthly av-
erage precipitation (Fig. 10). These extraordinary high-
precipitation events have been demonstrated to decrease
the risk of a water crisis in other semiarid regions of north-
ern Mexico (Sisto et al. 2016). However, the contribution
of hurricanes is not a piece of conclusive evidence for the
aquifer recharge in this region, because the annual precip-
itation values do not show an increased tendency over
time. Therefore, the contribution of the three mentioned
factors (absence of extended drought periods, implementa-
tion of a national registry of wells and hurricanes) should
be taken into account together as the probable explanation
of the recent trend of the freshwater—seawater moving back
to the coastline in the La Paz aquifer, despite the continu-
ous overextraction of groundwater.
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Conclusions

A tool for simulating, monitoring and managing saltwater
intrusion was developed for a coastal area with a complex,
heterogeneous aquifer system. This tool can provide support
for decision-making for sustainable groundwater management
in an arid coastal region with an intensified water demand due
to increasing urbanization, tourism and agriculture. The re-
sults obtained from the 3D density-dependent flow model
constrained by electromagnetic resistivity and geological data
confirm that a freshwater—saltwater intrusion interface has
been present in this area over the last two decades. Heavy
groundwater extractions, mainly originating from the agricul-
tural sector, produced a large cone of depression and hydraulic
inversion of groundwater flow from the coastline to the
central-eastern portion of the aquifer and, in turn, led to sea-
water intrusion along the coastline with an advancement of 6—
8 km. Reverse-particle-tracking calculations revealed that
groundwater originated mainly from the recharge areas in
the El Novillo mountain range located in the southeastern
portion of the basin and provided freshwater to this over-
exploited area, counteracting the advancement of the
freshwater—saltwater interface. Historical information on chlo-
ride concentrations revealed that salinization is not a process
that advances in one direction, but rather consists of alternat-
ing advancement and retreat of the freshwater—seawater intru-
sion interface, according to changes in climate and/or regula-
tory rules. Future investigations should consider the forecast-
ing of groundwater models considering uncertainty analysis.
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