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Abstract: The Independence Basin is located in a semi-arid region of Mexico, delimited predominantly
by volcanic mountains. Around 30 m3/s of water are extracted from regional aquifers mainly for
agro-export activities, causing declines in the water table of up to 10 m/a, increased temperature and
dissolved elements that are harmful to health and the environment. Regional groundwater coupled
flow and heat transport under current conditions were studied on a basin-wide scale (7000 km?)
using a three-dimensional finite-element model under steady-state conditions to provide support for
water management decisions and transient modeling. Isothermal, forced and free thermal convection
under existing hydrological conditions prior to pumping are analyzed. The results show that the
interaction of topography-driven groundwater flow and buoyancy-driven free thermal convection
are consistent with historical hydrological records, the characteristics of the water table, and thermal
anomalies observed in the basin. The simulated groundwater recharge is near 7 £ 0.25 m?3/s, abalance
broken since the 1980s by extensive pumping. The results show the importance of considering the
groundwater temperature, its transient response in the evolution of groundwater extraction, and the
upward migration of a thermal front through the fractured aquifer that has increased risks for health
and sustainability.

Keywords: groundwater flow systems; heat transport; sustainability; water management

1. Introduction
Description of the Study Basin

The Independence Basin (IB) is representative of the new paradigm of water manage-
ment in Mexico, introduced in 2000 with the incorporation of the Gravitational Systems
of Groundwater Flow into the comprehensive study of water on the scale of hydrological
basins. The earlier paradigm was characterized by artificial administrative limits imposed
on watersheds and aquifers that began to dominate in the 1970s and 1980s. That approach
divided the natural basin, officially called the Cuenca Alta del Rio La Laja (Upper La Laja
River Basin), into four or six artificial administrative units [1,2].

Covering an area of 7000 km?, the IB is in the state of Guanajuato in the semi-arid
region of Mexico (Figure 1). It forms part of the continental watershed that separates the
Lerma-Chapala basin, which drains towards the Pacific Ocean, from the Panuco basin that
drains into the Gulf of Mexico. Seven important municipalities exist in the IB: Dolores
Hidalgo, San Felipe, San Diego de la Unién, San Luis de la Paz, Dr. Mora, San José
Iturbide, and San Miguel de Allende (Figure 1). They have a combined population of
over 500,000 inhabitants who depend almost exclusively on groundwater for human
consumption, agriculture, and industry. Around 30 m?/s are currently being extracted
from two aquifers, one granular and the other fractured. Around 80% is for agro-export
industries. Various thermal anomalies are observable in springs and wells in the basin [2].
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Independence Basin

Figure 1. Location of the Independence Basin and its divide in the state of Guanajuato, central
Mexico. The municipalities that comprise the IB are San Felipe, San Diego de la Unién, San Luis de la
Paz, Dolores Hidalgo, San Miguel Allende, Dr. Mora, and San José Iturbide. Small fractions of the
municipalities of Guanajuato (G), Leén (L) and Ocampo (O) also belong to the IB.

Elevations in the basin vary from 1840 m above sea level (masl) at its exit from the
Allende Dam to 2900 masl in the San José Iturbide (S-S]I), San Diego de la Unién (S-SDU)
and Guanajuato sierras (S5-G). In the central area, an elevation of 2000 masl predominates,
while altitudes in the other mountains range from 2500 to 2800 masl: Sierra Santa Barbara
(S-SB), Sierra San Luis de la Paz-Mineral de Pozos (5-SLP-MP), Sierra Doctor Mora (S-DM),
Sierra San José Iturbide-Zamorano (S-SJI), Sierra Picachos-Tambula, and Sierra Codornices
(5-C) (Figure 2).
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Figure 2. Domain of the Independence Basin showing the elevation of mountain massifs and the
course of the La Laja River that runs northwest-to-south. Several features of the flow system are
shown, including the main discharge area in the central part of the basin (blue circle) associated
with saline soils, phreatophytes, and thermal springs. Boundary conditions for flow (blue) and heat
(red) are indicated. The sites of two ancient lakes, Juagué Nandé and Curi Nitz, appear in cyan. The
main sierras that delimit the IB are Guanajuato (5-G), Santa Barbara (5-SB), San Diego de la Unién
(S-SDU), San Luis de la Paz-Mineral de Pozos (S-SLP-MP), Dr. Mora (S-DMR), San José Iturbide
(S-SJI), Picachos-Tambula (S-PT), and Codornices (S-C). Two important mining districts are circled in
red: Guanajuato (MD-G) and Mineral de Pozos (MD-MP). Vertical exaggeration of the scale is 5:1.
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Two shallow lakes (Juagué Nandé, Curi Nitz) existed until the second half of the 16th
century in the eastern part of the IB, but were drained during the conquest. Curi Nitz
remained as a wetland [3,4] (Figure 2). Pumping from the main aquifers began in the
early 20th century with the drilling of the first wells. Extraction increased substantially
in the early 1980s, causing a lowering of the water table, a temperature increase over
time, and regional contamination of groundwater, with severe impacts for health and the
environment [1,2]. While several studies of groundwater flow and water quality have been
carried out in the IB, none have included a comprehensive analysis of the regional flow
considering the effects of temperature. Numerous mathematical models have been applied
to the study of artificial administrative aquifers since the 1980s, but they have relied on
the assumed boundary conditions of the aquifers. Factors such as mountain massifs, the
configuration of the water table in the mountains, and the hydraulic connections between
mountains and the main aquifers have not yet been evaluated, despite the importance of
understanding the long-term response of the basin and its aquifers to intense pumping and
harmful solute migration.

The purpose of this research was to determine the hydrological influence of the
mountain ranges on hydraulic conditions in the main aquifers in the IB by identifying
the limits between the major units using three-dimensional modeling of evidence on the
natural conditions of flow and heat transport that existed before the destruction of forests
by mining activity in the 17th century and the progressive increase in pumping since the
1950s. The study is significant because it provides insight into the coupled analysis of
flow system-heat transport to support realistic modeling of the aquifers’ transient, long-
term response to pumping. It also provides a basis for understanding solute transport, a
condition that exists in other regions of Mexico due to the country’s geological evolution.

This long-term study will also improve our understanding of the groundwater flow
system in the region to help prevent, control, and mitigate negative impacts on health and
the environment caused by the migration of thermal water rich in arsenic, fluoride, and
other elements, possibly induced by the accelerated lowering of the water table.

2. Hydrogeology of the Basin
2.1. Geology

The IB is located in the vicinity of three geological provinces: the Sierra Madre Occi-
dental, Trans-Mexican Neovolcanic Belt, and North American plate, where various types
of rocks and sediments exist due to complex geological evolution. The lithological units
that outcrop in the IB are divided into two large groups: basal complex and Cenozoic
cover [5,6]. The former is composed of volcano-sedimentary rocks of Lower Cretaceous
age related to the Guerrero Terrain, and a sequence of island arcs [7,8]. The latter has two
members: (1) volcanic rocks of predominantly rhyolitic composition and sediments that
date from the Eocene to the early Miocene, associated with the evolution of the Sierra
Madre Occidental (SMQOc); and (2) intermediate-to-mafic volcanic rocks and sediments
with trace back to the late Miocene to late Pliocene [9-11].

Volcanic activity in the region has alternated with periods of intense erosion and
sedimentation that filled tectonic depressions, forming the current granular aquifer in the
central area. During the Cenozoic, the main structures were faults and fractures, products
of extension which cut stratigraphic units that allow us to distinguish several faulting
events that occurred from the Paleocene-Eocene to the Pliocene, and possibly into the
Pleistocene [5,12]. The Basin is also at the limits of two geothermal provinces: the Central
Intraplate Volcanism and Mexican Volcanic Belt (MVB) [13].

2.2. Hydrostratigraphy

From a hydrogeological perspective, there are two main aquifers, one fractured gener-
ally with volcanic rocks of rhyolitic and ignimbritic composition, and the other granular,
made up of lacustrine and volcanoclastic deposits [2]. The fractured aquifer outcrops
mainly in the mountains that delimit the basin and in Tertiary volcanic assemblages that
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extend underground. The granular aquifer covers the fractured aquifer inside the basin
with average thicknesses of 100-200 m and, though only in four areas associated with rift
valleys, 300-400 m. Approximately 80% and 20%, respectively, of existing wells are in the
granular and fractured aquifers, which are exploited individually and in a mixed mode
indicative of hydraulic continuity between them.

2.3. Natural Manifestations of Groundwater Conditions

Figure 2 shows the different types of evidence associated with the regional groundwa-
ter flow systems in the basin, such as lacustrine zones, springs, saline soils, and phreato-
phytic vegetation. Evidence is concentrated in two specific zones: (1) the eastern zone (San
Luis de la Paz-Dr. Mora-San José Iturbide); and (2) the central-southeastern zone (Dolores
Hidalgo-San Miguel de Allende).

In pre-Hispanic times, two important lakes — Juagué-Nandé and Curi-Nitz (Figure 2)
— existed, both regulated by the Chichimecas (a First Nation People that inhabited north and
lower-west Mexico) by means of dams [4]. Based on digital topographic information, the
Juagué-Nandé Lake (now known as Laguna Seca [dry lake]) is delimited by the elevation of
1990 masl, while the lacustrine influence on the Curi-Nitz Lake (site of the La Cebada dam)
extended to the town of Dr. Mora, formerly Charcas (i.e., accumulation of water on the
ground [pond]) (Figure 2). Saline soils developed in two main areas: El Salitre, where the
Curi Nitz Lake existed, and Tequisquiapan (place on the tequesquite (salt) river, or saltpeter)
in the main area of groundwater discharge in the central area of the IB delimited by the
area inside the blue circle (Figure 2).

The founding of major cities in the basin occurred in zones with springs (SF, SLP,
SDU, SMA)) and areas with shallow water tables (SJI-DM). Important thermal springs have
been described near the La Laja River, between the cities of SMA and DH, called Xot¢,
Montecillo, and Atotonilco (place of hot water) [3]. All these cities are in the main discharge
zone in the central area of the basin. Numerous springs have been reported over time in
mountainous areas, but most have disappeared.

2.4. Historical and Current Manifestations of Groundwater Conditions

The presence of a water table in the mountain massifs surrounding the IB is evident
from the mining activity that has been ongoing since the 18th century, especially in the
Mineral de Pozos and Guanajuato districts (Figure 2). In the late 19th century, many
mines were flooded during a period when mining had been suspended due to Mexico’s
War of Independence (1810-1821) [14,15]. Based on the depth of the flood levels and the
elevation of the terrain, the position of the hydraulic head in the mountains was estimated
in the range of 2200-2400 m. In the central area of the basin and the proximities of the La
Laja River, various thermal groundwater anomalies are still observable in springs in the
Atotonilco-Tequisquiapan discharge area, the site of numerous spas, and in the temperature
of several wells near the basin.

2.5. Preliminary Water Budget

Three methods were applied to estimate the range of values for the groundwater
budget in the basin: (a) infiltration rates from average precipitation; (b) base flow from total
streamflow in the La Laja River based on old records; and (c) the evolution of water table
decline due to groundwater extraction in 1950-2010. Annual average precipitation over a
50-year period was 477.6 &= 119.9 mm; evaporation was 1906.6 £ 167 mm and the aridity
index was 0.2547 4+ 0.0747 in the central area of the basin [16] and 850 mm in the Sierra
de Guanajuato [17]. At the outlet from the basin, average rainfall was 497.9 mm and the
potential evaporation above 2000 mm [18]. In a first stage of analysis, different infiltration
rates were considered for both the mountainous areas and the lowlands. To include the
effect of rainfall with the topography, various infiltration rates proportional to the elevation
of the terrain were established using the range of precipitation.
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Previous analyses of the regional groundwater flow in the Basin of Mexico (P = 600 mm-—
1200 mm) and the Amacuzac Basin (P = 800 mm-1500 mm), both southeast of the IB,
found that a recharge of 30-50% of the average precipitation was representative for the
hydrogeological study [19,20]. In the semi-arid environment of the IB, however, lower
recharge rates are expected.

Total streamflow in the La Laja River, between 1970 and 2000, showed a general
decline from 475 x 10° m3/a in 1971 (three years after construction of the Allende dam
at the exit of the basin) to about 100 x 10° m3/a in 2000; this can be explained by the
effects of groundwater extraction. Minimum baseflow represented 20 x 10° m3/a (5%)
to 34 x 10° m>/a (13%) of total streamflow in the 1970s [18]. These baseflow values may
be underestimated because they were considered as the minimum streamflow rates and
were not calculated by separation of the unitary hydrographs.

Groundwater extraction in the basin began in the 1950s. Evidence of a significant
decline in the water table appeared in the late 1970s as groundwater extraction increased
from about 300 x 10° m3/a to 412 x 10° m3/a in 1980, with significant regional declines
in the water table, which signal that the safe yield was exceeded and that over extraction
from the aquifer had begun (Figure 3).
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Figure 3. Evolution of groundwater extraction and annual decline of the water table at different
places in the IB. Data are based on several hydrogeological studies conducted since the 1970s [2].
Blue circles represent the evolution, of groundwater extraction over time with an approximately
exponential trend; the squares, triangles, and rhombuses show the decline of the water table at several
locations in the aquifer. The zones with historically shallow water tables are visible near the ancient
lakes and discharge areas (red squares).

These three ways of approaching the water budget in the IB give an idea of the
limits of the modeling analysis in terms of recharge and the hydrogeological conditions of
the domain.

2.6. Previous Modeling

Several models have been applied in the IB on a regional scale to evaluate ground-
water extraction under isothermal conditions, but comprehensive numerical simulations
including coupled fluid flow and heat transport for the hydrogeological settings have not
yet been carried out in the region.
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3. Materials and Methods

A three-dimensional, finite-element model was used to study the regional flow charac-
teristics of the saturated zone under steady-state conditions in the IB, for both isothermal
conditions and temperature-dependent parameters. For the numerical analysis, the natural
conditions were considered before the lakes were drained and prior to deforestation due to
mining activities and pumping.

3.1. Conceptual Model of Flow

The conceptual model of flow is based on the groundwater conditions in the IB de-
scribed in the previous section and the following considerations: (1) the flow system is
gravity driven; (2) on the basin scale, there is a dynamic equilibrium between inputs and
outputs, so the flow system can approximate a steady-state flow field; (3) K is homogeneous
in each hydrogeological unit with main directions aligned with the coordinate axis, though
anisotropic; (4) on a regional scale, fractured media can be estimated by equivalent porous
media; (5) the water table in the mountains cannot be consistently higher than the topogra-
phy; (6) its elevation cannot be too low either because this would be inconsistent with the
existence of some springs or due to the position of the historical water table; (7) the flow at
the boundary cannot be greater than the existing precipitation ranges [20-33]; and (8) in
the scenarios in which the numerical analysis of coupled flow-heat transport processes is
carried out, the role of topography in heat transport is considered in addition to the above
assumptions [34-37].

Hydraulic conductivity and recharge rate values were adjusted to meet natural con-
straints, achieve a reasonable position of the water table in the mountains, and reproduce
the general features of the flow and thermal patterns in the discharge zones. In addition,
field visits and the collection and review of available field data on regional geological
information, published hydrogeological studies in the basin with information on wells,
piezometric data, results of pumping tests, and static data on river levels were all carried
out. Information on precipitation rates, records of direct runoff at the outlet of the La Laja
River and infiltration, along with digital topographic, hydrological, soil, and vegetation
maps on different scales were used, and reference was made to geochemical and isotopic
field data for some parts of the producing aquifers [1,2].

3.2. Modeling of the Flow System and Heat Transport

The physical system is represented by the three-dimensional scheme shown in Figure 2,
where the groundwater flow system is assumed to be steady-state and the aquifer material
is stratified and homogeneous but anisotropic. Three scenarios are analyzed (Table 1):
(1) topography-driven groundwater flow where the fluid is considered isothermal, diluted,
and incompressible, with the two types of thermal convection (forced and free); (2) interac-
tion of topography-driven groundwater flow and forced convection with constant fluid
viscosity and linear dependence of density on temperature (Convective 1); and (3) interac-
tion of topography-driven groundwater flow and buoyancy-driven free thermal convection
(Convective 2) with variable both density and viscosity. Based on the results of these
simulations, two-dimensional cross-sections were constructed, parallel to the flow direction
in the basin from the main mountain ranges to the La Laja River, passing through points
where more detailed, reliable hydrogeological information is available. The following
sections present information on the distribution of the hydraulic head, Darcy flux, and
temperature for the scenarios analyzed.

3.2.1. Description of the Numerical Model

The model used is FEFLOW® 6.2, which solves the equations governing flow, mass,
and heat transport in porous and fractured media using a multidimensional, finite-element
method for complex geometric and parametric situations, including variable fluid density,
variable saturation, free surface(s), multispecies reaction kinetics, and non-isothermal flow
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effects. This model satisfied the assumptions described above and directly solved potentials
and heat transport, with details of the theory by [38].

Table 1. Scenarios considered in the modeling analysis of flow and heat transport.

Scenario Density Viscosity

I. Isothermal Constant Constant

II. Convective 1 Linear dependency on T ! Constant
III. Convective 2 Nonlinear dependency on T Variable-dependent on T

LT temperature.

A temperature-based equation describing three-dimensional conductive and advective
heat transfer in a porous medium [39] is:

d cwT
GuwPwCwT + d)spsCST) =V Pofu”

o IR (P g7) | + VA (Knn VT) 45 (1)
w

where ¢ is the volume fraction of water (w), solid (s) and mixed water—solid properties
(m); T(x,y,z,t) is the temperature field in three spatial dimensions over time; p is material
density; c is specific heat; pc is the volumetric heat capacity; S, is for heat sinks or sources;
PwCy is the heat energy transfer by the movement of the fluid mass through the porous
medium; k is the solid’s permeability; K is thermal conductivity.

For nonlinear temperature-dependent density [38]:

o(T) = a+bT +cT> +dT? +eT* + fT° + gT® )

where, 2 =9.99838 x 10%; b = 6.764771 x 1072, ¢ = —8.993699 x 10~%;d = 9.143518 x 10~>;
e=—8.90073913 x 10~7; f =5.291959 x 10~%; g = —1.359813 x 10~ 1.
For temperature-dependent viscosity [38]:

_I-150 . Tob—150
¢="00 %= 100 ©
H 1407063, —0.04832 ({o)° )

Mo 1+40.7063-7 —0.04832 ()°

where, y is the fluid viscosity and p, is the dynamic water viscosity.

3.2.2. Boundary Conditions

Figure 2 shows the boundary conditions for potentials and temperature. The lateral
boundaries of the basin and its lower boundary constitute no-flow boundaries. The bound-
ary condition along the water table (upper boundary) is a flow or second-type (Neumann)
boundary. The position of the water table adjusts to inflow because the position is un-
known a priori. The solution is therefore iterative until the water table converges to its
final position for the specified parameters and conditions. The reference for hydraulic
potentials is sea level, where volcanic and sedimentary rocks of marine origin at that depth
are considered impermeable.

As part of the analysis, upper limits of 1990 m and 2050 m — representing the approx-
imate former surface elevation of the Juagué Nandé and Curi Nitz lakes — were specified
for the upper limit. The elevation of the La Laja River was specified as a Dirichlet-type
boundary. The length of this boundary, as a discharge zone, was modified throughout
the flow and heat transport simulations for comparisons to the hydrogeological evidence
gathered in the field.

For temperature, the lateral borders are isolated or non-conductive. The upper and
lower boundaries are of the Dirichlet type with constant temperatures of 20 °C and 100 °C,
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respectively. Along the discharge zone represented by the La Laja River, a strip between
1 and 5 km wide was left open on each side to determine the temperature distribution.

The flow domain was discretized in an unstructured three-dimensional mesh of
6000 linear pentahedra and 20 layers, each one separated by 100 m. The map scale used for
this work was based on the INEGI digital elevation model (2019). Contour lines spaced
every 10 m were derived for terrain elevation using QGIS®.

3.2.3. Modeling Strategy

The domain of Figure 2 was modeled in two aquifers—one granular, the other
fractured—considering a simplification of the hydrostratigraphy. The former had an
average thickness of 200400 m; the fractured aquifer was at the limits of the basin with
continuity towards its interior below the granular one. Based on this geometry, the effects
of different infiltration rates of the average annual precipitation with altitude in the flow
domain were studied, varying the hydraulic conductivities of the hydrogeological units
and using alternative boundary conditions within the range of established values. Of
interest for this analysis are the configuration of the water table and the distribution of
temperature due to convection in the system.

After several simulations, the regional flow conditions for the potentials and tempera-
ture distributions in the IB were reproduced reasonably with respect to the hydraulic field
data. The distribution of potentials, flow lines, and groundwater temperature were used to
explain the manifestations observed in flow and the possible effects on the system after
artificial drainage of lake water, deforestation, and pumping.

4. Results

Table 2 presents the parameters used to analyze flow and heat transport. Hydraulic
conductivity values show good agreement with those measured in other hydrogeological
studies and reports in the literature. Figure 4 shows the distribution of the granular
(Kxx =1 m/d) and fractured (Kxx = 0.1 m/d) aquifers. Anisotropy is 0.1 for Kyy and 0.01
for K,,.

Table 2. Parameters for the flow and heat transport in granular and fractured media.

Definition Symbol Value Unit
Hydraulic conductivity K ! m/d
K 0.1 m/d
Granular Y
Porosity Kz 0.01 m/d
€ 0.3 Vol/vol
Hydraulic conductivity Ko 0.1 m/d
K 0.01 m/d
Fractured v
Porosity Kz 0.001 m/d
€ 0.1 Vol/vol
Hydraulic-head BC Elevation Laja River m
Fluid-flux BC Infiltration rate with elevation m/d
Surface temperature BC T 20 Celsius
Bottom temperature BC Tb 100 Celsius
Porosity € 0.1 Vol /vol
Volumetric head capacity of fluid psc® 42 MJ/m3 /K
Volumetric head capacity of solid Pe 2.56 MJ/m3/K
Thermal conductivity of fluid A 0.65 J/m/s/K
Thermal conductivity of solid A® 3 J/m/s/K
Anisotropy of solid thermal conductivity 1
Longitudinal dispersivity pd 5 m
Transverse dispersivity pd 0.5 m
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Figure 4. Geometry of the granular (red) and fractured media (dark magenta), the hydraulic conduc-
tivity distribution and anisotropy used for the modeling analysis is presented Table 2. The IB is about
100 km long by 70 km wide. Vertical exaggeration of the scale is 5:1.

The modeling results for the three scenarios described in Table 1 are grouped below as:
(1) hydraulic head distribution in the 3D domain with cut planes to show its behavior in the
subsoil (Figure 5a—c); (2) Darcy flow in plan view with the location of two sections parallel
to the flow direction in 2D, one from the western mountains to the La Laja river (W-Laja),
the other from the river to the eastern mountains (Laja-E) (Figure 6a—c); (3) hydraulic
head distribution and Darcy Flow in the W-Laja section (Figure 7a—c); (4) distribution
of hydraulic load and Darcy Flow in the Laja-E section (Figure 8a—c); (5) distribution of
hydraulic load and temperature in the W-Laja section (Figure 9a,b); (6) distribution of
hydraulic load and temperature in the Laja-E section (Figure 10a,b); and (7) distribution of
hydraulic loads and temperature in the 3D domain (Figure 11a,b). The second and third
scenarios underscore the role of forced thermal convection transport mechanisms in the IB.

Hydraulic head
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Hydraulic head
- Continuous -
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Figure 5. Hydraulic head distribution in the 3D domain: (a) topography-driven groundwater flow
isothermic, scenario I; (b) Convective 1, scenario II; and (c) Convective 2, scenario III, see Table 1.
Vertical exaggeration of the scale is 5:1.
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Figure 7. Cross-sections of W-Laja. Distribution of Darcy flow equipotential lines for: (a) isothermal,
scenario I; (b) convective 1, scenario II; and (c) convective 2, scenario III, see Table 1. Vertical
exaggeration of the scale is 5:1 and 8:1 for the bullets in Darcy flux.

3000 (m]
2700 [m]
»»»»» 2400 (m]
Darcy flux (nodal]
R el 2100 [m]
(m/d] 1800 {m]
W 0694696
W 0.17373 1500 {m]
00434465
1 00108651 1200 [l
W 0.00271715 900 [m]
I 0.000679507
W 0000169931 2 N e e e e T 600 [m]
M 4.24965€-05 300 [m]
W 1.06276e-05
W 265774e-06 0(m)

W 6.6465e-07
z

@% 0 2500 5000
— a)
...................................... S 3000 (m)
2700 {m]
Darcy flux (nodal) * 2400 {mj
S 2100 fm]
[m/d)
W0634696 i RN N e e e A N NN e e o L 1800 {m)
W 017373
00434465 1500 {m]
I 00108651 1200 {m)
M 0.00271715 N
M 0000679507 900 {m)
= 0.000169931 600 m)
4.24965e-05
W 106276605 ++ 300 {m]
M 26577de-06 o

W 6.6465e-07
z

\Ba 0 2500 5000

——— b)

Darey fxroda) o)
N [f,:‘,z'f - 2400 [m]
W 132178 <2100 {m]-
033768
H 00862684 + 1800m]
I 0.0220393 <+ 1500 {m]-
I 000563046
I 000143844 1200 (m}
M 0.000367483 900 {m]
M 9.38822e-05
M 23984de-05 600(m]-
M 6.12739%-06 - 300{m]
1.56539e-06
Iz =14 = : 0{m)
@é 0 2500 5000
S )

Figure 8. Cross-sections of Laja-E. Distribution of Darcy flux and equipotential lines for: (a) scenario
for isothermal conditions, scenario I; (b) Convective 1, scenario II; and (c) Convective 2, scenario III
(Table 1). Vertical exaggeration of the scale is 5:1 and 8:1 for the bullets in Darcy flux.
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Figure 9. Cross-sections of W-Laja. Distribution of temperature and equipotential lines for: (a) sce-
nario II (convective 1); and (b) scenario III (convective 2) (Table 1).
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Figure 10. Cross-sections of Laja-E. Distribution of temperature and equipotential lines for: (a) sce-
nario II (convective 1); and (b) scenario III (convective 2) (Table 1).

After conducting numerous simulations to establish the infiltration rate for the hy-
draulic conductivity distribution that best reproduces the hydrogeological conditions
observed, a rate was obtained based on the elevation of the terrain that ranged from
0.5 x 107> m/d at 1800 masl to 1.35 x 10> m/d at 3000 masl, an increase of 6.67 x 10~7 m/d
for every 100 m of elevation. In this procedure, we considered equal elevation curves every
10 m. These infiltration rates generated annual balances that were similar in all three
scenarios, in the range of 219 x 10° m®/a & 8 x 10°.

Temperature
- Continuous -

Figure 11. Cont.



Water 2022, 14, 1377

13 0of 19

Temperature
- Continuous -

Figure 11. Hydraulic head and temperature distribution for (a) interaction of topography-driven
groundwater flow and Convective 1, scenario II; and (b) interaction of topography-driven groundwa-
ter flow and Convective 2, scenario III. Vertical exaggeration of the scale is 5:1.

The distribution of the equipotential lines of the domain in 3D for scenarios I and II
are presented in Figure 5a,b. Distributions are quite similar. Maximum values were close to
2700 m in the mountain ranges to the northwest and north of the basin (SG, S-SDU), while
values for the other ranges approach 2300 m. The results of scenario III contrast with I and
II because the equipotential lines are reduced by up to 200 m in mountainous areas due to
the dependence of water viscosity and density on temperature (Figure 5¢). In all three cases,
the progressive decrease of the equipotential lines with depth is evident, clearly defining
the recharge zones represented by the mountain ranges that delimit the basin, while the
value of the equipotential lines in the vicinity of the La Laja River decreased progressively
towards the surface, indicating the discharge zone. In the river, an equipotential line at
1950 m determined by the boundary conditions is observed. Figures 7 and 8a,b display
the relation of the equipotential lines in greater detail with the direction of flow and the
Darcy flow.

The horizontal component of the Darcy flux (m/d) for the three scenarios is shown
in Figure 6a—c. This flow is similar in scenarios I and II, where the maximum flow is on
the order of 0.7 m/d (Figure 6a,b), which contrasts with scenario III, where the flux is
almost double, at 1.32 m/d (Figure 6¢). The flow in the recharge zones is lower, in a range
of 6 x 107 m/d to 6 x 1079 m/d, while around the discharge zones this increases to
5 x 107 m/d, and near the La Laja River it reaches 1.5 x 107! m/d, and occasionally
4.4 x 10! m/d. In scenario II, this relationship is doubled in the recharge and discharge
zones (Figure 6¢).

The behavior of the equipotential lines and Darcy flow along the W-Laja section is also
similar for scenarios I and II, where the equipotential lines range from values of 2600 m
in the mountains to 1950 m at the river. The Darcy flow, defined by the magnitude and
color of the “bullets” in the recharge zone, is 1 x 1074 m/d with a descending vertical
component in the first 10 km. This later increases to a horizontal movement for 40-50 km
with a Darcy flow of 1 x 107* m/d to 1 x 1072 m/d, before finally discharging in an
upwards movement towards the La Laja River with a Darcy flux as high as 4 x 1072 m/d
(Figure 7a,b). In scenario III, the equipotential lines are reduced by as much as 300 m with
respect to the two previous cases, and vary along the section from 2300 m in the S-G to
1950 at the La Laja River. In scenario III, these flow rates are doubled (Figure 7c).

For the Laja-E section, the behavior of the equipotential lines and Darcy flow present
small differences for scenarios I and II (Figure 8a,b). In the first case, the 2150 equipotential is
well-defined in the easternmost range, but in the second it barely develops, and in scenario
III the 2100 m equipotential is deployed in the mountain range, 50 m less than in scenarios
I and II (Figure 8c). In the area of the former lakes an upward flow is defined. In the
vicinity of the La Laja River the equipotential lines converge at 1900 m. The development
of the equipotential lines in scenarios I and II differs with respect to scenario III, where the
distribution of the 2000 m equipotential is of special interest.

In scenarios II and III, which analyze the effect of groundwater flow on heat transport,
there is a deformation of the initial distribution of isotherms (convective field) due to
the three-dimensional flow in the basin conditioned by topography. This phenomenon
can be observed in two sections: W-Laja and Laja-E (Figures 9 and 10). In the W-Laja
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section, the direction of groundwater movement in the recharge zone is downwards and
the temperature gradient increases with greater depth, while in the discharge zone the
temperature gradient decreases with greater depth and the movement of groundwater
is ascending.

However, in terms of the interaction of topography-driven groundwater flow and
buoyancy-driven free thermal convection, the flow conditions generate behaviors with
important differences. In the first case, there is a difference in the magnitude of the
equipotential lines that shows a disparity of up to 300 m in the recharge zone that is higher
in scenario II and affects the hydraulic gradient and Darcy flow. The latter is two-fold
higher in scenario III. Second, there is a contrast in the shape and distribution of the
equipotential lines. In scenario II, the recharge zone is defined in the upper two-thirds
with lateral movement in the lower third. The ascending gradient begins in the vicinity of
contact with the granular medium and increases around the La Laja River (Figure 9a). In
scenario III, in contrast, the movement of groundwater has a downward component over
practically the entire length. Only in the last 20 km does a lateral flow develop at a medium
depth, and only in the last 10 km does the upward movement develop towards the La Laja
River (Figure 9b).

In the second cross-section (Laja-E), the direction of groundwater movement and the
temperature gradient are generally similar to those of the previous cross-section (W-Laja),
though the sites of the ancient lakes show an upwards flow, and a greater amount of heat
flux is defined towards the base of the lakes (Figure 10a,b).

Finally, Figure 11 shows the deformation of the initial distribution of isotherms (con-
vective field) due to the effect of the three-dimensional flow of groundwater in the basin,
conditioned by topography. The location and shape of the 2000 m equipotential line is char-
acteristic for each scenario. In scenario II it closes in the vicinity of the La Laja River, clearly
marking the discharge of groundwater (Figure 11a), while in scenario III this equipotential
continues to condition the movement of water downwards at the almost 2.5 km depth of
the domain. The location of the 1950-m equipotential line at the La Laja River and at greater
depths concentrates the discharge zone along a length of 5 km (Figure 11b).

Both figures show thermal anomalies on the La Laja River, with a greater amount of
heat flow on the surface that, during the simulation process, made it possible to determine
the extension of the discharge zone. Temperatures above the river are as high as 50 °C.

5. Discussion

The coupled effects of topography groundwater flow and heat transport in a simplified
homogeneous and anisotropic geological medium were studied on the scale of the basin to
assess the sustainability of groundwater and support future transient modeling by means
of a three-dimensional model under stationary conditions. The results of the coupled
flux and heat modeling analyses are consistent with previous studies in other areas of the
world. Groundwater flow on the basin scale is controlled by numerous factors: the con-
figuration of the water table [35-37,40—42], the effects of temperature on fluid density and
viscosity in heterogeneous anisotropic media [37,43], the effect of hydraulic conductivity
contrasts and temperature boundaries [44], the three-dimensional flow field with the varia-
tions and areal distribution of heat affected by relief on the water table and permeability
variations [37,45], advective heat transfer [29,30,42,45,46], temperature distributions for pa-
leoflow systems [47,48], the modeling of heat as a groundwater tracer [49] and of large-scale
flow [38], and the significance of basin asymmetry and geothermal assessments [36,37,50],
among many others.

Present results have important implications for several aspects related to the sustain-
ability of the basin studied. The numerical analyses indicate that groundwater in the IB is
controlled by a gravitational flow system with buoyancy-driven free thermal convection
heat transport, which satisfactorily reproduces the hydrogeological conditions prior to
deforestation, the development of kilometers of mining conduits, drainage from the lake
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and pumping, such as the position of the water table, and evidence of discharge from the
flow system that includes vegetation, soils, and thermal water anomalies.

The natural recharge in the scenarios analyzed is similar and converges at a value of
219 x 10° m3/a + 8 x 10° (7 £ 0.25 m3/s), which contrasts with the extraction volume
estimated in 2020 at 1000 x 10° m?/a (32 m®/s), which is over four times higher. This
situation explains (i) many of the negative impacts reported in the basin over the past
two decades [2,51-53] due to the lowering of the water table by 2-10 m/a caused by the
concentration of pumping (Figure 3); (ii) the progressive temperature increase of water in
the wells; and (iii) the occurrence and progressive increase of chemical elements that are
harmful to health and the environment.

Since 2000, an urgent strategy has been employed to mitigate the negative health
and environmental impacts in terms both qualitative and quantitative. The strategy was
designed to change the paradigm of groundwater management in this basin, in the state of
Guanajuato, and across the country. To date, some progress has been achieved.

A qualitative health impact on children was carried out in 2003. The quantitative
impact of fluoride in drinking water has been studied in the basin [51,52]. In fact, an
extension of the National University ENES-Le6n opened in 2011 to train professionals in
odontology, agronomical administration, and physiotherapy to attend to some aspects of
these problems, but the programs offered do not include hydrogeology.

We have held several work meetings with water administrators since 2000, including
the National Water Commission (CNA, now CONAGUA), the State Water Commission
(CEASG), and Municipal Operating Agencies. In addition, we have met with represen-
tatives of agricultural and livestock organizations, civil organizations, and the society in
general in the basin.

Courses on the nature of groundwater (120 h each) have been designed for, and
offered to, government officials, academics, decision makers, and the general public to
present our research results in a comprehensive way (2000, 2002, 2009-2010, 2017). The last
two courses were offered free of charge due to the conditions of poverty in which many
communities live.

The central theme of the XXXIII International Congress of Hydrogeologists (2004) was
“Understanding Regional Groundwater Flow”. There, Dr. J. Téth was informed of the
results of our research in the IB in a meeting with state officials. Dr. To6th described the IB
as a perfect combination of a unitary-composite basin.

We also had contact with the Senate of the Republic, in the 2004-2008 period, to present
the groundwater problems at the IB and elsewhere in the country, and to insist on the need
to reduce pumping and change the criteria for groundwater administration [53].

Between 2015 and 2017, an academic team presented the Groundwater Law Proposal,
which posits the Tothian-Freezean Gravitational Groundwater Flow Systems (GGWES) as a
basis for water administration in Mexico [54].

In 2020, a series of seven virtual seminars on GGWFS were organized for the National
Council of Science and Technology (CONACYT) with the participation of numerous profes-
sionals in this field and numerous social groups. A special issue on water that stressed the
importance of the GGFS approach was published in the first issue of the outreach magazine
Science and Humanities in 2021 [55].

In 2020, a comprehensive research project for the understanding and restoration
of flow systems was authorized with funding through CONACYT’s National Strategic
Programs (PRONACE-CONACYT). Most unfortunately, the COVID-19 pandemic caused
its cancelation, primarily because key participants became ill and suffered side effects that
prevented them from continuing the work.

Productive and conservation alternatives aimed at reducing extraction and promoting
adaptation to climate change in the basin have been also proposed [16].

Future work will focus on strategic water management in the IB to improve pop-
ulation health and foment sustainable environmental exploitation and future economic
development. Establishing scenarios for preventing, controlling, and mitigating negative
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impacts on health and the environment must consider the combined effect of the response
of groundwater flow to temperature, since knowledge of gravitational groundwater flow
systems from the local to the basin scale has progressed. However, this will require contin-
uous modeling of diverse aspects of solute transport (Fluoride and Arsenic, among others)
and analyzing the effect of hydraulically conductive faults and boundary conditions, espe-
cially in the transition zone to the Mexican Volcanic Belt (MVB) ([13]. It is also important to
strengthen social participation and elaborate legislative frameworks to achieve sustainable
development goals.

6. Conclusions

The groundwater flow and convective heat transport system in the Independence
Basin was simulated using a three-dimensional finite-element model of the hydrogeological
conditions described in the literature, data files, field observations, and historical accounts.
The model produced a classic gravity flow system that modifies the conductive temperature
distribution and is sensitive to matrix-incorporated factors, recharge, and input function. It
proved to be fully consistent with hydrogeological research.

Three scenarios were analyzed to identify the dominant physical mechanisms that ex-
plain the topography-driven groundwater flow system and the distribution and magnitude
of temperature anomalies in the basin: a) isothermal conditions; b) forced convection; and
c) the effect of thermal buoyancy. The combined topography-driven groundwater flow and
buoyancy-driven movements, analyzed by applying the model, emerged as the one most
compatible with the water table, thermal anomalies, and other hydrogeological evidence.

The hydraulic conductivities of the hydrostratigraphic units used in the model were
taken from the best available sources. In the case of the granular medium, the average data
from the pumping tests of various studies — official and private — were used. Conductivity
values for the fractured medium were estimated from field observations of the nature of
the rocks and ranges of values cited in the literature.

The model was also used to calculate the water table in the basin, from the mountain-
ous regions to the main river. Results show the gross unsaturated zone and the locations
and elevations of the hot springs known from historical references and current observa-
tions that correspond to the saline soils and groundwater-dependent vegetation in the
discharge zones.

The three-dimensional flow of groundwater in the basin conditioned by topography
distorts the initial distribution of isotherms (convective field) causing the geothermal
gradient to increase at greater depths in the recharge area but to decrease with greater
depth in the discharge area near the La Laja river and discharge zones represented by the
ancient lakes.

In tests using higher values for recharge, the water table was too high, but when
lower values were used, the water level was too low to be compatible with the hydraulic
conductivity distribution of the hydrogeological units and field observations.

The distribution of rainfall in the basin varies with elevation. The simulated ground-
water recharge in the sierras would represent 10% of the current average precipitation and
4% in the lower parts, consistent with the semi-arid conditions of the region, where the
groundwater flow balance entering and leaving the system is 219 x 10° 4= 8 x 10° m3/a
(7£0.25m3/s).

Although the effects of deforestation, mining conduits, and drainage of the ancient
lakes were not assessed, this recharge value in the basin would explain that: (1) around
40% was discharged as base flow into the La Laja River in the 1970s; (2) the piezometric
decreases in the basin began in the 1980s when the balance between recharge and discharge
was broken; and (3) the increase in temperature in wells with the increase in dissolved ions
in the last three decades were due to induced thermal migration of regional flows.

Before pumping began in the lower parts of the IB, groundwater flowed mainly
into the La Laja River, but pumping has reversed the gradients such that the flow in the
upper part of the granular aquifer converges towards the heavily pumped zones with
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an ascending thermal flow component and an increase in dissolved ions, many of them
harmful to human health and the environment.

The modeling analysis clearly demonstrates the main characteristics of the flow system,
heat transport, and boundary conditions that must be taken into account in any realistic
modeling of the long-term response of the aquifer to pumping.
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