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Abstract: Tropical maar lakes are distinct ecosystems with unique ecological features. To comprehend,
manage, and conserve these lakes, it is essential to understand their water sources, particularly
groundwater, and the hydrogeochemical processes shaping their water chemistry. This research
focuses on the maar lake Alchichica in central Mexico, known for harboring 18 new and endemic
species and a ring of stromatolites. With groundwater discharge as the primary source, concerns arise
over anthropic extraction impacts on water levels and stromatolite survival. Sampling six wells and
one piezometer revealed major ion (Ca2+, Mg2+, K+, Na+, Cl−, HCO3

−, SO4
2−) and trace element

(Fe, Al3+, SiO2) concentrations. Geochemical evolution was explored through diagrams, geological
sections, and inverse geochemical models using the PHREEQC code. Findings indicate groundwater
evolving along controlled flow paths, and influencing chemical composition through water–rock
interactions. The lake’s unique conditions, resulting from the mixing of two flows, enable stromatolite
formation. Water level reduction appears unrelated to evaporation at the sampled sites, suggesting
a need for a broader study in a larger area. Analyzing the maar lake’s hydrochemistry provides
valuable insights into unique characteristics supporting high endemism in this ecosystem. This
research enhances our understanding of groundwater’s geochemical processes and hydrogeochemical
evolution in maar lakes, with potential applications worldwide.

Keywords: maar lake; geochemical model; precipitation; dissolution; PHREEQC

1. Introduction

A maar lake is a water body formed by groundwater and/or precipitation filling
an ancient volcanic depression [1]. A maar forms by underground phreatomagmatic
explosions produced when hot magma encounters shallow groundwater, creating a violent
steam explosion. The cavity is usually small, round, with low rims, and deep (i.e., up to
300 m). When filled with groundwater(most often) or rainwater, it constitutes a maar lake
(volcanic type) [2]. Maar lakes are commonly found in young volcanic regions of the planet,
like the Eifel district, Germany [3].

The lakes provide water for human activities and ecosystem services [4]. The research
of tropical maar lakes around the world, including in Asia [5–8] and Africa [9–11], shows
the importance of studying and understanding the functioning of these unique lakes.
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The maar lake Alchichica in central Mexico stands out for its unique ecological charac-
teristics and unparalleled high endemicity. To date, 18 new species have been described
for Lake Alchichica, ranging from bacteria to amphibians and fish. Most of these are of
restricted distribution; although they are endemic, most are considered micro-endemic
because they only live in this lake. One of the internationally best-known species is the
axolotl Ambystoma taylori, the only species in the world that lives in salt water. Another
species of great relevance is the silverside fish Poblana alchichica, which is subject to a local
fishery. Both species are listed as threatened and protected by law. However, the most
crucial feature that has given the lake international recognition is the ring of stromatolites,
living modern analogs of the first known life form on the planet [12,13].

Alchichica microbialites have been widely studied, both in terms of the species that
form them and the ecological functions that they carry out. Both characteristics are closely
linked with the recycling and transformation of the main elements of life, such as car-
bon, nitrogen, phosphorus, sulfur, and some trace metals. These elements circulate in
biogeochemical cycles through the living (i.e., living beings) and non-living compartments
(atmosphere, lithosphere, and hydrosphere), and are therefore related to productivity, the
lake’s biodiversity, and the quality of water, air, and sediments, since an excess of these
elements results in pollution and eutrophication (excess nutrients) of aquatic bodies [12,13].

Combining the ground and surface water chemistries resulted in a unique chemical
composition for Lake Alchichica waters, where groundwater is the major input because the
precipitation in the study area is low [13]. The chemical interchange of both water masses
and their mediation by microbial activity promotes the build-up of a ring of stromatolites
(microbialites) parallel to the shoreline [13]. Also, the unique chemical composition of
the Lake Alchichica waters is the most plausible reason to explain the incredibly high
microendemicity in a relatively small and geologically young lake, which contrasts with
the reduced species richness [12].

Lake Alchichica receives groundwater seeping out of the porous tephra of its associ-
ated volcanic edifice, and potentially experiences water loss to the underlying groundwater
reservoir, meaning it essentially functions as a groundwater outcrop. Fluctuations in water
levels are influenced by climatic changes and, possibly, groundwater extraction. A terrace
surrounding the current lake shore, at the ancient littoral zone of Lake Alchichica, suggests
a historically higher groundwater level. This elevated level corresponds to the water body
responsible for the formation of the stromatolites encircling the lake today [14]. Although
the maar lake is primarily fed by groundwater discharge, challenges such as intensive
groundwater extraction [15] may impact the lake’s water levels and hydrogeochemistry,
and consequently, its biota (i.e., because the stromatolites need special hydrochemical
conditions to form and thrive). When the water level decreases and the hydrochemistry
changes, their persistence is affected.

Hydrochemical behavior in groundwater commonly exhibits spatial differences, and is
primarily influenced by natural processes such as water–rock interactions [16]. In seeking to
comprehend the hydrochemical behavior, geochemical models provide viable alternatives
along a flow path. These models serve as simplified representations of reality. The approach
of inverse geochemical modeling attempts to interpret the hydrochemical changes along
a flow path [16]. The use of geochemical code PHREEQC [17] facilitates the performance
of these geochemical models. Notably, the modeling of aqueous systems relies on the
foundational assumption of chemical equilibrium among the dissolved species [18].

Numerous studies have explored aspects of Lake Alchichica, ranging from biodi-
versity [14,19–25] to limnology [26–30] and water chemistry [14,31–35]. However, none
have comprehensively analyzed and quantified the water–rock interaction processes in the
groundwater flow system that feeds the lake, or have considered if these processes can be
related to the decrease of the lake level and the exposure of the stromatolites to air. The
chemical composition of Lake Alchichica does not display seasonal variations [14,28,31,36],
and so geochemical models were used to understand chemical behavior and evolution.
Such models have been applied globally (e.g., [37–40]) and in Mexico (e.g., [41–45]) to



Water 2024, 16, 715 3 of 19

quantify dissolution, precipitation, or the evaporation process in groundwater, and identify
changes in the water flow trajectories.

Therefore, this study represents the first attempt to comprehensively study and quan-
tify water–rock interaction processes in groundwater flowing to and through the tropical
Lake Alchichica. The aims of this research are to:

(i) Provide a comprehensive understanding of the geochemical evolution in the ground-
water feeding Lake Alchichica.

(ii) Quantify the water–rock interaction processes in groundwater and the flow through
this tropical maar lake.

(iii) Identify the primary reactions shaping the hydrochemistry of the groundwater.

The outcomes of this research will contribute significantly to our understanding of the
chemistry of worldwide tropical maar lakes.

2. Study Area

Lake Alchichica is in the “Llanos de San Juan” sub-basin, and is part of the Serdán
Oriental Basin (SOB) that extends to portions of the Puebla, Tlaxcala, and Veracruz states,
central Mexico, covering a surface of 5250 km2. The climate in the basin ranges from
temperate arid to temperate semi-arid. The mean temperature is 13.9 ◦C, the precipitation
is 392 mm and the evaporation is 1685.9 mm [46]. SOB is an endorheic basin with scarce
surface runoff [47], and groundwater is therefore fundamental to the lake’s water balance
and chemistry [31]. Due to the endorheic characteristics of the basin, the primary water
outflows manifest as surface evaporation from the bodies of water [47].

Since the early 1980s, many wells have been drilled in the vicinity of Lake Alchichica
for groundwater exploitation. Approximately eighty percent of the extracted groundwater
is allocated for irrigation, a proportion that has been on the rise, concomitant with the
expansion of agricultural activities [48].

The main aquifer is in the basin’s lowest part, and is formed by pyroclastic and lava
materials with high hydraulic conductivity. Citlaltepetl-Cofre de Perote mountain range, which
lies to the E, and La Malinche, to the S, are the main recharge areas [49]. The study area
encompasses Lake Alchichica and groundwater flows to the lake from the SW and SE (Figure 1).

Lake Alchichica’s surface exhibits a topographic gradient of 1 m with a SE to NW
orientation, and is corroborated by groundwater flow nets [50–53], indicating that both
groundwater inflows and outflows follow the same directional pattern. The flow nets of
previous studies reveal a minimum of two inflow zones, one to the SE and another to the E,
along with at least one outflow zone to the N [31].

Figure 1. Study area, with sampling points, geology and faults. The geology and faults were taken from [54].
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3. Geology

The SOB is a monogenetic volcanic field of quaternary age. The basin comprises dome
complexes, scoria cones, tuff rings, and six maar lakes: Alchichica, Atexcac, La Preciosa,
Quechulac, Aljojuca, and Tecuitlapa [55–57]. The basin is geologically configured by highly
folded and faulted Cretaceous limestones and shales. The regional basement is overlaid by
large pyroclastic deposits that originated in both large eruptions from adjacent volcanoes
and local phreatomagmatic volcanoes. Some basin zones have a top layer of lacustrine
deposits [55,58].

The volcanic and sedimentary units are: (i) Quaternary pumicite, lahar, basalt, dacite-
ryolite, dacite-andesite, lacustrine and diorite, (ii) Paleogene, diorite and (iii) Cretaceous
shale-limestone of Berriasian–Cenomanian and Turonian–Santonian origin. The structural
features are six normal faults named: Las Pozas, La Plateada 1, La Preciosa, Las Piritas, La
Uchala II, and Techachalco [54].

Mineralogy

The rocks in the study area are composed of rock-forming minerals of: (a) volcanic
rocks, such as quartz, plagioclase, pyroxene, feldspar, albite, anorthite, calcite, and parago-
nite, with lithic fragments of obsidian. Additionally, ferromagnesian, as biotite and amphi-
bole, is present, and so are (b) limestones with calcite, gypsum and anhydrite [49,55,58].

4. Methodology
4.1. Sampling, Data Analysis and Water Table

To understand the hydrogeochemistry of the groundwater that flows to Lake Alchichica,
and to evaluate the impact of the water–rock interaction process on the lake’s water level
and biota, two groundwater sampling campaigns were carried out: the first one comprised
35 points (34 wells and 1 piezometer, February 2018, unpublished data), and the second one
comprised seven points as one-time sampling (6 wells and 1 piezometer, November 2021, this
study). In both sampling campaigns the physicochemical parameters of groundwater were
measured using a multiparametric probe (HANNA HI9828). The sonde was calibrated before
the sampling every day of the sensors of pH and electrical conductivity (EC), to measure pH,
T (◦C), EC (µS/cm) and total dissolved solids (TDS, ppm). Samples for major ion evaluation
were taken in both campaigns. However, water–rock interaction processes could only be
studied in volcanic rocks, with trace elements that formed silicate minerals (Fe, Al3+, and
SiO2). For this reason, a second sampling campaign was carried out to sample trace elements
at the 7 selected points where groundwater flows to and through Lake Alchichica. Sampling
was carried out at the end of the rainy season.

We sampled 30 mL of water in polypropylene bottles, having previously filtered it
through 0.45 µm nitrocellulose membranes to remove particles of water that could change
the laboratory determination of cations (Ca2+, Mg2+, K+, Na+) and anions (Cl−, HCO3

−,
SO4

2−). Bottles were filled and sealed hermetically and kept at 4 ◦C until the analysis.
Samples were analyzed by liquid chromatography at the Laboratory of Chromatography in
the Institute of Geology, National Autonomous University of Mexico. For the trace element
quantification, a 30 mL sample was taken in polypropylene bottles at each point, filtering
the volume through a 0.45 µm nitrocellulose membrane and acidifying the sample with
HNO3 at pH ~2. Trace elements (Fe, Al3+, and SiO2) samples in water were prepared
according to the US EPA 200.7 method [59]. Analyses were developed with a Perkin Elmer
(Waltham, MA, USA) Optima 8300 device with a seaspray nebulizer and a baffle chamber
(double pass), and in accordance with the US EPA 6010D method [60], using inductively
coupled plasma—optical emission spectrometry in the Atomic Spectroscopy Laboratory of
the Institute of Geology, National Autonomous University of Mexico. The accuracy of ion
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laboratory analyses was tested using the charge balance error (CBE) equation (Equation
(1)), with values considered against an acceptable limit of ±5% [16,53,54,61].

CBE% =
(∑ Cations)mEq/L − (∑ Anions)mEq/L
(∑ Cations)meq/L + (∑ Anions)meq/L

× 100 (1)

In February 2018, water levels were measured using a water level sensor SOLINST
with an accuracy of millimeters to determine the water table configuration in the study
area. We employed spatial interpolation of water table elevations through the ordinary
Kriging method [62,63]. The values used for the interpolation of flow network are located
in the same aquifer, at depths of approximately 70 and 120 m.

4.2. Hydrochemical Diagrams

We use the trilinear diagram of Piper [64] to help illustrate variations in groundwater
chemistry throughout the study area. Gibbs plot is used to determine the dominant
hydrogeochemical processes (precipitation, water–rock interaction, and evaporation) that
control groundwater chemistry [65,66]. The use of this diagram in groundwater facilitates
the delineation and characterization of the intricate interaction between water and the
surrounding rock formations [66].

The stability diagrams were also used to evaluate the equilibrium trends between
silicate minerals and natural water on the basis of thermodynamic calculations. These
diagrams were developed for different silicate mineral phases at 25 ◦C and 1 atm, using the
activities of dissolved species at thermodynamic equilibrium in a given set of conditions
(T, pH, redox potential, total content of each metal in solution) determined with PHREEQC
code [17]. The dynamic equilibrium between solutions and coexisting solid phases is shown
in the stability diagrams, and they are used to interpret the geochemical behavior of natural
water in terms of water–rock interactions [67]. These diagrams were used to understand
predominant trends in silicate hydrolysis, where the mineral stability of phases depends on
the physicochemical conditions of the system.

4.3. Saturation Index

The resulting models encompass all potential reactions to elucidate variations in the
composition of the flow path. However, a pragmatic approach was adopted, and the most
plausible model was selected for each corresponding section. Groundwater, through its
interaction with surrounding rocks, undergoes increased mineralization as a result of the
dissolution and precipitation of minerals. This phenomenon can be quantified using the
Saturation Index (SI) Equation (2):

SI = log
IAP
Ks

(2)

Here, IAP represents the ion activity product of the solution, and Ks denotes the
solubility product of the mineral.

Equilibrium, indicating saturation concerning the specific mineral in question, is
achieved when SI = 0. A negative SI (<0) implies subsaturation, leading to mineral disso-
lution, while a positive SI (>0) indicates supersaturation, necessitating mineral precipita-
tion [16,61].

The saturation indices of albite, calcite, dolomite, gypsum, halite and kaolinite of the
seven samples were determined with PHREEQC [17], version 3.0.

4.4. Geochemical Models

While the chemistry in the groundwater sites of the surrounding area of Lake Alchichica
presents high and low ionic concentrations, they do not suggest a clear evolution of groundwa-
ter. To understand the processes that caused this, it is recommended to study the geochemical
evolution in a groundwater flow line, where water has an initial and final composition. Addi-
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tionally, as mentioned, the chemical composition of water in Lake Alchichica does not present
seasonal variations, which suggests that groundwater has the same behavior. Nevertheless,
chemical variations cannot be associated with seasonality. For a comprehensive understanding
of the chemical reactions governing the geochemical composition of two groundwater sites,
we opted for the application of geochemical models. These models, which provide simplified
representations of reality, enable us to elucidate the intricate water–rock interaction processes
influencing ion concentrations in groundwater. To assess the equilibrium state of groundwater
in selected mineral phases, we specifically chose the PHREEQC code [17], version 3.0, along
with the phreeqc.dat database and complementary hydrogeochemical phases (Table 1). The
use of PHREEQC and its robust database establish a suitable tool for evaluating water-rock
interaction processes.

Table 1. Mineral phases and their solution reactions used in the inverse modeling process (References:
1 [17]; 2 [68]; 3 [69]; 4 [70].

Phase Reaction Ref.

CO2 (g) CO2(g) = CO2(a) 1
H2O (g) H2O(g) = H2O(a) 1
Albite NaAlSi3O8 + 8H2O = Na+ + Al(OH)4

− + 3H4SiO4 1
Calcite CaCO3 = CO3

2− + Ca2+ 1
Dolomite CaMg(CO3)2 = Ca2+ + Mg2+ + 2CO3

2− 1
Gypsum CaSO4·2H2O = Ca2+ + SO4

2− + 2H2O 1
Halite NaCl = Na+ + Cl− 1
SiO2 (aq) SiO2 + 2H2O = H4SiO4 1
Kaolinite Al2Si2O5(OH)4 + 6H+ = H2O + 2H4SiO4 + 2Al3+ 1
Biotite KMg3AlSi3O10(OH)2 + 6H+ + 4H2O = K+ + 3Mg2+ + Al(OH)4

− + 3H4SiO4 1
Plagioclase Na0.62Ca0.38Al1.38Si2.62O8 + 5.52H+ + 2.48H2O = 0.62Na+ + 0.38Ca2+ + 1.38Al3+ + 2.62H4SiO4 1
Glass Si1.0Al0.35O2(OH)1.05 + 1.05H+ + 0.95H2O = 0.35Al3+ + H4SiO4 2
Piroxene CaFeSi2O6 + 4H+ +2H2O = Ca+2 + Fe+2 + 2H4SiO4 3
Amphibole Ca2Mg5Si8O22(OH)2 + 14CO2 + 22H2O = 2Ca2+ + 5Mg2+ + 14HCO3

− + 8H4SiO4 4

Inverse modeling was employed to identify hydrogeochemical processes that explain
the hydrochemical evolution of groundwater [71–73]. This mass-balance approach uses
two water samples from wells or piezometers, representing the initial and final chemical
compositions of water along a flow path, to calculate the moles of minerals and gases
that may enter or exit the solution, accounting for the differences in composition [74].
The inverse modeling application is based on some assumptions: (1) the final water must
be evolved from the initial water, (2) hydrodynamic dispersion and diffusion have a
negligible effect on groundwater chemistry, (3) a chemical steady state condition prevailed
in the groundwater system during the time considered, (4) the mineral phases used in
the mass balance calculation currently exist or were previously present in the host rock
formations [75].

The geochemical inverse modeling was used to better understand geochemical pro-
cesses in groundwater to and through Lake Alchichica. Three model sections were used to
develop the inverse geochemical models.

The number of inverse models obtained was reduced to the minimum phase models
that satisfy the restrictions within the specified uncertainty limits. The minimum models
imply that no model with any proper subset of phases and solutions could be found by
minimizing the number of calculations produced by the models that contain the essential
geochemical reactions [17]. Hence, the minimum models for each section were presented
in results.

Four samples were selected to apply inverse geochemical models; the selection crite-
rion was the regional flow direction towards the lake and leading to piezometer 30; samples
71 and 72 were selected to represent chemical composition at the start of the groundwater
flow path, close to recharge areas. Groundwater then flows into the lake and flows back
into the aquifer along the northern shore of the lake (Figure 1). Well 44 was selected as
representative of this groundwater flow with an important proportion of water from the
lake, because the lake bottom is about 18 m deeper than well 44 (water level in Lake
Alchichica is about 2326 m.a.s.l. and the lake is 62 m deep; Well 44 is located at an elevation
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of 2352 m.a.s.l. and has a depth of 70 m).In according with mineralogy data from the
study area we use different reactive phases described in Table 1. According to previous re-
searchers, it was assumed that the groundwater samples do not present seasonal variations
in the hydrochemistry and represent the evolution along the flow path [14,31–34,76].

The resulting models encompass all potential reactions to elucidate variations in the
composition of the flow path. However, a pragmatic approach was adopted, and the most
plausible model was selected for each corresponding section.

4.4.1. Section I-I′

Section I-I′ (Figure 1) is oriented SE-NW and cuts across the La Preciosa and Las Piritas
faults. There is a distance of 15 km, approximately, between Well 72 (initial composition,
120 m deep) and piezometer 30 (final composition, 2.95 m deep). The mineral phases used
in section I-I′ were CO2(g), H2O(g), calcite, dolomite, gypsum, biotite, halite, SiO2(aq),
kaolinite, pyroxene, glass and albite, with an accepted uncertainty in the model of 0.08.
The conceptual model for this section explains that rainwater infiltrates the subsoil in the
unsaturated zone and begins to dissolve CO2 (which mainly originates in the edaphic zone,
probably by organism respiration and organic matter decomposition [61]), and then flows
in the direction of Lake Alchichica and interacts with the rocks and faults. This model
section is parallel to the regional geological section A–A′ (Figure 2a). Hence, we used the
former to indicate the flow direction and well and piezometer location.

Figure 2. Geological sections of Lake Alchichica: (a) regional and (b) local sections.

4.4.2. Section II-II′

Section II-II′ (Figure 1) is oriented SE-NW, and cuts through the faults of Las Pozas,
La Plateada I and La Ucha II [54]. Well 71 (initial composition, depth of well is unknown)
and piezometer 30 (final composition, 2.95 m deep) are separated by 7 km, approximately.
The mineral phases used in section II-II′ were CO2(g), H2O(g), calcite, dolomite, gypsum,
biotite, halite, SiO2(aq), kaolinite, plagioclase, and albite, with an accepted uncertainty in
the model of 0.08. While the conceptual model is the same as in Section I–I′, no geological
section is presented in this model section.

4.4.3. Section III-III′

Section III-III′ (Figure 1) is oriented SE-NW and passes through Lake Alchichica. The
piezometer 30 (initial composition, 3 m deep) to Well 44 (final composition, 70 m deep)
are separated by 2 km approximately. The mineral phases used in section III-III′ were
CO2(g), H2O(g), calcite, gypsum, biotite, halite, SiO2 (aq), kaolinite, pyroxene, amphibole
and albite, with an accepted uncertainty in the model of 0.07. The conceptual model for
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this section explains that groundwater that reaches the Lake Alchichica has an evolved
chemical composition (a product of the previous interaction with the rocks in the flow
path); it crosses the lake, where it interacts with the lake water to produce a mixture, and
then flows through the lake before finally arriving to the groundwater again in Well 44.
This section is almost parallel to the lake’s geological section B–B′ (Figure 2a). Hence, we
used it to indicate the flow direction in the piezometer and well.

5. Results
5.1. General Groundwater Context

This sub-section provides a summary of the results: (1) water table direction is mainly
from SE to NE (Figure 1). (2) Ion concentrations and the physiochemical parameters of
the sites present different values (Table 2), and do not show a clear tendency to increase
or decrease. (3) In the Piper diagram, all the samples are placed in magnesium-sulphate
waters, with the exception of the piezometer 30, which is in the limits of sodium-chloride
waters (Figure 3). (4) In the Gibbs diagram (Figure 4), all the samples are in the rock
dominance, and are positioned in the direction of silicates weathering. (5) Almost all the
samples are in the kaolinite stability field (Figure 5), except for Mg2+ in Well 70 (Figure 5b).

Table 2. Ranges of physicochemical parameters of samples. (m E = meters East, m N = meters North,
LOD = limit of detection).

Name Units 30 44 67 70 71 72 73

Depth m 3 70 100 - - 120 120
m E m 667,464 667,843 663,706 667,801 664,057 675,331 674,813
m N m 2,146,637 2,148,401 2,144,092 2,135,736 2,140,589 2,133,441 2,133,403
pH pH units 7.2 7 7.5 8.3 7.1 8 7.9
T ◦C 18.5 21.6 20 19.2 25.1 15.8 14,6

EC µS/cm 1479 1950 1793 526 2420 139 126.7
TDS ppm 740 975 894 263 1220 69.2 63.7
Ca2+ mg/L 25.3 4 70.6 44.1 118.8 12.3 11.1
Mg2+ mg/L 70 278.2 124.3 25.6 139.3 5.9 5.6
Na+ mg/L 147.7 183.3 122.2 33.3 137.2 10.1 9.9
K+ mg/L 8.5 15.1 10.7 3.9 12.9 3.5 3.7
Cl− mg/L 104.3 174.1 210.6 33.6 311.6 4.1 3.5

SO4
2− mg/L 56.1 12 92.9 12.2 66.9 3.8 4.4

HCO3
− mg/L 702.5 1738.0 811.5 266.9 1052.5 76.6 72.1

Al3+ mg/L 1.4 0.03 <LOD <LOD <LOD 0.02 <LOD
SiO2 mg/L 70.6 75 82.3 51.2 86 46.8 46.5

Fe mg/L 3.6 1.9 1.7 <LOD 3.6 <LOD <LOD

Figure 3. Piper diagrams of piezometer and wells.
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Figure 4. Gibbs diagrams (a) anions, (b) cations, (c) modified Gibbs diagram, according to [66].

Figure 5. Cont.



Water 2024, 16, 715 10 of 19

Figure 5. Stability diagrams of (a) Na2O, (b) K2O (c) MgO (d) CaO-H2O-SiO2 systems at 25 ◦C and 1 atm.

While no clear tendency in the data is shown in the results, the geochemical models
help us to understand the processes that produce these geochemical compositions.

Ion concentrations, physicochemical parameters, location, and the depth of the sam-
ples are shown in Table 2.

The SI values reveal the undersaturation of halite and gypsum and the oversaturation
of Kaolinite in all samples; the albite, calcite, and dolomite values do not present a preferent
behavior for all the samples (Figure 6).

5.2. Mass Transfer Models

Inverse geochemical modeling led to three models for section I–I′, and two for sections
II–II′ and III–III′ (Table 3). The reported models propose possible reactions in order to
explain the geochemical composition of two groundwater sites, and it is necessary to
select the more feasible model. In all selected models, precipitation of calcite, SiO2(aq)
and kaolinite are present. Dissolution of gypsum occurs in the first two sections, but not
in section III–III′. In addition, CO2(g), albite, dolomite, halite, biotite, glass, plagioclase,
and amphibole are all in dissolution, except in Model II–II′, in which dolomite and halite
precipitate’. Additionally, the H2O is in dissolution and precipitation.



Water 2024, 16, 715 11 of 19

Figure 6. Saturation index plot of the sampling points.

Table 3. Summary of mass transfers for selected inverse geochemical models. Phases and thermody-
namic data were taken from PHREEQC and accompanying databases [77] and Table 1. Note: Values
are in moles per kilogram H2O: positive values indicate dissolution, and negative values indicate
precipitation. Dashes indicate the phase is not present in the model.

Phase Section I-I′ Section II-II′ Section III-III′ Chemical Formula

Samples 72–30 71–30 30–44

Model 1 Model 2 Model 3 Model 1 Model 2 Model 1 Model 2
CO2(g) 9.37 × 10−3 7.85 × 10−3 1.04 × 10−2 5.06 × 10−3 2.48 × 10−2 3.56 × 10−2 CO2
H2O(g) −7.93 × 101 5.55 × 101 1.59 × 101 1.28 × 101 4.36 × 101 H2O
Albite 3.78 × 10−3 3.33 × 10−3 4.09 × 10−3 5.27 × 10−3 2.19 × 10−3 NaAlSi3O8
Calcite −2.67 × 10−3 −3.08 × 10−3 −2.38 × 10−3 −3.39 × 10−3 −3.28 × 10−3 −3.99 × 10−3 CaCO3

Dolomite 2.47 × 10−3 2.53 × 10−3 2.43 × 10−3 −1.41 × 10−3 −1.77 × 10−3 CaMg(CO3)2
Gypsum 5.45 × 10−4 4.89 × 10−4 5.85 × 10−4 −4.48 × 10−4 CaSO4:2H2O

Halite 2.68 × 10−3 2.52 × 10−3 2.80 × 10−3 −2.84 × 10−3 −3.30 × 10−3 1.67 × 10−3 4.32 × 10−3 NaCl
SiO2(a) −7.46 × 10−3 −7.43 × 10−3 −7.48 × 10−3 −1.03 × 10−2 −1.05 × 10−2 −1.28 × 10−2 −1.99 × 10−2 SiO2

Kaolinite −1.93 × 10−3 −1.64 × 10−3 −2.13 × 10−3 −5.73 × 10−3 −2.61 × 10−3 −1.11 × 10−4 −1.27 × 10−3 Al2Si2O5(OH)4
Biotite 1.28 × 10−4 2.17 × 10−4 1.69 × 10−4 3.40 × 10−4 KMg3AlSi3O10(OH)2
Glass Si1.0Al0.35O2(OH)1.05

Plagioclase 8.35 × 10−3 Na0.62Ca0.38Al1.38Si2.62O
Amphibole 1.58 × 10−3 1.98 × 10−3 Ca2Mg5Si8O22(OH)2

6. Discussion
6.1. General Groundwater Process

The Piper diagram (Figure 3) suggests that the piezometer located in the entrance area
to Lake Alchichica has a different composition to the wells; these are congruent with the
drilling depth because the wells are deeper to the piezometer; although the piezometer (30)
displays a more evolved water, this is probably because it receives two different flows. The
adapted Gibbs diagram in cations (Figure 4c) associates the water–rock interaction with
silicate rocks, suggesting the geochemical evolution of groundwater can be explained in
this way. Samples 71, 30, and 44 are close to evaporation (Figure 4), which would show the
possible influence of evaporation on the decrease in groundwater table levels.

To better understand the evolution processes, stability diagrams confirm the disso-
lution of silicates (Figure 5), which is similar to the Gibbs diagram (Figure 4c). Almost
all the samples are plotted in the kaolinite stability field (Figure 5), except one sample
(Figure 5b), and, it can therefore be inferred that the chemistry of the groundwater system
favors kaolinite formation, with one exception. This means that infiltrating water enriched
with soil CO2 reacts with silicate minerals from the host rocks (concretely albite, plagioclase,
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biotite, and amphibole) leaches out Na+, K+, Mg2+, and HCO3
− and converts in kaolinite

and silica.

6.2. Mass Transfer Model I–I′

The three minimum models that suggested the geochemical reactions that might pro-
duce the groundwater composition observed at piezometer 30 (in the lakeside) are shown
in Table 2. The ion concentrations between the two sites (72 to 30) and the Gibbs diagram
(Figure 4) suggest that water–rock interaction in silicate rocks increases the concentrations
of the different ions and is the dominant process; Model 2 is not therefore considered accu-
rate because it proposes that evaporative concentration is the dominant process. Models
1 and 3 represent the most plausible processes, which are dissolution of CO2(g), albite,
dolomite, gypsum, halite, and biotite with precipitation of calcite, SiO2(aq) and kaolinite.
The geological section A–A′ (Figure 2a) suggests that groundwater flowing through vol-
canic rocks reaches the underlying carbonate rocks through faults (La Preciosa and the
Piritas) and then flows back to the same volcanic rocks before reaching the lake. Taking
into account the water chemical evolution from SE to NW, the geological section A–A′

(Figure 2a) and the mineralogy [49,55,58] of the study area, it can be assumed that Model 3
would be the most plausible representation of water–rock interaction processes, and this
is because it considers the dissolution in H2O to be a process that favors the dissolution
of minerals.

6.3. Mass Transfer Model II–II′

Two minimum models suggested the geochemical reactions that produced the ground-
water composition in the SW to the piezometer in the lakeside. The ion concentrations
between the two sites (71 to 30) decrease (Table 2), and the Gibbs diagram (Figure 4)
suggests a rock dominance in silicate rocks. The models propose precipitation of calcite,
dolomite, halite, SiO2(aq), and kaolinite, with the exception of the calcite (Model 2); and
dissolution (CO2(g), H2O, and plagioclase (Model 1); and H2O and albite (Model 2). The
location of the model section in the geologic map (Figure 1) suggested that groundwater
flows through faults (La Ucha II, La Plateada I, and Las Pozas) from volcanic to carbon-
ate rocks in deep water, and then enters shallow water again, flowing in volcanic rocks.
Considering the water chemical evolution from SW to NE, and the ionic concentration that
decreases mainly in Ca2+, Mg2+, HCO3

−, and Cl−, it can be assumed that Model 1 would
be the more plausible model that represents water–rock interaction processes, and this is
because it reproduced the decrease of ion concentrations caused by precipitation of more
minerals to a greater extent than Model 2.

6.4. Mass Transfer Model III–III′

The minimum models and the geochemical reactions that might produce the ground-
water composition through Lake Alchichica are shown in Table 2. The Piper diagram
(Figure 3) suggested that the input piezometer (30) refers to more evolved water than the
well of output (44). However, the Gibbs diagram states both sampled sites are influenced by
rock interaction with silicate rocks (Figure 4). In addition, HCO3

− concentration in this well
(1738 mg/L) is the highest of the sampled sites, reflecting an evolved flow. This is consistent
with the representation of groundwater discharging to Lake Alchichica, and Well 44 is
representative of lake water flowing into the groundwater table (Figure 2b). The water–rock
interaction processes suggested by the models are precipitation of calcite, gypsum, SiO2(aq),
and kaolinite; precipitation of gypsum does not occur in Model 2. At the same time, the
minerals in dissolution in Model 1 are CO2(g), halite, biotite, and amphibole, whereas
in Model 2 they are CO2(g), H2O, albite, halite, biotite, and amphibole. Considering the
waters’ chemical evolution, the ionic concentration, the geological section in the lake B-B′

(Figure 2b), and the high increase of HCO3
−, it can be assumed that Model 2 would be the

more plausible representation of the water–rock interaction processes, and this is because it
presents minerals as albite, amphibole, and kaolinite, which are a source of HCO3

−.
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6.5. Processes Controlling Groundwater Chemistry

The groundwater and hydrochemistry in the Lake Alchichica study area are controlled
by the dissolution and precipitation of rock-formed minerals described in [49,55,58]. SI
validates that the samples are undersaturated with halite and gypsum, while being oversat-
urated with kaolinite. The primary process identified and presented the following relations:

(a) calcite precipitation (Equation (3)) [78] is a product of the dissolution of primary
silicates, as biotite, amphibole and pyroxene, from rocks in the study area, which
produces Ca2+ in the solution,

(b) the dolomite dissolution originated increases of Ca2+ and Mg2+ (Equation (4)) [79]
and, consequently, calcite precipitation, as mentioned previously,

(c) gypsum dissolution (Equation (5)) [80] and precipitation (Equation (6)) [81] could be
related to Ca2+ increase in the groundwater, from primary silicates and SO4

2− from
carbonate rocks,

(d) plagioclase dissolution gives Ca2+ and Na+ to water (Equation (7)) [82],
(e) albite dissolution causes kaolinite precipitation (Equation (8)) [83] is related to the

increase of silica (Table 2),
(f) albite dissolution provokes increases of HCO3

− (Equation (9)) [84], which is linked to
weak carbonic acid reacting with carbonate or silicate minerals to form HCO3

− ions
(Equation (10)) [85],

(g) biotite dissolution produces increases of Mg2+ and K+ (Equation (11)) [86], and
(h) amphibole dissolution causes increases of Mg2+ and Ca2+ (Equation (12)) [87,88].

2HCO3
− + Ca2+ → CaCO3 (calcite) + H2O (3)

CaMg(CO3)2 (dolomite) + 2H2CO3 → Ca2+ + Mg2+ + 4HCO3 (4)

CaSO4·2H2O (gypsum) ↔ Ca2+ + SO4
2− + 2H2O (5)

Ca2+(aq) + SO4(aq) + 2H2O = CaSO4·2H2O(s) (gypsum) (6)

10(Na0.8Ca0.2)Al1.3Si2.7O8 (plagioclase) + 16H+ + 34H2O → 6Al2Si2O5(OH)4 +
15H4SiO4 + 2Ca2+ + 8Na+ + Al3+

(7)

2NaAlSi3O8 (albite) + 11H2O ↔ Al2Si2O5(OH)4 (kaolinite) + 2Na+ + 2HCO3H4SiO4 (8)

2NaAlSi3O8 (albite) + 2CO2 + 3H2O → Al2Si2O5(OH)4 (kaolinite) + 2Na+ +
2HCO3

− + 4SiO2
(9)

H2CO3 (carbonic acid) + CaCO3 (calcite) ↔ Ca2+ + 2HCO3
− (10)

Si3AlMgFe2O10(OH)2K (biotite) + 10H+ = Al3+ + Mg2+ + 2Fe2+ + K+ + 3H4SiO4 (11)

Na0.5Ca2(Fe1.3Mg2.6Al1.1) (Al1.6Si6.4)O2 (amphibole) + 15H+ + H2O → 0.5Na +
2Ca2+ + 2.6Mg2+ + 1.3Fe2+ + 2.7Al(OH)2

+ + 6.4H4SiO4(aq)
(12)

To summarise, the igneous and carbonate rocks interact with groundwater through disso-
lution and precipitation. Consequently, the water–rock interaction processes in the study area
represent an equilibrium system in which minerals are dissolved by hydrolysis and precipitated
when the solution is saturated. The presence of Ca2+ in water is thought to be from the weather-
ing of carbonates (calcite, dolomite and gypsum) and silicate minerals (plagioclase) [36,80,82], in
contrast to the Mg2+ contents, which come from the weathering of silicate (biotite, amphibole)
and carbonate (dolomite) minerals [44,45,85,89]. Furthermore, the Na+ origin could be related
to weathering of plagioclase, albite and amphibole [82–84,87], and weathering of andesite rocks
may deliver Na+ to water [44,45,90]. At the same time, the K+ contents could be related to biotite
weathering [44,45,86,89]. Moreover, the Cl− concentrations can be related to the weathering
of hydrosilicate minerals (biotite, amphibole, and phyllosilicates) [45,91–93]. Finally, the high
values of HCO3

− could be related to the weathering of carbonate (calcite and dolomite) and
silicate (albite, amphibole and kaolinite) minerals [44,45,78,79,83,84].
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Seasonal variations in the hydrochemistry of groundwater were discarded because
several previous studies reported similar ion concentrations in the water column of Lake
Alchichica [14,31–34,76]. The previous discussion explains that the geochemistry processes
originated in the groundwater, and proposes points that will help observers to understand
why the groundwater in the input of Lake Alchichica has these values. The presence of two
flows with different water–rock interaction processes is the most relevant.

While the water–rock interaction processes identified in this study yield crucial insights
into the groundwater evolution and behavior of Lake Alchichica, they do not offer an
explanation for the observed decrease in Lake Alchichica’s water level. Evaporation at the
sample sites is deemed insignificant for groundwater, eliminating it as a substantial factor
contributing to the observed decline. We recommend expanding this investigation across
the entire SOB to encompass all maar lakes and their respective water–rock interaction
processes. Such an extension would provide comprehensive information essential for
understanding and addressing the broader issue of water level decrease in these maar lakes.

6.6. Limitations and Further Research Opportunities

The outcomes of geochemical modeling exhibit a pronounced dependence on the
choice of mineral phases, constraints, and conceptual frameworks. Mass-balance models,
while informative, lack a singular solution, as alternative models and outcomes may emerge
based on distinct assumptions and constraints applied during the inverse modeling process.

Acknowledging that the resultant models represent one plausible scenario among a
spectrum of potential processes governing water–rock interactions is crucial. We suggest
using stable isotopes (O-18 and H-2) for a more robust model to evaluate the isotopic
fractionation. The use of these isotopes gives information about the physical processes that
control the water behavior (e.g., the relation of precipitation, evaporation, or recharge),
which permits understanding of the relation of sampling sites with recharge or flow ways.
Additionally, the radioactive isotopes (H-3 and C-14) allow the identification of the recharge
age and give information on the residence time. Their combined use gives tools for a robust
model with information that includes the recharge, discharge, and residence time.

In the study area, the presence of agricultural activities that have been reported since
the 1980′s suggested the possible influence of fertilizer and herbicide in groundwater, but
no studies have yet confirmed this. The geochemical model cannot evaluate these processes,
so it is necessary to develop new studies.

7. Conclusions

The key findings of this study can be summarized as follows: (a) Groundwater flows
towards Lake Alchichica in two directions: SE to NW and SW–NE. (b) The magnesic-sulfate
type predominates in all wells, while the piezometer exhibits sodium–chloride waters at its
limit. (c) Silicate weathering dominates rock composition. (d) Well 44, situated on the oppo-
site side of Lake Alchichica, displays a more evolved concentration of HCO3

−. (e) Faults in
the study area suggest additional pathways of groundwater flow. (f) Groundwater chemical
composition reflects the precipitation and dissolution processes of carbonate and silicate
minerals. (g) The chemical composition of water in Lake Alchichica results from mixing
two groundwater flow paths.

Considering that water circulates through the same geological materials but with
different chemical compositions in SE and SW, it is inferred that groundwater evolves in
two distinct flow paths influenced by faults. These faults, including La Preciosa, Piritas,
La Ucha II, La Plateada I, and Las Pozas, come into contact with deeper rocks, triggering
water–rock interactions with volcanic and carbonate formations, ultimately changing
groundwater chemistry.

The two identified flow zones contribute differently to Lake Alchichica. The SE–NW
direction represents a water–rock interaction process, increasing ionic concentration by
weathering rock-forming minerals. In contrast, the SW–NE direction exhibits more evolved
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water, with higher concentrations that decrease upon reaching the lake due to precipitation,
particularly in Ca2+, Mg2+, Cl−, and HCO3

−.
The evolution of ions, particularly HCO3

−, supports the presence of two distinct flow
paths. Geochemical modeling elucidates that the dissolution of carbonate (calcite and
dolomite) and silicate minerals (albite, amphibole, and kaolinite) is the source of HCO3

−.
This understanding aids in comprehending groundwater flow paths and their influence on
crater lake hydrodynamics.

The geochemical evolution of groundwater’s key processes are the precipitation of
calcite, SiO2(aq), and kaolinite, and the dissolution of CO2(g), H2O, and albite. Meanwhile,
minerals such as gypsum, dolomite, and halite are in dissolution and precipitation; and
plagioclase, amphibole, and biotite are in dissolution. They are conditioned on the location
of the flow path or, to be more precise, the flow direction.

In summary, groundwater geochemical evolution involves the precipitation and disso-
lution of various minerals, with distinct water–rock interaction processes in the identified
flow paths. The groundwater undergoes further changes as it traverses Lake Alchichica,
resulting in a new composition and a mixture of evolved groundwater and lake water, as
exemplified by the highest HCO3

− values in sample 44. This insight is crucial for com-
prehending the conditions leading to the formation of the stromatolite ring through the
interchange of these water masses.

The decline in water levels is not associated with the identified water–rock interaction
processes, as Lake Alchichica experiences evaporation, while the sampled groundwater
sites do not. A comprehensive basin-wide investigation, which encompasses other maar
lakes and their respective water–rock interaction processes, is imperative. Additionally,
it is crucial to factor in the impact of intensive groundwater extraction on the observed
decrease in water levels. This decline poses a threat to the survival of stromatolites.

The study emphasizes the complex processes influencing groundwater-feeding maar
lakes and underscores the significance of understanding their geochemical origin and
behavior for effective preservation and management.

The application of geochemical models is proposed for further global research of maar
lakes, as it is expected this will contribute to a deeper understanding of their hydrochemistry
and unique characteristics that foster endemicity.
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