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Abstract An approach is presented to investigate the regional
evolution of groundwater in the basin of the Amacuzac River in
Central Mexico. The approach is based on groundwater flow
cross-sectional modeling in combination with major ion chem-
istry and geochemical modeling, complemented with principal
component and cluster analyses. The hydrogeologic units com-
posing the basin, which combine aquifers and aquitards both in
granular, fractured and karstic rocks, were represented in sec-
tions parallel to the regional groundwater flow. Steady-state
cross-section numerical simulations aided in the conceptualiza-
tion of the groundwater flow system through the basin and
permitted estimation of bulk hydraulic conductivity values, re-
charge rates and residence times. Forty-five water locations
(springs, groundwater wells and rivers) were sampled through-
out the basin for chemical analysis of major ions. The modeled
gravity-driven groundwater flow system satisfactorily
reproduced field observations, whereas the main geochemical
processes of groundwater in the basin are associated to the
order and reactions in which the igneous and sedimentary rocks
are encountered along the groundwater flow. Recharge water in
the volcanic and volcano-sedimentary aquifers increases the
concentration of HCO3

–, Mg2+ and Ca2+ from dissolution of
plagioclase and olivine. Deeper groundwater flow encounters
carbonate rocks, under closed CO2 conditions, and dissolves

calcite and dolomite. When groundwater encounters gypsum
lenses in the shallow Balsas Group or the deeper Huitzuco
anhydrite, gypsum dissolution produces proportional increased
concentration of Ca2+ and SO4

2–; two samples reflected the
influence of hydrothermal fluids and probably halite dissolu-
tion. These geochemical trends are consistent with the principal
component and cluster analyses.
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Introduction

Understanding the regional hydrogeologic system is impor-
tant for water resources management in hydrologic basins.
Regional analysis requires basin-scale characterization of the
groundwater flow pattern and provides a hydrogeologic
framework to analyze geologic and geochemical process
(Tóth 1995, 1999; Garven 1995; Pearson et al. 1996). Basin-
scale flow analysis recognizes that all geologic formations are
permeable to some degree and that at appropriate time and
length scales, they form a hydrologic continuum (Tóth
1995). In addition, regional characterization of the flow pat-
tern defines a conceptual-mathematical model of the
hydrogeologic system that can be used as a framework for
local and more detailed studies and to define regional bound-
aries (Ortega and Farvolden 1989).

Numerical modeling is a very useful tool in implementing
and testing quantitatively a conceptual model; however, a ful-
ly three-dimensional (3D) basin-scale model requires large
quantities of data and can be computationally expensive. A
useful and more economical alternative is to model selected
two-dimensional (2D) cross-sections of the system. Tóth
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(1963) developed an analytical solution to the cross-sectional,
regional flow problem in an idealized basin and pointed to the
nested organization of the groundwater flow pattern into flow
systems ranging from local to regional. Freeze and
Witherspoon (1966, 1967, 1968) employed numerical model-
ing to investigate the resulting groundwater flow pattern for
different water-table configurations and contrasting hydraulic
conductivities in a synthetic stratigraphy. There have been
several improvements and applications to 2D cross-section
regional groundwater-flow modeling such as coupling fluid
flow and heat flow (Forster and Smith 1988a, b), correlating
the flow pattern with geochemical data (Ortega-Guerrero
2003), simulation of brine migration (Deming and Nunn
1991) and simulation of the genesis of mineral deposits
(Garven and Freeze 1984a, b; Garven et al. 1993).

Geochemical data of groundwater pose additional con-
straints that are correlated to groundwater flow pattern and help
to condition the conceptual model. Typically, groundwater in
sedimentary rocks will exhibit trends in chemical composition
that correlate with the length of the flow path. Among the trends
along the direction of groundwater flow are: from low to ele-
vated pressure and temperatures, from strong to no fluctuations
in water quality, from acidic to basic, from oxic to anoxic–
methanogenic, from no to significant base exchange, and from
fresh to brackish (Stuyfzand 1999). However, the chemical
composition of groundwater may vary for similar flow lengths
depending on the order in which the various sedimentary strata
are encountered by the groundwater and the partial pressure of
the CO2 in the soil zone (Palmer and Cherry 1984).

An approach is presented for hydrogeologic characterization
that integrates geologic, hydrologic and geochemical data to
postulate a conceptual-mathematical model of regional ground-
water flow in the Amacuzac River Basin. The strengths of
numerical and geochemical modeling plus multivariate

statistical analysis are combined to support the conceptual mod-
el. The approach relies on cross-sectional numerical analysis of
steady-state groundwater flow to characterize the flow pattern,
principal component and cluster analyses of chemical data to
identify and postulate geochemical processes and equilibrium
geochemical modeling to compute saturation indexes. The aim
is to illustrate how groundwater flowmodeling andmultivariate
statistical analysis can add value to the geochemical analysis
using traditional techniques. Among the key elements of the
conceptual model are: recharge rates, discharge to the
Amacuzac River, estimates of regional values of hydraulic con-
ductivity, the groundwater flow pattern through a complex ar-
rangement of volcanic, volcano-sedimentary and carbonate
rocks and the main geochemical processes that influence the
chemical characteristics of groundwater in the basin.

Hydrogeologic background of the Amacuzac River
Basin

The basin of the Amacuzac River (ARB) is located south of
the Basin of Mexico, where Mexico City is built, and the
Basin of the Lerma River (Fig. 1) and has an area of 9,
470 km2. Annual pluvial precipitation is greatly influenced
by topography, ranging from about 1,500 mm on the moun-
tainous north portion of the basin to 800 mm or less in the
lower elevation valleys in the southern part.

The ARB develops in the paleogeographic element of the
Guerrero-Morelos platform, and the basement of the ARB is a
Mesozoic low-grade metamorphic unit (Nieto-Samaniego et
al. 2006). The most characteristic rocks of the Guerrero-
Morelos platform are a thick succession of marine strata of
the Morelos and Cuautla formations (Albian-Maastrichtian;
DeCerna et al. 1980; Hernández-Romano et al. 1997). This

Fig. 1 The basin of the Amacuzac River
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marine succession is made up of shallow marine limestone
that grades upwards to Turonian–Campanian pelagic lime-
stone and siliciclastic of the Mexcala Formation (Hernández-
Romano et al. 1997; Aguilera-Franco 2003).

Based on the hydrogeologic behavior of the rocks within
the basin, they were grouped into six main hydrostratigraphic
units (Fig. 2). The oldest hydrogeologic unit (HU-0) is a low-
grade metamorphic Jurassic basement (Nieto-Samaniego et al.
2006), considered as an aquitard. Overlying the metamorphic
basement is a Cretaceous aquifer (HU-1). This integrates a
series of permeable formations (Zicapa, Huitzuco,
Xochicalco, Morelos and Cuautla), which forms most of the
basin and its maximum thickness surpasses 1,000 m (Fries
1960, 1965); this aquifer also exhibits evidence of karst de-
velopment such as dolines, caves, sinkholes and large-flow
springs. The Zicapa Formation is formed by red beds with
intercalated beds of marine limestone (Aptian-Albian), in the
eastern part of the ARB, whereas in the western part of the
ARB, the Zicapa Formation is absent and the lower unit is the
Huitzuco anhydrite (DeCerna et al. 1980; Nieto-Samaniego

et al. 2006), followed by karstic, Lower Cretaceous limestones
corresponding mainly to Xochicalco and Morelos formations
(Fries 1960, 1965). Overlying the carbonate aquifer (HU-1),
there is an aquitard (HU-2), which groups the Mexcala
Formation and the Balsas Group; the Mexcala Formation
(Upper Cretaceous) is constituted by alternated marine beds
of sandstone, siltstone and shale, while the Tertiary Balsas
Group unconformably overlies deformed beds of the
Morelos and Mexcala formations and groups a variety of li-
thologies—mainly conglomerate, sandstone, siltstone and
gypsum lenses—with thicknesses from a few centimeters up
to 30 m (Fries 1960, 1965); Fries (1960) postulates that the
gypsum lenses were originated from erosion of areas where
the Lower Cretaceous anhydrite was exposed. An aquitard in
volcanic rocks of the Tertiary (HU-3), including the Tlaica
Formation and the Tilzapotla Rhyolite (Fries 1965), overlies
aquitard HU-2. An aquifer in volcano-sedimentary rocks of
the Tertiary-Quaternary (HU-4), which groups the
Cuernavaca and Tlayecac formations and other alluvial de-
posits, overlies the volcanic aquitard HU-3. The youngest

Fig. 2 Hydrogeologic units
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hydrogeologic unit corresponds to an aquifer in Quaternary
volcanic rocks (HU-5), including the basaltic rocks and pyro-
clastics of the Chichinautzin Group (Fries 1960, 1965).

Figure 3 depicts a plain view of the groundwater flow pat-
tern in the three main valleys of the basin (Secretaría de
Agricultura y Recursos Hidráulicos 1981a, b, c).
Groundwater flow direction is predominantly N–S in the cen-
tral portion of the basin and N–SW in the eastern portion. The
lower elevation valleys are characterized by shallow water
table, springs and artesian wells. Groundwater development
has not distorted the natural flow patterns in the aquifers of the
basin (reports on groundwater availability by aquifer in
Mexico, CONAGUA 2015), which supports the assumption
that in the long term there exists a dynamic equilibrium be-
tween inputs and outputs. Few data are available to infer the
position of the regional water table in the mountains. Ortega
and Farvolden (1989) report a well in the Sierra Chichinautzin
with a water-table elevation of about 2,500 masl, 250 m below
the ground surface; this suggests a minimum value for the
elevation of the groundwater divide between the Basin of

Mexico and the ARB (Fig. 1). In addition, the presence of
perennial springs located at about 2,600 masl suggests this
value is a lower bound to the elevation of the groundwater
divide between the basins of the Amacuzac River and the
Lerma River (Fig. 1).

Hydraulic conductivity values, obtained from pumping
tests in the volcano-sedimentary aquifers (HU-4), range from
0.01 to more than 200 m/day (Secretaría de Agricultura y
Recursos Hidráulicos 1981a, b, c); however, there is no infor-
mation from pumping tests for the rest of the hydrogeologic
units. Via numerical modeling of regional steady-state
groundwater flow, Ortega and Farvolden (1989) estimated
values of hydraulic conductivity for the hydrogeologic units
of the Basin of Mexico (Fig. 1), which correlate with some of
the hydrogeologic units in the ARB. They estimated 0.86 m/day
for HU-1, 0.0086 m/day for HU-3, 4.3 m/day for HU-4
and 0.43 m/day for HU-5. Bendig (1995) simulated ground-
water flow in a region near Cuernavaca and estimated
0.086 m/day for HU-1, 4.3 m/day for HU-4 and 0.09 m/day
for HU-5.

Fig. 3 Groundwater
equipotentials (red), main rivers
(blue) modeling sections and
location of sampled points

1876 Hydrogeol J (2016) 24:1873–1890



Materials and methods

Groundwater flow modeling

It is assumed that the flow system is driven by gravity, that
there are not density effects, and that at the basin scale there
exists a dynamic equilibrium between inputs and outputs such
that the flow system can be approximated by a steady-state
flow field. Under these assumptions, the equation governing
the distribution of hydraulic head h is

∇⋅ K∇hð Þ ¼ 0 ð1Þ

and depends only on the hydraulic conductivity tensorK of
each hydrogeologic unit. It is further assumed thatK is homo-
geneous within each hydrogeologic unit with principal direc-
tions aligned with the axis of coordinates, which renders K
diagonal, and that at the regional scale both fractured and
karstic media can be approximated by equivalent porous
media. Long et al. (1982) determined that fracture systems
behave more like porous media when (1) fracture density is
increased, (2) apertures are constant rather than distributed, (3)
orientations are distributed rather than constant, and (4) larger
sample sizes are tested. Scanlon et al. (2003) and
Ghasemizadeh et al. (2015) have shown the ability of equiv-
alent porous media models to simulate regional groundwater
flow in karstified aquifers. These requirements are probably
met, given the scale of tens of kilometers of this study and the
fracturing due to the intense tectonic evolution of this region
of Mexico (Nieto-Samaniego et al. 2006). The flow equation
is solved numerically using the code CROSSFLO (McLaren
1988) which solves the 2D flow problem in terms of h and the
stream function ψ based on the dual formulation of Frind and
Matanga (1985).

Three cross sections approximately parallel to the direction
of groundwater flow were selected (Fig. 3): section AA′,
Popocatépetl-Cuautla-Las Estacas, of 60 km length; section
BB′, Basin of Mexico-Chichinautzin-Cuernavaca-Amacuzac
River, of 92 km; and section CC′, Zempoala-Tequesquitengo-
Amacuzac River, of 76 km. SectionAA′ ends at the spring Las
Estacas because this area has been suggested as the discharge
area of the Cuautla Aquifer (Comisión Nacional del Agua
1989; Niedzielski 1994) and because in this region the flow
pattern converges towards section BB′. Section BB′ was
prolonged about 30 km into the Basin ofMexico to investigate
the position of the groundwater divide between both basins.
Figure 4 depicts the hydrostratigraphy for each section and the
boundary conditions for the simulations. Lateral and lower
boundaries are no flow boundaries (ψ=0); the elevation of
the lower boundary was fixed at sea level. The elevation of
the water table is specified based on available piezometric
data, while at the mountains the upper boundary condition
was set to a free surface with a given recharge rate (defined

as a percentage of the annual precipitation). Each section was
discretized into at least 1,900 triangular elements. The simu-
lation strategy was similar to that used by Jamieson and Freeze
(1983) and Ortega and Farvolden (1989). The simulation was
started by using values of hydraulic conductivity and recharge
rates suggested by previous studies (Ortega and Farvolden
1989; Bendig 1995) and the average of the pumping tests in
HU-4. In general, there exists a nonunique relation between
flux (recharge) at the boundary and K of the hydrogeologic
units. To further constrain the relation between flux and hy-
draulic conductivity, three natural conditions were imposed.
Firstly, the water table at the mountains cannot be consistently
higher than topography. Secondly, its elevation cannot
be too low either because this would not be consistent with
the existence of some springs and the lone water-table mea-
surement available (2,500 masl). The third natural constraint
is that flux at the boundary cannot be larger than the mean
annual precipitation. Values of hydraulic conductivity and re-
charge rate were adjusted to comply with the natural con-
straints, to reach a reasonable position of the water table in
the mountains and reproduce the general characteristics of the
discharge pattern to springs and rivers in the basin.

Once the groundwater flow net is computed, residence time
in the saturated zone can be estimated from a stream tube
using (Frind and Matanga 1985)

t ¼ 1

Δψ

X

j

ϕ jA j ð2Þ

where ϕ and A are respectively effective porosity and partial
area of the stream tube corresponding to the j-th
hydrogeologic unit, and ψ is the stream function so that
Δψ=ψ2−ψ1 is the specific discharge of the stream tube.
The estimate provided by Eq. (2) assumes piston flow in a
steady-state flow field. An estimate with less uncertainty
would involve solving an equation for the cumulative distri-
bution function of residence time under transient flow condi-
tions and accounting for climatic variations, dispersion, matrix
diffusion and heterogeneity within the hydrogeologic units
(Varni and Carrera 1998; Weissmann et al. 2002).

Groundwater sampling and chemical analysis

Forty-five locations were sampled throughout the basin for
chemical analysis of major ions (Fig. 3). Of these locations,
26 correspond to springs, 16 are deep wells and 3 were taken
from rivers. Sample points were selected taking into account
the groundwater flow pattern and the three cross sections in
Fig. 3. Electrical conductivity (EC), temperature, pH and total
alkalinity (by titration using a bromocresol green indicator
solution) were measured in the field and samples were stored
at 4 °C. Major ions were analyzed at the Analytic Chemistry
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Laboratory of the Geology Institute at UNAM (National
Autonomous University of Mexico).

Multivariate statistical analysis

Principal component analysis, PCA (Everitt and Hothorn
2010) is employed as a diagnostic tool to detect trends in the
geochemical data. PCA is based on eigenvalue analysis of a
n×p correlation matrix of chemical composition, where n is
the number of samples and p is the number of chemical spe-
cies. The eigenvectors of the correlation matrix form a new
orthogonal system of coordinates known as the principal com-
ponents (pc) of the data set. The first eigenvector (pc1) is
aligned with the direction of largest variance in the data set.

The second eigenvector (pc2) is aligned with the direction of
the second largest variation in the data set, and so on.
Typically, the first two or three eigenvectors explain close to
90% of the variability in a data set; hence, PCA can be used as
a tool to reduce the dimensionality of a large data set and to
find patterns in complex systems. PCA has been successfully
applied for interpreting hydrologic processes through the anal-
ysis of large hydrogeochemical data sets (Christophersen and
Hooper 1992; Laaksoharju et al. 1999; Hooper 2009).

After PCA, samples with similar chemical characteristics
are grouped by hierarchical cluster analysis. Clusters are gen-
erated based on the scores obtained from PCA to avoid the
inclusion of mutually dependent variables (Suk and Lee 1999;
Long and Valder 2011). The number of clusters is obtained by
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hierarchical clustering (Ward 1963) and selected based on
calculated probability values (p-values) for each cluster using
bootstrap resampling techniques (Suzuki and Shimodaira
2006).

Geochemical modeling

Geochemical modeling was conducted to identify minerals
that are in equilibrium with sampled groundwater and to relate
groundwater composition to the hydrogeologic units that it
encounters along flow paths. Saturation indexes with respect
to gypsum, anhydrite, dolomite and calcite were computed
using the code PHREEQE (Parkhurst et al. 1980). The partial
pressure of CO2 (PCO2) was computed assuming a closed
system.

Results and discussion

Groundwater flow modeling

Flow patterns

Table 1 presents the estimated values of K for each
hydrogeologic unit. Estimated values of Kh for aquifers range
from 0.4 m/day (HU-5) to 2 m/day (HU-4), while values for
aquitards range from 0.005 m/day (HU-3) to 0.01 m/day (HU-
2). The ratio of Kh/Kv was estimated as 10 except for HU-3
and HU-4, which had a value of 5. These values represent
effective parameters assuming that each hydrogeologic unit
is homogeneous, provide an estimate of the mean value within
each unit and are supported in qualitative terms by the fact that
the flow and discharge pattern agree with the hydrologic evi-
dences at the basin scale. Based on a sensitivity analysis (not
shown), the three natural constraints mentioned in section
‘Groundwater flow modeling’ allow for the estimation of K
within an order of magnitude. Modeling results were particu-
larly sensitive to K of HU-1; increasing K by an order of
magnitude leads to a flat water table, while decreasing it by
one order of magnitude leads to a water table considerably
higher than topography of the mountain ranges.

Figure 5 depicts the simulated flow pattern and the com-
puted fluxes at the water table for the three selected sections.

Recharge rates were estimated at 35–50 % of the annual pre-
cipitation. Higher rates produce a water-table elevation above
the topography, while recharge rates lower than 25 % result in
the neighboring north basins draining towards the Amacuzac
River Basin. In section AA′ (Fig. 5), 35 % of the pluvial
precipitation infiltrates in the broad volcanic and volcano-
sedimentary fan from the slopes of the Popocatepetl Volcano
to the city of Cuautla. With respect to discharge, 60 % of it
occurs near Cuautla through springs, wetlands and base flow
to the Cuautla River. Deep groundwater circulation through
the Cretaceous carbonate rocks discharges towards the spring
of Las Estacas (S-32). In addition, local flow systems form in
the mountains towards A′ due to topography and contrast ofK
between the Balsas Group and the limestone aquifer. This
suggests that regional discharges near Las Estacas (S-32) pos-
sibly mix with local flow systems in the karstic and may ex-
plain the reported tritium content (7.4 TU) in this spring
(Secretaría de Agricultura y Recursos Hidráulicos (1987);
Jaimes-Palomera et al. 1989; Vazquez-Sanchez et al. 1989).

In section BB′ (Fig. 5), the estimated infiltration rate in the
Sierra Chichinautzin is close to 50% of the annual distribution
of precipitation. The simulated groundwater flow pattern re-
sults in a groundwater divide between the basins of the
Amacuzac River and the Basin of Mexico that is displaced
with respect to the surface water divide by approximately
9 km towards the Basin of Mexico (Fig. 5); the difference
between the surface and subsurface divides is in part due to
the difference in topographic elevation of almost 1,000 m be-
tween the lowest elevation in the Basin of Mexico and the
Amacuzac River in the ARB. This asymmetry results in
approximately 75 % of the infiltrated water in the Sierra
Chichinautzin flows towards the ARB, while the remaining
25 % flows towards the Basin of Mexico. A similar modeling
exercise for the Basin of Mexico by Ortega and Farvolden
(1989) estimated that 60 % of the infiltrated water in the
Sierra Chichinautzin flows towards the ARB. This difference
might be due to the fact that the section utilized by Ortega and
Farvolden (1989) did not reach the Amacuzac River, and thus
it did not fully include the effect of the elevation difference
between the basins. Of the total flux flowing towards the
ARB, 73 % of the discharge occurs south of the city of
Cuernavaca, between 45 and 55 km from the origin of section
BB′. Flux discharging from 56 and 74 km diminishes to 6 %

Table 1 Estimated hydraulic
conductivity of the hydrogeologic
units in the Amacuzac River
Basin

Hydrogeologic unit Kh (m/day) Anisotropy ratio Kh / Kv Porosity

Aquifer in carbonate rocks (HU-1) 1.0 10 0.2

Aquitard, Balsas Group and Mezcala Formation (HU-2) 0.01 10 0.2

Aquitard in Tertiary volcanic rocks (HU-3) 0.005–0.03 5–10 0.15

Aquifer in volcano-sedimentary rocks (HU-4) 2.0–1.0 5 0.25

Aquifer in Quaternary volcanic rocks (HU-5) 0.4 10 0.2
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due to the presence of the aquitard HU-2. The remaining 21%
of the flux discharges in the Zacatepec-Jojutla Valley (be-
tween 75 and 94 km). Discharge to the Amacuzac River in
this section is less than 1.0 m3/day/m2.

In section CC’ (Fig. 5), estimated recharge in the Sierra
Zempoala accounts for 35–40 % of the annual precipitation.
Recharge in the Cuernavaca Formation (HU-4) discharges
almost immediately as local flow, between 25 and 35 km from
the origin of the section, while infiltration in the Sierra
Zempoala percolates deeper, reaches the carbonate rocks and
discharges in the valley, between 35 and 60 km from the origin
of the section. The water table in the mountains was calibrated
to about 2,700 masl, consistent with the elevation of the
Zictepec spring (with elevation of 2,600 masl).

Residence time

Residence times for flow systems were computed using po-
rosity values estimated for each hydrogeologic unit (Table 1).
Local flow systems, for example those discharging in the vi-
cinity of the cities of Cuernavaca and Cuaulta (sections AA′
and BB′, respectively), have residence times ranging from 10
to 500 years; these local flow systems circulate mainly
through the hydrogeologic units HU-4 and HU-5 in volcano-
sedimentary and Quaternary volcanic rocks. Stream lines
reaching deeper to the Cretaceous carbonate rocks and
discharging in the middle portion of the valleys have residence
time ranging from 600 to 3,000 years. Basin-scale flow sys-
tems discharging to the portions with lower elevation in the
valleys and to the Amacuzac River have residence time rang-
ing from 4,000 to 10,000 years.

Geochemistry

Main groundwater chemical composition

The results for the chemical analysis of 45 groundwater sam-
ples—25 springs (S), 16 wells (W), 3 river water (R) and 1
gallery (G)—are presented in Table 2, where values for major
ion concentrations, temperature, pH, TDS and the percent of
charge balance error are offered. Figure 6 shows the
hydrochemical graphical representation of results through
the Stiff diagrams within the ARB. Based on the simulated
flow patterns (Fig. 5), the description considers the upper
(main groundwater recharge zone), the middle (transition
zone) and the lower part (main discharge zone) of the basin.
In the upper part of the basin, in the aquifer in Quaternary
volcanic rocks (HU-5), which represents the recharge zone

in the Sierra Chichinautzin, groundwater presents very low
concentration of ions with a magnesium-calcium-
bicarbonate-dominant composition and TDS< 200 mg/L
(Fig. 6). Also in this upper part of the ARB, but on Tertiary
and Quaternary volcano-sedimentary rocks (HU-4) in the area
of Cuautla, groundwater presents a magnesium-bicarbonate-
dominant composition and TDS values between 200 and
500 mg/L. Contrasting with this groundwater chemistry, there
are two areas in the transition to aquifer in Tertiary and
Quaternary volcano-sedimentary rocks (HU-4) and the aquifer
in Cretaceous carbonate rocks (HU-1): (1) a sodium-chloride
family—Ixtapan (W-17) and Tonatico (S-56)—which in-
creases the TDS to more than 7,000 mg/L, and (2) a
calcium-sulfate family (Agua Hedionda (S-21) and Oaxtepec
(S-12), which increases the TDS near to 3,000 mg/L. As will
be discussed latter, both indicate groundwater flowing through
evaporites of different dominant composition.

In the central part of the basin there is a complex distribu-
tion of the hydrogeologic units (Fig. 2): the carbonate aquifer
(HU-1), the aquitard in the balsas group with gypsum (HU-2),
the aquitard in Tertiary volcanic rocks (HU-3) and the aquifer
in volcano-sedimentary rocks (HU-4). HU-1 and HU-3 con-
stitute folded rocks and volcanic structures associated to topo-
graphic highs, whereas HU-2 and HU-4 are lacustrine deposits
and lahar deposits located in the topographic lows. Two sam-
ples located along Colotepec-Apatlaco River Valley, Palo
Bolero (S-31) and Apotla (W-30), present TDS between
1,800 and 2,000 mg/L with calcium-sulfate dominance
(Fig. 6). Whereas, along the Tembembe River, groundwater
samples present low concentration of ions with TDS in the
range of 400 mg/L (W-26) to 800 mg/L (W-39) with calcium-
bicarbonate composition; and along the Yautepec River Valley
(W-27, S-32, W-36, W-54) TDS are in the range of
800–1,000 mg/L with calcium-bicarbonate-sulfate composi-
tion. South of the Cuautla area, groundwater presents
calcium-magnesium-bicarbonate composition and
TDS > 800 mg/L (W-33, S-53). The thermal spring of
Atotonilco (S-52) located near the easternmost divide of the
basin presents a calcium-sulfate composition.

In the lower part of the ARB, the river water samples
(R-42 to R-44) present TDS between 450 and 1,050 mg/L
of calcium-sulfate-bicarbonate influence. Finally, near
the confluence of the Yautepec and Cuautla rivers into
the Amacuzac River, near the main discharge zone of the
groundwater system (Fig. 5), two springs, S-41 and S-45,
present TDS around 2,000 mg/L and a dominant
calcium-sulfate composition, probably originated by the
evaporitic deposits from the south where the Huitzuco
Formation (the lower member of HU-1) with gypsum
outcrops. Reported isotopic contents in groundwater from
springs 12, 21, 31, 32, 52, and 55 are on average δ34S
SO4

2– = 16 ± 0.5 ‰ and δ18O SO4
2– = 14.5 ± 0.9 ‰

(Jaimes-Palomera et al. 1989; Vazquez-Sanchez et al.

�Fig. 5 Flow pattern and distribution of fluxes at the upper boundary for
the three modeled sections AA′, BB′, CC′; equipotentials are labeled by
their value and flow lines marked by arrows
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1989) which are consistent with the values of Cretaceous
marine evaporites (Claypool et al. 1980). These reported
values support gypsum dissolution as the main source of
SO4

2– in sulfate-dominated composition of groundwater
in the ARB.

From this description, five groups can be defined:

1. Low TDS and magnesium-bicarbonate group at the re-
charge zone and short residence time (Chichinautzin and
Cuautla).

2. High TDS, between 1,800 and 3,000 mg/L, and calcium
sulfate type is observed in (a) the topographic transition
with Sierra Chichinautzin reflecting the influence of
evaporites, and (b) the middle and lower parts of the
ARB, reflecting flow through gypsum.

3. High TDS > 7,000 mg/L, sodium-chloride type,
i n t he topog raph i c t r an s i t i on w i th S i e r r a
Chichinautzin, westernmost part of the basin, and
flows through halite.

4. Low to medium TDS, calcium-bicarbonate type, flows
through aquifer in Cretaceous carbonate rocks (HU-1).

Fig. 6 Stiff diagrams

Table 3 Loadings and standard deviation of the principal component
analysis

PC1 PC2 PC3

Statistics

Standard deviation 2.56 1.51 0.89

Proportion of variance 0.68 0.24 0.08

Cumulative proportion 0.68 0.92 1

Loadings

Elevation –0.034 0.498 –0.691

Temp 0.315 –0.169 0.461

TDS 0.388 0.051 –0.065

Ca 0.356 –0.212 –0.232

Mg 0.229 –0.484 –0.299

Na 0.341 0.313 0.091

K 0.343 0.304 0.108

HCO3 0.376 0.066 0.030

Cl 0.338 0.321 0.092

SO4 0.284 –0.381 –0.365

Hydrogeol J (2016) 24:1873–1890 1883



5. Medium TDS, calcium-bicarbonate-sulfate type, flows
through aquifer in Cretaceous carbonate rocks (HU-1)
and then Balsas group (HU-2).

Principal component and cluster analyses

The variables included in the PCA are topographic elevation,
temperature, TDS and concentration of major ions. A first
exploratory PCA resulted in the first three principal compo-
nents (denoted by PC1, PC2 and PC3) accounting for 96.3 %
of the total variance in the data set. After this analysis, only
three PCs are retained in the PCA (Table 3) by omitting the
rest if their standard deviations are less than or equal to a given
value times the standard deviation of the first component.
Table 3 also reports the loadings of each of the retained PCs.
According to their loadings, PC1 depends of several variables
with loadings between 0.3 and 0.4, which suggests PC1 is not
associated to a single dominant geochemical process but to
two or more processes. PC2 is related to elevation, Mg2+ and

SO4
2– with loadings between 0.38 and 0.5; however, three

other variables (Cl–, Na+ and K+) have loadings larger than
0.3. Finally, PC3 is mostly related to elevation, temperature
and SO4

2– (loadings between 0.69 and 0.36).
Figure 7 depicts the loadings of each variable for the corre-

sponding pair of PCs and plots of scores for PC1 vs. PC2 and
PC2 vs. PC3. Colors in Fig. 7 correspond to groups defined in
section ‘Main groundwater chemical composition’. The plot of
PC1 vs. PC2 shows that samples W-17 and S-56 (group 3)
depart from the general trend in the ARB followed by the rest
of the samples. This general trend is related to elevation, and
hence to the length of groundwater flow paths; it is also related
to an increase inMg2+, SO4

2- and, to lesser extent to an increase
in Ca2+. This general trend in chemical evolution starts in the
positive direction of PC2 where data corresponding to group 1
(recharge zone) are located, whereas groups 4 and 5 (with low
to medium TDS and a trend to increase Ca2+, SO4

2– andMg2+)
are located in the negative direction of PC2. The end group of
this trend is group 2, with high content of SO4

2– and an increase
in Mg2+. It appears then that PC1 vs. PC2 is influenced by (1)

Fig. 7 PCA loadings and scores, for PC1, PC2 and PC3

1884 Hydrogeol J (2016) 24:1873–1890



hydrothermal flow through halite (group 3) and (2) a general
trend of evolution from recharge zones and then flow through
HU-1 and HU-2 (Fig. 5).

A plot of PC2 vs. PC3 (second row in Fig. 7) highlights
three different paths from groundwater in the recharge areas
(group 1): (1) group 4 roughly continues the trend observed
from group 1; (2) group 3 (W-17 and S-56) deviates from this
trend, characterized by an increase in Na+ and Cl–; (3) groups
5 and 2 also deviate from that trend but to the opposite side of
group 3 and they are characterized by high SO4

2– and Mg2+

content, probably reflecting dissolution of gypsum.
The PCA scores were then subjected to cluster analysis.

Figure 8 depicts the cluster dendrogram for the scores obtain-
ed from the PCA. There are four main branches in the den-
drogram. These branches are related to the groups defined in
section ‘Main groundwater chemical composition’ and the
paths described in the previous paragraph. From left to right,
the first branch corresponds to group 1 composed by ground-
water in the recharge zone and HU-4 and HU-5. The second
branch corresponds to group 3 composed by sodium-chloride
samples S-17 and W-56. The third branch corresponds to
group 2 composed by calcium-sulfate samples and finally
the fourth branch includes groups 4 (calcium-bicarbonate
type) and 5 (calcium-bicarbonate-sulfate). There are differ-
ences between some of the groups defined by cluster analysis
and those formed by chemical family. Samples W-27, W-39,
R-44 and S-53 are placed in group 5 by cluster analysis and in
group 4 (calcium-bicarbonate type) by inspecting Stiff dia-
grams, while sample W-11 is placed also in group 4 by cluster
analysis and in group 1 from Stiff diagrams. These differences
persist if the cluster analysis is repeated excluding tempera-
ture, elevation and TDS, i.e., using only major ions as in Stiff
diagrams, and are due to the fact that in the cluster analysis a
Euclidean distance is computed in the principal component
space (accounting for differences and similarities in the chem-
ical composition and additional variables), while the

classification from Stiff diagrams is based on the dominant
cation–anion composition.

Geochemical modeling

Given the presence of carbonate rocks and gypsum in the
ARB, a simulated regional flow pattern where groundwater
circulates through those units, a geochemical composition
where SO4

2– is the dominant anion in some samples and a
regional trend of evolution suggested by the multivariate sta-
tistical analysis, geochemical modeling was employed to cal-
culate mineral equilibrium for each of the samples. Table 4
contains the partial pressure of CO2 (PCO2) and saturation
indexes to calcite, aragonite, dolomite, gypsum and anhydrite
computed by the code PHREEQE assuming the system is
closed to PCO2. Also included in Table 4 are the groups iden-
tified from the Stiff diagrams and, when different, the groups
obtained by the hierarchical cluster analysis in parenthesis.
Figure 9 is a representation of the saturation indexes for cal-
cite, dolomite and gypsum in Table 4 related to molal concen-
tration of SO4

2–, HCO3
– and elevation. The relation of satu-

ration indexes with mSO4
2– highlights the influence of evap-

orite rocks on groups 2, 3 and 5, which have gypsum SI from
–1 to close to 0 (Fig. 9a). On the other hand, plots of SI versus
mHCO3

– and elevation highlight that groups 1 and 4 represent
the general trend of geochemical evolution in the ARB.
Groups 1 and 4 form a linear trend when calcite, dolomite
and gypsum SIs are plotted versus mHCO3

– (Fig. 9b). That
this trend represents the general geochemical evolution in
the ARB is evident when plotting SIs versus elevation
(recall that elevation is correlated to some degree with
length of flowpath in the regional groundwater flow pat-
tern). In particular for gypsum SI versus elevation,
groups 1 and 4 form a trend while groups 2, 3 and to
less extent 5, deviate from this trend.

Fig. 8 Cluster dendrogram with
selected approximately unbiased
probability values (%). Clusters
are indicated by red rounded
rectangles and numbered 1–5
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Table 4 Saturation indexes for selected minerals

Group Site No. Name Type log10 PCO2 Calcite Aragonite Dolomite Gypsum Anhydrite

1 49 Huitzilac S –2.23 –2.49 –2.64 –5.90 –2.78 –3.03

1 7 Sta. María S 1.58 –2.13 –2.28 –4.27 –2.72 –2.97

1 16 Chapultepec S –1.68 –2.10 –2.25 –4.85 –3.84 –4.09

1 51 El Túnel G –1.53 –2.07 –2.22 –4.43 –3.40 –3.65

1 10 Chalma S –2.06 –1.72 –1.87 –3.87 –2.61 –2.86

1 48 S.P. Zictepec S –1.42 –1.63 –1.78 –3.18 –3.88 –4.13

1 15 Las Fuentes S –2.28 –1.47 –1.62 –2.84 –3.62 –3.87

1 8 Laguna Ahuayapan S –2.52 –1.45 –1.61 –2.62 –3.95 –4.20

1 2 Tepoztlán S –2.04 –1.39 –1.54 –3.05 –4.32 –4.56

1 57 Malinalco Truchas S –1.7 –1.34 –1.49 –2.66 –3.54 –3.79

1 3 Tlayacapan W –2.91 –1.25 –1.40 –3.20 –4.28 –4.53

1 6 San Antón W –1.89 –1.15 –1.30 –2.17 –3.52 –3.76

1 5 Tenancingo S –1.85 –0.97 –1.12 –1.76 –3.80 –4.04

1 9 Villa Descanso W –1.53 –1.37 –1.52 –2.43 –2.32 –2.57

1 13 Oaxtepec El Bosque S –0.51 –2.39 –2.54 –4.72 –4.68 –4.92

1 20 El Bosque S –0.68 –1.91 –2.06 –3.39 –3.39 –3.64

1 22 El Almeal S –0.6 –1.83 –1.97 –3.49 –3.27 –3.51

1 23 Gpe. Victoria W –0.75 –1.82 –1.97 –3.18 –3.47 –3.71

1 18 El Sabino S –0.93 –1.58 –1.73 –3.02 –3.40 –3.64

1 28 Chihuahuita S –1.44 –0.86 –1.01 –1.93 –2.35 –2.58

1 (4) 11 Cocoyoc W –1.24 –0.60 –0.74 –0.80 –2.28 –2.51

2 21 Agua Hedionda S –0.09 –0.06 –0.21 –0.35 –0.31 –0.53

2 12 Oaxtepec Botánico S –0.12 –0.06 –0.21 –0.29 –0.29 –0.50

2 31 Palo Bolero S –0.9 0.01 –0.13 –0.40 –0.30 –0.53

2 30 Apotla W –1.18 0.19 0.05 0.05 –0.35 –0.57

2 45 Las Huertas S –1.87 0.59 0.45 1.05 –0.26 –0.46

2 41 Tehuixtla 1 S –1.29 0.07 –0.07 0.04 –0.35 –0.57

3 56 Tonatico S 0.08 0.40 0.26 0.36 –0.51 –0.67

3 17 Ixtapan W –0.08 0.62 0.49 0.51 –0.47 –0.61

4 26 Miacatlán W –1.52 –0.32 –0.46 –0.80 –2.79 –3.00

4 34 Mazatepec W –0.67 –0.79 –0.94 –1.59 –1.66 –1.87

4 54 Aqua Splash W –1.12 0.00 –0.14 –0.49 –1.22 –1.44

4 37 Ojos de Agua W –1.47 0.04 –0.11 –0.15 –1.26 –1.48

4 42 Tehuixtla 2 R –2.59 0.71 0.57 1.35 –1.60 –1.80

4 33 Tenextepango W –1.46 0.20 0.06 0.45 –1.68 –1.91

4 38 Chinameca W –1.4 0.02 –0.13 0.35 –1.82 –2.03

4 (5) 39 San G. Palmas W –1.47 0.17 0.03 0.33 –1.16 –1.36

4 (5) 27 Ticumán W –1.46 0.27 0.13 0.45 –1.20 –1.42

4 (5) 44 Tlatenchi R –2.41 1.31 1.16 2.36 –0.98 –1.18

4 (5) 53 Axocoche S –0.84 –0.22 –0.37 –0.35 –1.04 –1.26

5 52 Atotonilco S –1.37 –0.05 –0.18 –0.23 –0.64 –0.83

5 55 San Ramón S –1.29 0.14 –0.01 –0.09 –0.75 –0.99

5 32 Las Estacas S –1.44 0.14 –0.01 –0.01 –0.89 –1.12

5 36 Tlaquiltenango W –1.48 0.17 0.02 0.26 –0.97 –1.20

5 43 Xicatlacotla R –2.42 0.94 0.79 1.62 –0.89 –1.10

Notes: W well, S spring, R river, G gallery

Group is defined from Stiff diagrams and cluster analysis (the latter in parenthesis if they are different)
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Geochemical processes and groundwater flow

Figure 10 depicts the conceptual model of the groundwater
flow and hydrogeochemical evolution in the ARB. At the
recharge area in the Quaternary Sierra Chichinautzin, ground-
water originates as rain infiltrating through the soil zone and
fracture volcanic rocks (HU-5) to the water table.
Groundwater movement is through mafic (MgO≥6.0 % wt)
and intermediate (MgO≤6.0 % wt) volcanic rocks with abun-
dant phenocrystals and microphenocrystals of olivine, (Mg,
Fe)2 SiO4, and less abundant pyroxene—most common form
(Ca,Mg,Fe)2Si2O6—hornblende and plagioclase (NaAlSi3O8

to CaAl2Si2O8 series; Meriggi et al. 2008). The movement of
groundwater (Fig. 5) interacts with different minerals of these

volcanic rocks increasing the concentration of bicarbonate
from potential dissolution of plagioclase and Mg2+ and Ca2+

from olivine and also from plagioclases (Fig. 6). Figure 6
shows a lower ion concentration and a dominant
bicarbonate-calcium-magnesium composition associated to
dissolution of volcanic minerals.

Below the aquifer in Quaternary volcanic rocks (HU-5),
groundwater paths continue as shallow and deeper flows, the
first though Quaternary and Tertiary volcanic and volcano-
sedimentary rocks (HU-5 and HU-4) and the second through
the aquifer in Cretaceous carbonate rocks (UH-1; Figs. 5 and
10). The shallow groundwater in the Cuautla area contains
evidence that the water flows through specific volcanic
mineral phases along its flow path, with small but progressive

Fig. 9 a mSO4
2–, b mHCO3

– and c elevation versus saturation index for calcite, dolomite and gypsum. Horizontal lines corresponds to SI = 0, while
dashed lines mark ± 0.5 SI limit
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increases of magnesium-calcium and bicarbonate in solution
(group 1; Fig. 5). Figure 10 shows that the deeper flow en-
counters the aquitard (HU-3) and the carbonate aquifer (HU-
1). In the latter, as the water passes through the limestones,
under closed conditions with respect to CO2, dissolution of
calcite occurs (increasing contents of Ca, HCO3 and values of
calc i te SI) . Based on the presence of s inkholes
(Tequesquitengo, Coatetelco and El Rodeo, Fig. 1) in the dis-
charge zone, apparently groundwater did not get saturated
with calcite, thereby potentially dissolving the calcite until
the collapse of the structure occurred. The lakes are fed by
groundwater (De la O-Carreño 1954). However, when
groundwater encounters thick gypsum lenses in HU-2
(depicted as arrows with diagonal lines in Fig. 10) or the
Huitzuco anhydrite, which is the lower member of HU-1 (flow
depicted by black arrows in Fig. 10), more calcium and sulfate
enter into solution and causes supersaturation with respect to
calcite as observed for samples in group 2 (Fig. 9);

consecutive precipitation of calcite may occur, causing
undersaturation with respect to gypsum, and then more disso-
lution of gypsum near to saturation (group 2). When gypsum
content in HU-2 is small, groundwater acquires a predominant
sulfate-calcium composition but with lesser TDS content than
the previous case (group 5, green arrows in Fig. 10).
Groundwater flow through halite and possibly hydrothermal
influence with high TDS (>7,000 mg/L) and sodium-chloride
composition are not depicted in Fig. 10 because these charac-
teristics are limited to two samples in the western portion of
the ARB.

Conclusions

Groundwater flow and hydrogeochemistry, in the Amacuzac
River Basin, have been studied using both finite element
cross-sectional flow and equilibrium geochemical modeling,

Fig. 10 Conceptual model of groundwater flow and hydrogeochemical evolution in the ARB (hydrostratigraphy depicted in Fig. 4); size of Stiff
diagrams is proportional to total dissolved solids (TDS); flow lines are marked with arrows and equipotentials are labeled by its value

1888 Hydrogeol J (2016) 24:1873–1890



supported by a multivariate statistical analysis. A traditional
gravity groundwater-flow system is produced by the model,
showing the main features of the flow system and supporting
the results of hydrogeochemical investigations.

Groundwater recharge in the mountains is calculated as
between 35 and 50 % of the distribution of the average pre-
cipitation. Hydraulic conductivities of the six hydrogeologic
units used in the model, were obtained from the best available
sources and from field observations of the rocks and runoff
characteristics from values cited in the literature and adjusted
during the modeling.

Of the total flux flowing towards the Amacuzac River
Basin, about 73 % of the discharge occurs south of the city
of Cuernavaca, in the upper third of the basin; 6 % of the
discharge occurs in the middle of the basin, due to the pres-
ence of the aquitard HU-2; and the remaining 21 % of the flux
discharges in the Zacatepec-Jojutla Valley.

Residence times for the local flow systems, in the volcano-
sedimentary aquifer (HU-4) and Quaternary volcanic rocks
(HU-5), range from 10 to 500 years. Stream lines reaching
deeper to the Cretaceous carbonate rocks (HU-1) and
discharging in the middle portion of the valleys have residence
times ranging from 600 to 3,000 years; whereas, regional flow
systems have residence times ranging from 4,000 to
10,000 years.

The predominant groundwater reactions in the
Amacuzac River Basin are influenced by the order in
which the various igneous and sedimentary rocks are en-
countered by the groundwater flow and the prevailing
closed conditions to PCO2 in the system, consistent with
the principal component and cluster analysis: (1) recharge
water in the volcanic and volcano-sedimentary aquifers
increases the concentration of bicarbonate from potential
dissolution of plagioclase and Mg2+ and Ca2+ from olivine
and also from plagioclases, (2) deeper groundwater flow
encounters carbonate rocks, under closed conditions with
respect to CO2, and dissolves calcite and dolomite, (3)
when groundwater encounters thick shallow gypsum
lenses in HU-2 or the deeper Huitzuco anhydrite (lower
member of HU-1) gypsum dissolution produces increased
concentrations of Ca2+ and SO4

2–, (4) two samples
reflected the influence of hydrothermal fluids and probably
halite dissolution present in evaporitic deposits.
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