Hydrogeology Journal (2019) 27:2581-2593
https://doi.org/10.1007/510040-019-02011-1

REPORT

Check for
updates

Sequential indicator simulation for a three-dimensional distribution
of hydrofacies in a volcano-sedimentary aquifer in Mexico City

Priscila Medina-Ortega’ - Eric Morales-Casique? - Antonio Hernandez-Espri®

Received: 21 August 2018 /Accepted: 22 June 2019 /Published online: 6 July 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

The Mexico City aquifer is a complex mix of alluvial deposits and volcanic rocks overlapped by an aquitard composed of
lacustrine deposits. To characterize this heterogeneous hydrogeologic system, a three-dimensional model of the distribution of
hydrofacies is constructed using borehole lithological records. The analysis is based on 111 borehole logs with an average depth
of 300 m, in an area of 234 km?, providing a nominal scale of resolution of 2.1 km in the plane and 2-m resolution in the vertical
direction. These records were discretized to generate a georeferenced dataset of 13,518 points associated with a lithological
category; nine lithological categories were observed. These categories were subsequently grouped into four hydrofacies: A and
B, grouping low-permeability lithological categories (lacustrine and volcano-sedimentary materials, respectively); and C and D,
grouping high-permeability lithological categories (volcanic rocks and alluvial deposits, respectively). The database was ana-
lyzed in terms of proportion of hydrofacies at depth, distribution of layer thickness, and behavior of experimental horizontal and
vertical variograms. The experimental variograms of each hydrofacies were fitted to exponential models via minimization of
cross-validation errors. Three-dimensional models of probability of occurrence of each hydrofacies and the combined distribution
of hydrofacies were then constructed via ensemble averaging of 1,000 realizations obtained by sequential indicator simulation.
The potential use of this model for water management, modeling land subsidence, and groundwater pollution is discussed.
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Introduction

Mexico City is one of the most populated cities in the world
and the urban concentration causes diverse problems such as
shortage of water supply, land subsidence and groundwater
pollution. The Mexico City aquifer is a complex mix of allu-
vial deposits and volcanic rocks, and supplies 66% of the
~62 m’/s of water required in the Basin of Mexico
(Hernandez-Espriu et al. 2014; Escolero et al. 2016). This
aquifer is overlapped by a lacustrine aquitard composed main-
ly of highly compressible clayey materials described as
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allophanes (Carredon-Freyre et al. 2010; Jaime-P and
Méndez-Sanchez 2010). Groundwater pumping has caused
severe land subsidence in Mexico City at rates that have
exceeded 0.4 m/year and more than 13.5 m of subsidence
has accrued since the 1930s (Ortega-Guerrero et al. 1999;
Auvinet 2009); maximum rates of nearly 0.35 m/year have
been recently measured (Cabral-Cano et al. 2008). In order
to face these challenges and to propose alternative water man-
agement policies, sound hydrogeological modeling of this
system is needed. These modeling efforts need to consider,
among other aspects, the natural heterogeneity of the geolog-
ical formations. Lateral and vertical heterogeneity in this
hydrogeological system has important effects when modeling
land subsidence due to groundwater pumping (Hernandez-
Esprit et al. 2014; Zapata-Norberto et al. 2018), to model
ground fracturing due to differential settlement (Carreon-
Freyre et al. 2010, 2011; Hernandez-Espriu et al. 2014), in
contamination and vulnerability studies (Hernandez-Espriu
et al. 2014; Dominguez-Mariani et al. 2015) and in predicting
and modeling the seismic response of a given site to an earth-
quake (Avilés and Pérez-Rocha 2010; Arroyo et al. 2013;
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Ovando-Shelley et al. 2013). Despite this need, a tridimen-
sional model of this aquitard-aquifer system, defining lateral
and vertical heterogeneity up to the depth of the production
wells, that is, up to several hundred meters depth, is not exis-
tent for Mexico City.

Adequate representation of spatial heterogeneity is chal-
lenging due to the typically high variability in aquifer proper-
ties such as hydraulic conductivity K. In granular aquifers, the
spatial distribution of K is typically related to the distribution
of lithofacies, i.e., a mappable subdivision based on lithology
of a main stratigraphic unit. In the framework of spatially
correlated random variables, the boundary between two
lithofacies likely defines the boundary between two regions,
each one with its own probability density function of K (Ritzi
2000). The concept of hydrofacies has been introduced to
improve the representation of spatial variability and to enable
the incorporation of soft geological data. A hydrofacies
groups lithofacies which have similar hydraulic properties,
mainly K (Johnson and Dreis 1989; Poeter and Gaylord
1990; Johnson 1995). The concept of hydrofacies is particu-
larly valuable because lithologic data are often more abundant
and readily available than K data.

The distribution of hydrofacies is frequently analyzed
using a geostatistical framework so that the uncertainty related
to incomplete knowledge of the subsurface (due to sparse
measurements and measurement errors) can be incorporated
into the modeling framework. The indicator geostatistics ap-
proach is an alternative that provides a quantitative way to
characterize, delineate and simulate the spatial distribution of
hydrofacies. The indicator approach was introduced by
Journel (1983) and further extended by others to assess, infer,
or simulate the spatial distribution of hydrofacies (Ritzi et al.
1994; Carle and Fogg 1996, 1997; Fogg et al. 1998; Ritzi
2000; Ritzi et al. 2000; dell’ Arciprete et al. 2012). Within this
strategy, an indicator function can take (at any given point in
space) the value zero or one, depending on whether the point
is inside, or outside a given facies.

Hard data (such as K measurements) to characterize aquifer
heterogeneity are difficult and expensive to collect, while soft
data (such as borehole lithological records) are sometimes
more abundant, but they are not easily related to quantitative
parameters such as hydraulic conductivity. Despite this limi-
tation, borehole data is helpful in delineating aquifer hetero-
geneity. Indicator methods are attractive as a means of ad-
dressing the categorical nature of geologic data and for
incorporating the geometric context of geologic facies.
Johnson (1995) employed indicator variograms to character-
ize the distribution of two hydrofacies in an alluvial fan set-
ting. Ritzi et al. (2000) applied indicator characterization to
two buried-valley aquifers, composed of glaciofluvial sedi-
ments. The lithological categories were grouped in two
hydrofacies: a predominantly sand and gravel lithofacies (fa-
cies s) interbedded with a mud and diamicton lithofacies
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(facies m). Moysey et al. (2003) employed sequential indi-
cator simulation to generate facies realizations conditioned
to radar facies probabilities. Considerable research has
been carried out to investigate how borehole data can con-
tribute to improve the depiction of spatial heterogeneity in
groundwater systems (Ezzedine et al. 1999; He et al. 2014;
Jorgensen et al. 2015).

The aim of this work is to characterize the spatial hetero-
geneity of the southern portion of the hydrogeologic system in
Mexico City. The approach employed is based on sequential
indicator simulation of hydrofacies defined from lithological
records of groundwater wells. Sequential indicator simulation
was chosen because it is a very efficient algorithm and allows
to easily mix hard and soft data. The lithological categories in
the borehole records were grouped and categorized into four
hydrofacies (two pairs of high and low hydraulic conductivity
hydrofacies, one pair for volcanic rocks and one for sedimen-
tary deposits) and analyzed using indicator functions to dis-
cover spatial relations among them. Thus, the approach
employed illustrates the application of sequential indicator
simulation to four variables, a step forward from the typical
application to two variables.

Hydrogeological setting

The Basin of Mexico, located in the Trans-Mexican Volcanic
Belt, is a structure with more than 2,000 m of sedimentary
fillings and mostly Miocene to Quaternary volcanic rocks
(Vazquez-Sanchez and Jaimes-Palomera 1989; Arce et al.
2013, 2015, 2019). The study area is 234 km? and is located
at the southern part of the basin (Fig. 1). The volcanic rocks in
the study area belong to the Chichinautzin volcanic field, of
Pleistocene-Holocene age, and the Sierra de Las Cruces vol-
canic sequence, of Pliocene-Pleistocene age (Fig. 1; Arce et al.
2015, 2019). The Chichinautzin volcanic field forms part of
the southern limit of the Basin of Mexico and is comprised of
more than 120 monogenetic volcanoes (Arce et al. 2015). In
the study area (Fig. 1) this field includes the units Sierra Santa
Catarina, Cerro de la Estrella and Pefién del Marqués (Arce
etal. 2015, 2019). The Cerro de la Estrella volcano is located
almost at the center of the study area (Fig. 1), and is a “shield
volcano” due to the very soft slopes and edges of'its radial lava
fronts and is crowned by a cone of scoria (Arce et al. 2015).
The Sierra Santa Catarina is formed by seven monogenetic
volcanic structures, aligned in the general direction E-W;
most of these structures are ash and slag cones with associated
lava flows, one is a lava dome and the western structure is a
maar (Arce et al. 2015). Peiidon del Marqués is also a mono-
genetic volcano (Arce et al. 2015). These volcanic rocks are
sometimes covered or interbedded with alluvial and fluviatile
materials (Vazquez-Sanchez and Jaimes-Palomera 1989;
Garcia-Palomo et al. 2008; Arce et al. 2015).
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Fig. 1 Geographical and geological setting of the study area in Mexico (adapted from Vézquez-Sanchez and Jaimes-Palomera 1989 and Arce etal. 2015,
2019). Symbols correspond to groundwater wells with available lithological records

The surface geology (Fig. 1) also includes lacustrine
(Qla) and alluvial deposits (Qal), which are interbedded
at their contact, and are also frequently interbedded with
the volcanic and volcaniclastic deposits (Vazquez-
Sanchez and Jaimes-Palomera 1989; Arce et al. 2015,
2019). Lacustrine sediments in Mexico City consist of a
60—-100-m-thick section of clay (Marsal and Mazari
1959), reaching up to 300 m in thickness in Chalco,
outside of Mexico City (Lozano-Garcia et al. 2017).
Interbedded with these sediments are layers of
volcaniclastic material of a few centimeters in thickness
(Ortega-Guerrero et al. 2017). In some areas of the city,
these volcaniclastic layers reach a few meters in thick-
ness, are composed of sands, gravely sands, silts, sandy
silts and thin lenses of silty clays, and are known in the
geotechnical literature as capas duras or hard layers
(Marsal and Mazari 1959; Ovando-Shelley et al. 2013;
Mooser 2018).

In a simplified hydrogeological conceptual model, the
alluvial/clastic/volcanic materials constitute the aquifer
supplying groundwater to Mexico City, overlapped and
semiconfined by the clayey aquitard constituted by the
lacustrine unit (Hernandez-Espria et al. 2014; Morales-
Casique et al. 2015). Average depth of groundwater
wells is 200 m, with a few of them reaching up to
1,000 m (Escolero et al. 2016).

Methods
Lithological records

Lithological records from groundwater wells were obtained
from the databases of the National Water Agency
(CONAGUA), the Federal Power Agency (CFE), the
Mexican Oil Company (PEMEX) and the Water Supply
Agency of Mexico City (SACMEX) and from Valencia-
Cruz (2002). A total of 111 lithological records were obtained
having an average depth of ~300 m and containing 11 litho-
logical categories (Figs. 1 and 2), or about one well per
2.1 km?. This data density leads to a nominal resolution scale
of 1.45 km; however, since data density is not uniform (Fig.
1), some areas have a finer resolution, while others have a
coarser resolution. The lithological records were discretized
in intervals of 2 m and the corresponding lithological category
was assigned to the center of the interval. Based on data avail-
ability and considering topographic elevation of each well, a
common depth interval for all lithological records of 300 m
was selected for the analysis.

Definition of hydrofacies

To simplify the problem, the lithological categories were
grouped in four hydrofacies denoted A, B, C and D.
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Hydrofacies A and B group low hydraulic conductivity sedi-
ments and volcanic materials. Hydrofacies C and D group
high hydraulic conductivity volcanic rocks and sediments,
respectively. The vertical resolution in the definition of
hydrofacies was kept equal to 2 m. An indicator function
was then assigned to the hydrofacies data

[ 1 (x,y,z)chydrofacies i
li(x,y,2) = {0 otherwise (

—_
g

Discretization of the 111 borehole logs resulted in 13,518
data. Global variability of hydrofacies was analyzed by com-
puting proportions at different depths. The proportion of
hydrofacies i at elevation z; is computed as

Ny N

2 X Ii(xj,){,-,ZFAZSZSZI + AZ)

Ppi(Zl):N “ 5
Jj=1k=

(2)
where /; is the indicator function of hydrofacies i, N, is the
number of wells, NV ; is the number of data of the j-th well
between the limits z;+ Az, and N is the total number of data
between the same limits z;+ Az, for all wells. In case N is
constant for all wells, N=N,, Ny ;; however, since each well
has a different topographic elevation, in general N, is differ-
ent for each well.

@ Springer

Variogram modeling

The Cerro de la Estrella volcano is located roughly at the
center of the area (Fig. 1); there are no wells on this structure,
and thus no information about its structure at depth. To avoid
extrapolating across the volcano, and for computational con-
venience, the area was divided into three zones: I, II and III
(Fig. 1). Each zone was modeled separately. Experimental
variograms for each hydrofacies were computed at each zone
for two directions, horizontal and vertical. An exponential
model was fitted to the experimental variogram of each
hydrofacies. The variograms parameters were obtained by
minimizing the cross-validation errors using PEST 12.2
(Doherty 2010). Five-fold cross-validation errors were com-
puted using GSLIB (Deutsch and Journel 1998) and the three
estimated parameters for each hydrofacies were sill and inte-
gral scale in the vertical and horizontal directions.

Sequential indicator simulation

A total of 1,000 realizations of each hydrofacies were gener-
ated by sequential indicator simulation using GSLIB (Deutsch
and Journel 1998). The exponential correlation structure and
the corresponding parameters were those obtained from the



Hydrogeol J (2019) 27:2581-2593 2585
Fig. 3 Proportion of hydrofacies Number of lithology records
with topographic elevation: A — 2950 0 50 100 150 200 250 300 350
low-K lacustrine clay, B — low-K [ A= ——..'—‘..L,‘,_'__'_'___ b et
volcanic and volcano sedimentary Ny e O i
materials, C — high-K volcanic B \'-I
rocks and D — high-K alluvial 2200 b= :
sediments n |
5 !
2150 | '
B !
B . /
7 -
© 2100 B /
E B s
s k /
g 2050 Y
g - . =
= _/"
B /
2000 = P ——=a—— Hydrofacies A
B e 3 ———— Hydrofacies B
< 7 Hydrofacies C
B /-' ——e—— Hydrofacies D
1950 b= ’—_./-' ——e——e = Number of lithology records
» e
s —
i 7/
1900 i i [ I ! |
0 0.2 0.4 0.6 0.8 1
Proportion

variogram modeling step. The realizations were averaged to
compute probability of occurrence for each hydrofacies. Point
convergence of these averages was verified at random loca-
tions. The average results were then combined, assigning the

Table 1 Variogram parameters for each hydrofacies at the three zones
Hydrofacies Nugget Sill Integral scale
Horizontal (m) Vertical (m)
Zone 1
A 0.15 0.08 1,212.8 40
B 0.13 0.11 1,341.3 35.7
C 0.09 0.05 700.0 23.5
D 0.13 0.09 439.2 24.6
Zone 11
A 0.02 0.1 800.8 45.0
B 0.01 0.14 691.0 324
C 0 0.15 385.9 29.5
D 0 0.25 107.0 14.1
Zone 111
A 0.04 0.18 824.4 22.0
B 0.07 0.1 426.3 25.0
C 0.1 0.15 88.0 47.0
D 0.03 0.11 115.0 21.6

hydrofacies with the largest probability of occurrence at each
point. Boundary locations between hydrofacies, where two or
more of them had similar probabilities of occurrence, were
solved last by combining a nearest neighbor algorithm to iden-
tify the closest hydrofacies and a decision rule to preserve the
proportion of hydrofacies at the elevation z;. That is, the loca-
tion in question was assigned to hydrofacies i if
[P pi(zl)]real > [P pi(zl)]simulated’ tfymg to preserve the glObal pro-
portion of hydrofacies. Based on this procedure, a tridimen-
sional model of the distribution of hydrofacies was generated.
The spatial discretization of the hydrofacies models is (x, y, 2):
zone I (109, 69 and 4.5 m), zone II (229, 136 and 7 m) and
zone III (161, 137 and 7 m), where x is the E-W direction, y is
N-S direction and z is elevation.

Results
Lithological categories and hydrofacies

The 111 lithological records contained 11 types of sediments/
rocks—namely clay, clay-sand, sand, sand-clay, sand-gravel,
basaltic lava flow, scoria, conglomerate, gravel and tuff (Fig.
2). Total depth of the lithological logs varies from 100 m to
over 1,000 m, with most wells having depths between 200—
300 m. Thickness of the lacustrine clay varies from 10 to
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Fig. 4 a Vertical and b horizontal variograms for hydrofacies A in zones I, II and III. Symbols represent the experimental variogram and lines are the

fitted models

65 m. Figure 2 also depicts the spatial distribution of the four
hydrofacies in groundwater wells. Each hydrofacies was de-
fined by grouping one or more of the lithologic categories
depending on its estimated hydraulic conductivity and its pri-
mary or secondary porosity.

Hydrofacies A is characterized by the main presence of
low-K lacustrine clay that constitutes the upper aquitard of
the hydrogeologic system with thicknesses of 670 m in the
study area. Hydrofacies B groups clay-sand, conglomerate,
sand-clay and tuff. Tuffs in this area are typically altered into
clay (Direccion General de Construccién y Operacidon
Hidraulica, Estudio y cuantificacion de caudales de los
manantiales del Poniente, Mexico City, unpublished report,
1992). These materials are considered low-K alluvial and vol-
canic deposits. Hydrofacies C groups lava flows and scoria
and is considered of high-K due to secondary porosity. Finally,
hydrofacies D groups alluvial deposits of high-K: sand, gravel
and sand-gravel. Hydrofacies D is interbedded with
hydrofacies B and to less extension with hydrofacies C; these
three hydrofacies constitute the main aquifer under exploita-
tion in Mexico City.

Figure 3 depicts the proportion of each hydrofacies with
depth. Proportion of hydrofacies A varies from 60 to 80% in
the first 60 m, decreasing to only ~5% at an elevation of 2,150
masl. Hydrofacies B varies almost linearly from 5 to 55% in
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the range of 2,250 masl to 1,950 masl and is relatively more
abundant (proportions from 40 to 55%) from 2,050 masl
downwards. Hydrofacies C is mainly found from 2,200 to
2,080 masl with proportions from 15 to 50% (maximum at
2,130 masl). Hydrofacies D predominates from 2,150 to 2,000
masl with proportions from 30% to a maximum of 60% at an
elevation of 2,050 masl (Fig. 3).

Overall, the main aquifer (roughly from 2,170 to 1,920
masl; ~230 m thick) is composed mainly of high-K
hydrofacies D (30—50%), while hydrofacies C is more abun-
dant in the first 100 m (about 25% in average, but peaking at
50% around 2140 masl), while low-K hydrofacies B is more
abundant (30-50%) in the bottom 100 m.

Variograms

Variogram parameters for each hydrofacies at the three
zones are presented in Table 1. Hydrofacies A (lacustrine
clayed sediments) and B (low-K alluvial and volcanic
deposits) present the longest horizontal integral scale.
Hydrofacies C and D (high-K volcanic rocks and alluvial
deposits, respectively) resulted in shorter horizontal inte-
gral scales than the low-K hydrofacies (Table 1). Vertical
integral scale of low-K hydrofacies (A and B) are longer
than the corresponding to the high-K hydrofacies, except
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fitted models

for zone III where occurs the opposite. Fitted variograms
for hydrofacies A and D in the three zones are depicted
in Figs. 4 and 5, respectively. Zonal anisotropy between
the vertical and horizontal directions occurs for
hydrofacies A in zones I and II (Fig. 4), and for
hydrofacies B and C in zone I (not shown). Variograms
for zone III did not present zonal anisotropy (Fig. 5).

Vertical integral scale in Table 1 can be roughly relat-
ed to the average thickness of each hydrofacies. For
hydrofacies A, this integral scale can be related to the
average thickness of the semiconfining layer in the study
zones, from 22 m in zone III, to 45 m in zone II.
Average thickness of hydrofacies D goes from 14 m in
zone II to about 25 m in zone I, which is consistent with
the conceptual model where hydrofacies D is interbedded
with hydrofacies B and C.

Three-dimensional model of hydrofacies

Figure 6 depicts the resulting three-dimensional (3D) model of
distribution of hydrofacies for the three zones, as obtained by
averaging 1,000 realizations using the sequential indicator
simulation. As expected, hydrofacies A, corresponding to la-
custrine sediments, is almost continuous in the upper portion
of each zone. It is evident that the 3D model, and the available

lithological records from groundwater wells, do not have the
vertical resolution to define the tephra layers interbedded with
the clayey lacustrine sediments. Hydrofacies A represents the
aquitard that semiconfines the main aquifer, currently under
intensive development. Overall, hydrofacies A reaches a
thickness up to ~100 m; in addition, discontinuous lenses of
this hydrofacies appear deeper, particularly in zones I and III,
according to Fig. 6. It is inferred that these deeper lenses are
not related to the lacustrine aquitard, and are interbedded with
volcanic rocks, i.e., volcaniclastic deposits, previously report-
ed by other authors, as a common feature of the basin’s geol-
ogy (Carrera-Hernandez and Gaskin 2008; Garcia-Palomo
et al. 2008).

On the other hand, the main aquifer is comprised of
hydrofacies C and D related to fractured-based volcanic rocks
and alluvial/fan deposits, respectively, and of hydrofacies B,
composed of less permeable clastic/pyroclastic deposits.
Hydrofacies C and D (Fig. 6) have a large extent. The latter
exhibits a thickness of 250-300 m (Fig. 6, zone III). This
hydrofacies outcrops at the Cerro de la Estrella, in the southern
portion of zone I (Fig. 6).

In the upper portion of zone II (Fig. 6), hydrofacies A is
interbedded with the other three hydrofacies, which may in-
terrupt its continuity, while hydrofacies B and C are present at
all depths, but as lenses interbedded with the other two
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hydrofacies. Finally, hydrofacies D shows more continuity at
the western portion of zone II, which corresponds to the lower
parts of the Sierra de las Cruces (Fig. 1).

In zone I1I (Fig. 6), hydrofacies C presents some continuity
at the south and west faces of the block. The west face corre-
sponds to Cerro de la Estrella volcano, while the south face
corresponds to Sierra Santa Catarina. Hydrofacies C is over-
lain by hydrofacies A, while hydrofacies B and D are inter-
bedded in lower portion of the block.

Figure 7 compares the proportions obtained from data and
those modeled for each hydrofacies in zone I. There is good
agreement between observed and modeled proportions; simi-
lar results were obtained in the other two zones. An additional
measure of the predictive capabilities of the models is obtain-
ed from computing the mismatch error between zones that
overlap (Fig. 1). Since the computational grids were different
for each zone, uniform grids of the overlapping volume, be-
tween zones I and II and between zones II and III, were con-
structed. The hydrofacies predicted in each zone was defined

@ Springer

on the uniform grid (using the nearest neighbor) and a mis-
match error was computed (one if the predicted hydrofacies
were different, zero otherwise). The resulting mismatch be-
tween zones | and II is 31.65% and between zones II and III
is 12.04%.

Figure 8 depicts the probability of occurrence of each
hydrofacies in zone I for the corresponding model in Fig.
7. The effect of conditioning is evident in this figure, as
two boreholes can be delineated near the SW limit of the
domain, whose lithological records consist mainly of
hydrofacies B and D. For these two hydrofacies, probabil-
ity of occurrence is close to 1, while high probability of
occurrence for hydrofacies A is limited to the upper portion
of the wells and hydrofacies C was not present. It is also
evident from this figure that at intermediate distance be-
tween these two wells the probability of occurrence of
hydrofacies B and D is close to 0.5, defining a zone of
large uncertainty in delineating the boundary between
these two hydrofacies.
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Discussion

A conceptual model is proposed based on the 3D distribution
of hydrofacies. In this model, the main aquifer of Mexico City
is composed of a complex set of hydrofacies with high- and
low- hydraulic conductivities. To the authors’ knowledge, this
is the first application of sequential indicator simulation to
model the distribution of hydrofacies in a volcano-
sedimentary environment such as the hydrogeologic system
in Mexico City. From a theoretical point of view, there is no
difference in applying the method to the alluvial/glacio-fluvial
and volcano-sedimentary cases. The differences are in the
geological context. The vertical distribution of the sediments
in glacial-fluvial environments is complex because their for-
mation is the result of the interaction of previous and recent
sediments with the movement of the glacier; hence, the sedi-
ments do not present the typical alternating sequence of allu-
vial environments. In the case of Mexico City, its geological
evolution is the product of diverse volcanic episodes of varied
composition that add an element of complexity to the sedi-
ments deposited in alluvial and lacustrine environments; thus,
an alternating sequence between alluvial and volcanic mate-
rials would be restricted to the areas where volcanism was
present or close to the source.

Figure 9 compares two geologic sections based on
Vazquez-Sanchez and Jaimes-Palomera (1989), marked AA’
and BB' in Fig. 1, and the distribution of hydrofacies obtained
from the 3D models. The distribution of hydrofacies obtained
from the borehole lithological data is more complex than what
the geologic sections suggest. Adding complexity to this rep-
resentation, each hydrofacies is heterogeneous in terms of
hydrogeological parameters, particularly hydraulic conductiv-
ity, K. Vargas and Ortega (2004) conducted 225 tests in pie-
zometers constructed in the lacustrine sediments in Mexico
City; these lacustrine sediments correspond to hydrofacies
A. K values in this data set range from 1x1077 to 1 x
107" m/s with an arithmetic mean of 1.08 x 10~ m/s.
Medina-Ortega (2016) reinterpreted three pumping tests (only
drawdown data at the pumping well was available for these
tests) within the study area and estimated effective values of K
for hydrofacies B, C and D at a nominal scale of 100 m (ap-
proximately the average length of the screen). Additional es-
timates of K for alluvial deposits (mostly hydrofacies D) and
volcanic rocks (mainly hydrofacies C) from reinterpretation of
pumping tests were reported by Instituto de Geofisica-UNAM
(1994). Combining the results of these references, values of K
for hydrofacies C range from 2.9 x 102 to 1 x 10> m/s. On
the other hand, values of K for hydrofacies D range from 1 x
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107 to 1x 107> m/s. For hydrofacies B, Medina-Ortega ~ Marianai et al. 2015). This situation highlights the need of a
(2016) estimates range from 1 x 10> to 4 x 10°° m/s. Based ~ wellhead protection program for wells supplying drinking wa-
on these estimates, a conceptual distribution of hydraulic con-  ter for Mexico City. The hydrofacies model developed in this
ductivity (expressed as Y=1In K) for each hydrofacies is study is a first step in describing the heterogeneity of the
shown in lower part of Fig. 9, highlighting their heteroge-  hydrogeologic system, and provides a physical framework to

neous nature. include in groundwater flow models for the delineation of
Wells supplying water to Mexico City are vulnerabledueto ~ wellhead protection areas. However, since the nominal scale
sustained drawdown of piezometric levels, presence of con-  of the present hydrofacies model is 1.45 km, additional on-site

taminant sources in the urban area and land settlement  characterization of the heterogeneity (through exploratory
(Escolero et al. 2016). There has been evidence of low water  drilling and geophysical investigation) would be needed. On
quality in the aquifer for several years (National Research  the other hand, the scale of resolution of the hydrofacies mod-
Council 1995). Total and fecal coliforms, as well as bacteria el is adequate for regional and intermediate-scale groundwater
responsible for gastroenteric diseases and acute diarrheas, = modeling, to design water management strategies to attenuate
have been found in groundwater in the southern and western ~ drawdown of piezometric levels and subsidence rates.

parts of the city (Tortajada 2006). According to this author, the Conceptually, it is well known that the volcanic materials
gastroenteric diseases, resulting from the consumption of pol-  are interbedded with the lacustrine and alluvial sediments
luted water, are the fourth major reason for child mortality in ~ (Vazquez-Sanchez and Jaimes-Palomera 1989; Garcia-
Mexico City (157/100,000). Nitrates are also a contaminant of ~ Palomo et al. 2008; Arce et al. 2015). However, no site-
concern in the southern portion of the city (Montiel-Palma  specific model for the aquifer of Mexico City existed up to
et al. 2014). In addition, groundwater quality from wells in ~ now. The hydrofacies models (Fig. 6) provide site-specific 3D
the municipality of Iztapalapa is degrading due to mixing with  estimates of such complexity plus probability of occurrence of
brackish groundwater from the aquitard (Dominguez- each hydrofacies (Fig. 8). These site specific
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hydrostratigraphic models provide a more detailed physical
framework for understanding and modeling appearance of
fractures and differential settlements. The hydrofacies model
of zone II (Figs. 6 and 8) is roughly centered in the munici-
pality of Iztapalapa, encompassing almost 50% of its territory.
Extensive fracturing due to land subsidence and differential
settlements has been mapped in this municipality (Carreéon-
Freyre et al. 2010), with an average length of 82 m per fracture
(Carreon-Freyre et al. 2011). Approximately 60% of these
fractures have an orientation NE-SW (Carreon-Freyre et al.
2011), roughly parallel to the contour of the Sierra Santa
Catarina volcanic unit (Fig. 1). Future work should relate the
distribution of volcanic hydrofacies with the appearance and
development of fractures, and investigate the relation of the
hydrostratigraphy and the spatial gradients in subsidence in
Mexico City (Cabral-Cano et al. 2008).

Finally, another area that could benefit from a 3D
hydrofacies model, is the modeling of the seismic response
of a given site to an earthquake. The dominant period, which
defines the seismic response of a given site, depends on the

stratigraphy, the physical properties of the different geologic
materials and the thickness of the lacustrine sediments
(Ovando-Shelley et al. 2013; Arroyo et al. 2013). Efforts have
been conducted to model and predict how the dominant pe-
riods of different areas in Mexico City change as the thickness
of lacustrine sediments is diminished due to land subsidence
(Avilés and Pérez-Rocha 2010; Arroyo et al. 2013). Although
the hydrofacies model developed here is focused on hydraulic
properties, it provides useful information about the stratigra-
phy of a specific site, and could be employed to improve the
predictive capabilities of seismic-response models.

Conclusions

A 3D model for the distribution of four hydrofacies was ob-
tained from a geostatistical indicator analysis of lithological
records from groundwater wells. The spatial variability of the
hydrofacies is the result of the geological evolution of the
Basin of Mexico, where periods of volcanic activity alternate
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with alluvial fans and lacustrine environments. As a result,
Mexico City’s hydrogeologic system is a complex, heteroge-
neous combination of alluvial material, volcanic rocks and
lacustrine sediments. This complexity is simplified by group-
ing eleven lithological facies found in lithological records
from groundwater wells into four hydrofacies. Hydrofacies
A corresponds to lacustrine sediments of low hydraulic con-
ductivity K; this hydrofacies overlies and semiconfines the
main aquifer. In turn, the main aquifer (thickness of about
230 m) is composed of hydrofacies B (low K volcanic and
volcano-sedimentary material), hydrofacies C (high K volca-
nic rocks) and hydrofacies D (high K alluvial sediments).
Hydrofacies D is present in the entire aquifer in proportion
from 30 to 50%, and it is interbedded with hydrofacies B and
C. Hydrofacies C predominates in the upper 100 m of the
aquifer (about 25% in average, but peaking at 50%), while
hydrofacies B is more abundant in the lower 100 m of the
aquifer (30-50%).

Site-specific quantitative analyses of hydrofacies would
provide a well-informed prior estimate for statistics on the
proportion, geometry, and juxtapositioning of facies in the
facies assemblages expected to occur at the site. This informa-
tion would fit in a hydrogeological decision analysis frame-
work at a specific site such as the one outlined by Freeze et al.
(1990). By incorporating the information obtained by a quan-
titative analysis of hydrofacies, the hydrogeological decision
analysis would begin with a reduced level of uncertainty.
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