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ABSTRACT

Fresh water is one of the natural resources needed for supply of urban, industrial and agricultural
development; and its scarcity could be critical for urban growth. In the last decades, ground water
exploitation has had a great negative impact in arid and semi-arid areas around the world, where
groundwater is the only source for fresh water and the aquifer system is composed of unconsolidated
sediment. Intense groundwater extraction results in a drop in the groundwater level, which in turn
induces the gradual subsidence of surface terrain, due to the compaction of unconsolidated sediments.
This phenomenon known as subsidence is due to groundwater extraction, and currently several alluvial
and lacustrine valleys with large growing cities around the world are undergoing its effects. When the
aquifer system lies on bedrock with irregular topography, uneven settlement is generated, leading to
the occurrence of surface ground failures that damage both urban infrastructure and housing. Tepic City
is a growing city located in an incipient subsidence area in central West Mexico. Even though the
subsidence process in Tepic City was detected in 2014, the local government agencies responsible for
urban planning have not realized this new hazard for city growth, and consequently there are still no
regulations for new urban developments that may become exposed to subsidence effects. Herein we
analyze and discuss the relationship between natural factors and anthropogenic ones which have
conditioned and triggered the subsidence process in the Tepic area. Additionally, we present a
description of the current effects of subsidence on the urban areas of Tepic City, and discuss subsidence
damages’ expected evolution if no actions are undertaken for their mitigation and prevention.
Keywords: aquifer, groundwater, bedrock, groundwater extraction, failures, Mexico, sinking land,
subsidence, Tepic City.

1 INTRODUCTION

Subsidence is the gradual settlement of large areas of the earth’s surface. This phenomenon
has its origin in the extraction of subsoil resources, whether minerals, hydrocarbons, gas or
water. In Mexico, reported subsidence is mainly caused by the extraction of water from
granular aquifers, which are exploited in order to supply potable water to urban, industrial
and agricultural centers, resulting in a strong anthropogenic impact that is manifested by
differential land settlement. In Mexico, this phenomenon is concentrated in the trans-
Mexican volcanic belt (except for some cases in the north of the country), mainly geological
structures of the graben type that over time were filled with alluvial or lacustrine water
carried there, forming fertile valleys suitable for agriculture or livestock. Since the last
century, subsidence and cracking of the surface occurs in different valleys and coasts around
the world [1], [2], affecting mainly urban areas where there is a greater probability of damage
to infrastructure, housing areas, productive plant and industrial zones, etc. Subsidence, its
causes and its effects have been documented, investigated and discussed in different scientific
forums around the world [1]-[8].
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Burbey [9] mentioned the climatic and geohydrological conditions associated with zones
prone to present subsidence and ground failure. Some of these conditions occur in the

Matatipac Valley, among which are:

a) The Valley is part of the Tepic-Zacoalco graben (Fig. 1) that has NW-SE orientation and

extends from the Chapala Lake in Jalisco until San Blas Nayarit [10], [11].

b) The filling material of the Matatipac Valley comprises quaternary and tertiary volcanic

materials of little to medium consolidation.

c) Although there is no arid or semi-arid climate in the Matatipac Valley area, the volume

of water recharged to the aquifer is less than the volume of water extracted.

d) As a consequence of the previous point, there has been a decline in static levels that is

due to excessive pumping of groundwater.

In the studied area, the most notorious hydrographic feature is the Mololoa River, which
crosses the Matatipac Valley from south to north. The secondary surface currents are the
streams Las Cuevas, El Puente Grande, El Cordoncillo, El Llorén de Mora, San Francisco
and Mal Paso, among others that discharge their waters to the Rio Grande de Santiago. All
of them are tributaries of the Mololoa river that lead the precipitated water in the high parts

that surround the Valley to the low part [12]-[14].
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Figure 1: Map showing location of Matatipac Valley and Tepic City.
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Despite the existence of surface currents, in recent decades the use of groundwater was
favored because it is more economical to drill a shallow well than to construct hydraulic
works for the use of surface water currents. In the region studied, the average annual rainfall
is 1245 mm, which is less than the average annual evapotranspiration potential (1700 mm).
According to this, the potential for recharging the aquifer naturally is limited and depends on
the speed with which the water infiltrates the subsoil, thus preventing its evaporation.
Regarding the hydrogeology of the Matatipac Valley: Although the local government and the
federal office in charge of the administration of water resources have carried out exploratory
and hydraulic water studies, much of the information is lost in the archives of different
government agencies involved. Although this type of information is public in Mexico, its
access is delayed and difficult because the government agencies do not have a program or
initiative to publicize the type of studies they have, their special and temporary coverage, or
the results achieved to date. Hence, this work presents information that was generated in
several unpublished and published technical reports about the Matatipac Valley aquifer. The
information presented is aimed at explaining the subsidence process that is currently
presented and its current consequences. It also presents an analysis and a discussion about
the expected effects due to subsidence and fracture of the land in the urban development, if
the same tendency of exploitation of the aquifer continues.

2 GEOLOGY OF MATATIPAC VALLEY

The Matatipac Valley is located in the geological province of the trans-Mexican volcanic belt
(FVTM) which is a magmatic arch from the mid-late Miocene [15], [16], which forms a 16°
angle with the Mesoamerican Trench [17]. The FVTM extends from the coast of the state of
Veracruz and ends in the town of San Blas in the state of Nayarit [10], [11]. This
physiographic province is divided into three sections [10], [16] (Fig. 2): a western section
that extends from San Blas in the state of Nayarit and includes the Jalisco block [18]; another
central section that begins at the western boundary of the Jalisco block and is limited to the
Taxco-San Miguel de Allende fault system [19]; finally, an eastern section that extends from
this fault system to the Gulf of Mexico [17].

The Matatipac Valley is located in the western sector of the FVTM and is part of the
Jalisco block that is delimited on the continent by three extension structures [20], which are:
the graben of Colima, the graben of Chapala and the Graben Tepic-Zacoalco [21], [22]. The
Tepic-Zacoalco graben was formed by an extension regime during the Pliocene-Quaternary
period [23]-[26], which is a cortical structure with an approximate NW direction, where its
faults have an approximate distance of 250 km and a width between them of 50 km [27]. It
is constituted of a series of graben and semi-graben, which are divided [15], [28] into:

a) The Pochotitan fault system located at the NW, which is a system of normal listric
faults at a high angle of inclination, with N-NE orientation;

b) Rift steps that are in the center and that consist of two graben called Compostela-
Ceboruco and the graben Plan de Barrancas-Santa Rosa;

¢) Faults localized in the Jalisco Block conformed by a semi-graben called Amatlan de
Canas.

Within the Pochotitan fault system is the Matatipac Valley, the subject of this study.
Broadly speaking and according to the Mexican Geological Survey (Fig. 3), the geology is
described below in order from the oldest units to the most recent ones.

Rhyolites (TmpITR-R). They are overlying the andesitic rocks and ignimbritic tuffs that
appear in the form of spills and dome bodies of a fluid structure, pseudo-stratified with
abundant obsidian fragments.
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Figure 2:  Trans-Mexican Volcanic Belt: (Occ) occidental or West; central; and (Or)
oriental or East.
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Figure 3: Geology of Matatipac Valley.

Basaltic Andesites (Tpl4). These rocks are found in the eastern part of the area, forming
complex structures such as the Sangangiiey Volcano and others of minor importance, of
basaltic composition; The representative rocks of this unit present textures from aphanitic to
porphyry, with a compact structure and dark gray color that intertwines to greenish gray. An
age of the Pliocene is attributed to it.

Basalts (TmplB). These rocks are located in the eastern part of the Valley and comprise
the young volcanic rocks, represented by wide plateaus of considerable thickness, which are
observed as accumulations of dense spills that cover the pre-existing relief. They have an
aphanitic texture that varies from vesicular, with crystals somewhat altered by their exposure
to atmospheric agents; and are observed at certain points, covered by thin layers of
pyroclastic material.
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Basalts (OB). They constitute the most recent volcanic emissions in the Valley and are
represented by conical apparatuses and coriaceous bodies, distributed in dispersed form, but
some follow superficially masked fault lines.

Alluvium and Soils (Qal). This group includes accumulation materials formed by the
alteration and disintegration of pre-existing rocks exposed to air, humidity and the effects of
organic matter. Its composition is limo-clayey and little consolidated fragments of pumice. It
is found in the superficial part of the entire stratigraphic column described.

Pumicites (QPu) Loose or little consolidated materials of pyroclastic origin observed in
the western part of the Valley forming thick deposits with alternating layers of fine grains
with layers of coarse-grained fragments of pumice composition that originate well-defined,
classified pseudo-strata.

Due to the geological conditions in the subsoil, there are no lithological units that define
confinement in the areas that report separation between shallow and deep levels [12]. The
maximum thicknesses explored in the area of the Valley are from 250 to 300 m; however, no
units are reported that should be considered as a basement of the aquifer, so the thickness of
the saturated area of the aquifer system is located at 500 or 600 m in depth, based on the
results of the hydrogeochemical analysis of the area [13].

We observed that in the dates of these analyses, the greatest dejection occurs towards the
central zone of the Valley, towards the south of the city of Tepic and that the minor ones
appear in the northern part of the city. The greater dejection in the central part is because the
highest concentration of extraction wells are located in these areas. The average evolution is
around -3 to -4 m in said period, equivalent to an average annual rate of abatement of up to
0.5m[12].
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Figure 4: ERS location.
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3 GEO-HYDROLOGY OF THE MATATIPAC VALLEY
We obtained three profiles of electrical resistivity survey [13], to which in this work we give
a new interpretation: The method used was Wenner. In Fig. 4 the location of the
measurements is observed and the nomenclature is the one used in the aforementioned work.
The new interpretation allowed us to characterize four hydrogeological units in practically
all the profiles, based on the intervals of values of resistivity. The two-dimensional (2D)
models of the probes and their interpretation are shown in Fig. 5.

. FERROCARRIL LINE

Pepth n Numero de SEV'S

mts 401 102 103 104 105 106 107 108 109 110 111 112
| | 1 | 1 | | | | | | |

Unity1

940 — Unity2
920 —
900 —|
880

860 _|

Unity3
620 —

600 —

580 T
Unity4??
560 |

540 - Cistance. in mts, Horizontal Scale 1:1

Vertical Scale 1:50

[ T T I T I I I I T T 1
o 1000 2000 3000 4000 5000 6000 7OOO 8000 9000 10000 11000

(a)
SAMN CAYETAMNC LINE LIBRAMIENTC LINE
Cepthin ERS Number Cepthin ERS Number
S ap1 202 303 105 204 305 206 207 mts 201 202 101 203 204 205 206 207 208
L | | | 1 | | | L | | | | | | | |
<60 Unity1 ;.
= Unity1
ad0 Unity2 010 / Unity?2
520 920 |
<00 o0
Unitya 580 Unity3
860 860
oS 840
o 820 |
640 75 7 2 | s
Poilis bl Cistance. in mts, Horizontal Scale 1:1

Cistance. in s, Haorizontal Scale 1:1
Vertical Scale 1:50

[ I | | | I 1 |
0 000 X000 3000 4000 5000 G000 TOOO

(b)

Vertical Scale 1:50

] T T T T T I |
0 1000 2000 3000 4000 5000 6000 7000 HO0O

(©)

Figure 5: Interpretations of electrical resistivity survey. (a) Train line; (b) San Cayetano line;

and (c) Libramiento Line.
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The ERS show a decrease in resistivity between 10 and 20 meters, which suggests that the
water mirror is at this depth and is hosted by the geohydrological units U3 and U4 that are
interpreted as the hydrogeological units currently being used. The three profiles have a
separation of approximately one kilometer between SEV. In the three profiles, there are three
units that are described from the shallowest to the deepest:

Unit I: Layer associated with alluvium (QAI) of coarse size (sand and gravel) up to 10
meters thick in the “San Cayetano” profile.

Unit 2: Stratum with variable 1-meter thickness in the railway profile, up to 100 m to the
west on the San Cayetano profile. It is associated with the vadose zone of alluvium (QAI)
and the pumice fillings (Qpu).

Unit 3: The low resistivity values of this stratum suggest that it is saturated, which is why
it is considered to be the hydrogeological unit producing the Valley’s aquifer.

It is composed of alluviums (QAIl) from medium to coarse with pumice sands of volcanic
origin (Qpu). The SEVs do not register the lower contact of this stratum, so its thickness is
unknown.

The fourth unit could not be identified. In Fig. 6 it is observed that the variation of the
static levels are in a range of 1 to 9 meters. The abatement comprises the period from May
1985 to April 2003 [12].
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4 FIRST REPORTS OF DAMAGE RELATED TO THE DEFORMATION
OF THE LAND IN THE MATATIPAC VALLEY

The subsoil of the Matatipac Valley is a mixture of materials from different geological eras
deposited in the depression formed by the Tepic graben. The materials are homogeneous
mixtures of alluviums of coarse to medium sizes, as well as pumicy material, breccias, sands
of saturated volcanic origin, silts and clays. In geotechnical studies it is common to obtain
values of N60 <25, specific weights of 4400 N/m?, and Liquid Limit 25 or nonexistent; plus
removals of up to 115% of their weight. The surface material is quite favorable for the
construction of foundations because its load capacity is relatively high.

The damage caused by this phenomenon has not been quantified, because the phenomenon
has not been sufficiently noticeable to alarm governments or those affected; however, for the
year 2014 a study was published [29] where the situation of several cities of the country
located in the Mexican volcanic belt is described, cities with a population of over 100,000
inhabitants and displaced on compressible landfills, cities such as: Morelia, Aguascalientes,
Mexico City, Celaya, Querétaro, Irapuato, San Luis Potosi, Ahuacatlan and Tepic, among
others.

SAR images of the ALOS satellite were used between 2007 and 2011, for the city of Tepic
in particular, and the acquisitions used were from April 30,2007 to December 24, 2011: with
this we obtained a map of the average speeds and active deformation and areas are identified
in Fig. 7(a); the positive velocities are observed in blue, which means movement towards the
satellite, and the negative velocities in red represent subsidence. In Fig. 7(b), the speed of the
vertical movement in cm is shown in three different points within the city of Tepic.

In the city of Tepic, the area affected by subsidence is approximately 20 km? and occurs
in a distributed manner throughout the urban area (it has a range of up to 7 cm of subsidence
per year), is concentrated in the urban centers of Tepic and Xalisco.

There is no report of subsidence in the areas of agricultural exploitation, it is delimited by
the San Juan volcano to the west and the Mololoa River to the east of the city, also points of
subsidence are detected within what is the Caldera de Tepic in what is known as La Laguna
(the lake).

On the other hand, no cracking of the associated land is reported; however, there is
evidence of cracking in SE Tepic, which crosses several colonies and the building where the
offices of transit and highway of the state of Nayarit are housed. The evidence is not
conclusive; however, a survey was made of deterioration of urban infrastructure such as
sidewalks, planters, ruptured pipes and walls in houses, among others: a pattern of damage
was discovered that coincides with the maximum speed gradients in the Chaussard map,
which gives suspicion about the genesis of cracking in this area (Fig. 8). The differential
deformation that occurs is only a few centimeters, so for the untrained eye it can be unnoticed;
however, it has all the characteristics of an incipient fracture due to subsidence, due to loss
of hydraulic support on a rocky structure of topography, uniform and non-deformable.

The first image used to perform the interferogram was from 2007 and the last one from
2011: it is expected that in years of lag, the configuration of the abatements would be
different. If we take the rate of abatement that occurred when the analysis of the aquifer was
done, which is approximately 50 cm per year, it would have to be for the year 2011, the date
of the last image of the interferogram in the area near the Technological Institute of Tepic
(one of the most affected): the abatement would decrease from -3 meters to -5.5 meters and
from -4 meters to -6.5 meters, approximately. This assumption of abatement is quite
conservative, since it is to be expected that the rate of abatement has grown exponentially in
recent years.
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5 SUMMARY AND CONCLUSIONS

Subsidence of the land, as well as the supposed cracking that occurs in the Matatipac Valley,
is a problem that involves several factors that favor the occurrence of deformation of the
surface of the land. It can be summarized that there is a granular aquifer system with
undefined, unconfined compressibility; intensive pumping of groundwater that exceeds the
natural recharge; and an irregular topography of the underlying bedrock of unknown depth.
The hydrogeology of the Valley is represented by undefined granular aquifers that have been
heavily depleted since the 1980s. The manifestations of surface deformation include
differential land subsidence, with maximum recorded rates of 6—7 cm/yr. The problem has
not been addressed by the local government, as the damages to infrastructure and individuals
have not generated alarm in the population; however, due to the continuous growth of the
city of Tepic, as well as of its conurbated zones, increasing demand for groundwater
resources will continue in the future. As a result, it is likely that the sinking will continue and
related ground failures will appear.

There is inconclusive evidence of cracking forming in the southern part of the city, which
crosses human settlements, road infrastructure, and urban equipment, among others.

It is imperative that measures are taken to minimize economic losses related to the
problems of collapse, among which we can mention: update construction designs to make
them more resistant to the effects of the deformation of the land; and encourage research that
leads to greater knowledge of the form and composition of the aquifer system, as well as its
piezometric evolution, so that accurate numerical models can be developed that lead to better
analysis and prediction of the land subsidence process.
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