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Fig. 1. Study area located in central region of Mexico (Municipalities of Villa de
Reyes in the State of San Luis Potosi and Jaral de Berrios in the State of
Guanajuato, see cyan dot on inset map). Modified from Labarthe-Hernandez et al.
(1982), LoOpez-Loera & Tristan-Gonzélez (2013) and Soto-Garcia (2022), with
redefinition of faulting limits Landsat 8 images, processed with ArcMap 10.8, version
10.0.0.10450, software (ESRI, 2019). 7

Fig. 2. Tectonic context of the study area: a Location of the study area. LSd Laguna
de Santiaguillo, RCH-OGO Rio Chico-Otinapa Graben; AGO Aguascalientes
Graben; FVHO Fault Villa Hidalgo; FBVA Fault Buena Vista; FOd Fault ElI Obraje;
FVAOJ Fault Villa de Arriaga; FLPd Fault Los Pajaros; CGd El Cuarenta Graben;
FBO Fault El Bajio; GSO La Sauceda Graben; BG3 Bledos Graben; VRGO Villa de
Reyes Graben; VAGA Villa de Arista Graben; EGA Enramadas Graben; DQJd La
Quemada Depression; SSMd Sierra de San Miguelito; SGOd Sierra de Guanajuato;
SCod Sierra de Catorce; SSO Sierra de Salinas; RCO Real de Catorce; Go
Guanajuato; SLP& San Luis Potosi; SMR& Santa Maria del Rio; SLDPd San Luis
de La Paz; NDA Nombre de Dios; SMAd San Miguel de Allende; Qd Querétaro.
ZGO Zacatecas Graben. Taken and modified after Nieto Samaniego et al. (2005).
Epicenter data taken from SSN (2024). Topographic data after INEGI (2023); b Mesa
Central Tectonic Province location in Central México.
28
Fig. 3. Geology and piezometric levels for the southern portion of the Villa de Reyes
Graben. Geology and faults after Lopez-Loera & Tristdn-Gonzélez (2013) and Soto-
Garcia (2022), with modifications and redefinition of faulting limits and geological
contacts using Landsat 8 images, processed using ArcMap 10.8, version
10.0.0.10450 (ESRI,2019). Piezometric levels after (CEAG, 2021), processed using
Surfer 16 (Golden Software, 2019). 31



Abstract

Integrated methodology for the characterization of active faulting and its link
to the hydrogeological system in the southern portion of the Villa de Reyes
Graben, S.L.P. and Guanajuato.

A geological, geophysical and structural study was performed in the southern sector
of the Villa de Reyes Graben (VRG) in Central México, with the main objective of
defining the structural style of the active faulting inside this graben. This was
achieved through following a four-part methodology. The first and second steps of
this methodology, geological survey and Electromagnetic Profiling (EMP) method,
respectively, helped establish that most active faults outcrop as non-filled fractures
generated by left-right lateral faulting, of NW-SE orientation in the southern study
area and NE-SW in the northern part, which generate high-resistivity values in the
EMP maps. The third part of this methodology allowed to characterize in depth these
faults via the application of Electrical Resistivity Tomography (ERT) and Ground
Penetrating Radar (GPR) methods. ERT sections show that sub-vertical fractures
tend to join at depth, which is evidence of positive and negative flower structures,
while GPR clearly show these structures with more detail. Moreover, ERT reveals
the high-resistivity shallow faults become conductive at >20 m deep, probably
relating to a local disturbance of the area's aquifer, while most fault traces are located
below the water table, which reveal the purely geological origin of these faults. The
fourth part of the methodology uses focal mechanism evidence to corroborate the
main orientations and type of faulting, previously established with outcrop and
geophysical evidence.

The previously mentioned methodology allowed to define the structural style of the
VRG from a regional to an outcrop scale. To study the area on a basin scale,
Aeromagnetic (AM) data was used to characterize the area with study depths of up
to 2 km. This data helped confirm the previously mapped structures, and shows a
pull-apart type structure, inside which there are alternate transtensive and
transpressive stress fields, controls the structural style on the area.
Hydrogeochemical (HGC) data reveal that the western sector of the VRG is more
active than the eastern sector, since meteoric water influence is higher on the former
than the latter. This also agrees with epicenter data from the seismic sequence of
the September 5, 2021, San Felipe (Guanajuato) earthquake. Finally, the structural-
geophysical model based on the integration of field, geoelectric, AM and major ion
data reveals that the number and strike of faults remain constant for about 1000 m,
while at 2000 m deep these shallower faults appear to join in a smaller number of
traces, which reinforces the interpretation of positive-negative flower structures
controlling the tectonics of the area. This means that these types of transpressive
and transtensive structures are present at the outcrop, regional, and basin scales.
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Keywords: No-filled fractures, Electrical Resistivity Tomography, Electromagnetic
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Resumen

Integrated methodology for the characterization of active faulting and its link
to the hydrogeological system in the southern portion of the Villa de Reyes
Graben, S.L.P. and Guanajuato.

Se realiz6 un estudio geoldgico, geofisico y estructural en el sector sur del Graben
de Villa de Reyes (VRG, por sus siglas en inglés) en el centro de México, con el
objetivo principal de definir el estilo estructural del fallamiento activo en el interior de
este graben. Esto se logro utilizando una metodologia de cuatro pasos. El primer y
segundo paso de esta metodologia, geologia de campo y Perfilaje Electromagnético
(EMP, por sus siglas en inglés), respectivamente, ayudaron a establecer que la
mayoria de las fallas activas afloran como fracturas no rellenas generadas por fallas
laterales izquierda-derecha, con orientacion NW-SE en el sector sur de la zona de
estudio y NE-SW en la parte norte, lo que genera valores de resistividad alta en los
mapas del EMP. La tercera parte de esta metodologia permitié caracterizar en
profundidad estas fallas mediante la aplicacion de los métodos de Tomografia de
Resistividad Eléctrica (ERT, por sus siglas en inglés) y Georadar (GPR, por sus
siglas en inglés). Los perfiles ERT muestran que las fracturas subverticales tienden
a unirse en profundidad, lo que es evidencia de estructuras de flor positivas y
negativas, mientras que los perfiles de GPR muestra estas estructuras con mayor
detalle. Ademas, las tomografias revelan que las fallas superficiales de resistividad
alta se vuelven conductivas a mas de 20 m de profundidad, provocado esto
probablemente por una perturbacién local del acuifero de la zona, mientras que la
mayoria de las trazas de falla se ubican por debajo del nivel freético, lo que revela
el origen puramente geoldgico de estas fallas. La cuarta parte de la metodologia
utiliza evidencia de mecanismos focal para corroborar las principales orientaciones
y el tipo de fallamiento, previamente establecidos con evidencias de afloramiento y
geofisica.

La metodologia mencionada permitié definir el estilo estructural del VRG desde una
escala regional hasta una de afloramiento. Para estudiar el area a escala de cuenca,
se utilizaron datos aeromagnéticos (AM) para caracterizarla con profundidades de
estudio de hasta 2 km. Estos datos confirmaron las estructuras previamente
mapeadas y muestran una estructura de tipo pull-apart, dentro de la cual existen
esfuerzos transtensivos y transpresivos alternados, controla el estilo estructural del
area. Los datos hidrogeoquimicos revelan que el sector occidental del VRG es mas
activo que el oriental, ya que la influencia del agua metedrica es mayor en el primero
qgue en el segundo. Esto también concuerda con los datos de epicentros de la
secuencia sismica del sismo del 5 de septiembre de 2021, de San Felipe
(Guanajuato). Finalmente, el modelo estructural-geofisico, basado en la integracion
de datos de campo, geoeléctricos, AM y de iones, revela que el nimero y rumbo de
las fallas se mantienen constantes por aproximadamente 1000 m, mientras que, a
2000 m de profundidad, estas fallas menos profundas parecen unirse en un namero
menor de trazas, lo que refuerza la interpretacion de estructuras de flor positiva-
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negativa que controlan la tectonica del area. Esto significa que estos tipos de
estructuras transpresivas y transtensivas estan presentes a escala de afloramiento,
regional y de cuenca.

Palabras clave : Fracturas vacias, Tomografia de Resistividad Eléctrica, Perfilaje

Electromagnético, Georradar, Datos Aeromagnéticos, Andlisis Hidrogeoquimico,
Estructuras de flor positiva-negativa, Fallamiento activo, Graben de Villa de Reyes.
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Chapter 1 -. Generalities

1.1 Introduction

The Villa de Reyes Graben (VRG) is an approximately 100 km long valley filled with
alluvial sediments, pyroclastic flows, and lacustrine deposits, which ranges in
thickness from 50 to about 250 m, with a northward dip (Tristan-Gonzalez, 1986;
Fig. 1), and which is also located in the central portion of the tectonic province known
as the Mesa Central. Until now, structural studies have focused on the Oligocene
age normal faults that originated the VRG (Labarthe-Hernandez et al., 1982; Tristan-
Gonzalez, 1986; Henry & Aranda-Gomez, 1992; Stewart, 1998; Lopez-Loera &
Tristdn-Gonzalez, 2013; Del Pilar-Martinez et al., 2020; Cauich-Kau et al., 2021),
but little to no attention has been given to the active faulting inside the VRG that is
producing (or contributing to) land subsidence, cracks on the ground, and seismic
activity. Since the causes of this phenomena are not well studied, this represents a
challenge in the urban and economic development of the region.

Geophysical methods have a wide range of applications among which, location of
oil reserves, groundwater modeling, engineering applications, are some of the most
important ones (Martos, 2012). The application of geoelectrical methods in the study
of active faults have been successfully applied to these types of studies for several
decades, while Aeromagnetic (AM) methods have also been successfully applied to
these kinds of studies, but they normally work better on a regional scale (Kuria et al.,
2010; Suski et al., 2010; Monahan, 2013; Cinti et al., 2015; Boubaya, 2017; Wang
et al.,, 2017; Bran et al., 2018; Ahmad et al., 2020; Gunda et al., 2020; Nabi et al.,
2020; Aray-Castellano et al., 2021; Hasan et al., 2021; Meneisy & Al-Deep, 2021,
Porras et al., 2022; Bustamante-Orozco et al., 2023; Galone et al., 2024).

For instance, Nabi et al. (2020) applied Electric Resistivity Tomography (ERT)

across active and concealed faults in Karachi Arc, in southern Kirthar Fold Belt



(Pakistan), studying three main faults: the Sona, Kirthar, and Khud faults. The results
of the geophysical analysis, aided by fault trenching, revealed that the Sona fault
has not experienced recent movement, with the most recent faulting activity
predating the Quaternary cover deposition. The Kirthar fault does not extend as
much as previously thought, and that most of the displacement is accommodated by
folding. Finally, the Khud Fault in the north is active, as indicated by lithological
differences revealed in the ERT section. Gunda et al. (2020) performed a
comprehensive Ground Penetrating Radar (GPR) complemented with total station
surveys along active faults in the South Andaman Island to characterize its sub-
surface geometry and structural style. The GPR imaging illustrated the sub-surface
expression of a fault scarp being generated by a thrust fault strand with very low
angle, which very clearly cuts the basement rock. The high-resolution GPR has also
revealed the presence of two antithetic fault strands cutting the basement and
reaching the surface in the form of a piggyback basin and pop-up scarps. Kuang et
al. (2022) mapped the distribution of basement faults in the Tarim Basin in mainland
China, based on newly acquired aeromagnetic (AM) and seismic data. The authors
used four main filters: the horizontal gradient derivative, the first vertical derivative,
the tilt derivative, and the upward continuation method. Based on the strikes,
amplitudes, and textures of the AM maps and models, the authors were able to
define: five crystalline basement domains; the origin of the Tarim Central Highly
Anomaly as caused by the Archean crystalline basement: a Neoproterozoic rifting
that modified the Archean crystalline basement; and the weakly magnetic
Southeastern Domain that was sutured to the highly magnetic Central Tadong

Domain along the Tadong South Fault during the Paleoproterozoic.

Hydrogeological methods have been extensively used to study the link between
faulting and groundwater for several decades, especially to study fault zone
permeability for aquifer potential and contaminant pathway assessment (Caine et
al., 1996; Bense and Pearson, 2006; Bense et al., 2013; Cilona et al., 2015; Bauer
et al., 2016; Fronzi et al., 2021; Pifia-Gonzalez et al., 2021; Sproule et al., 2021).



For example, Bauer et al. (2016) presented a comparative, field-based
hydrogeological assessment of non-active geological faults in low-porosity Triassic
dolostones and limestones of the Hochschwab massif (Austria), by the integration of
field-based structural analysis, fault-rock classification, and fracture-network
assessments, complemented with thin-section analysis, electron microscopy, and
porosity/ permeability | aboratory measur ement
that in massive, low porosity carbonates that lack features such as bedding, faults
form the most important pathways for potential fluid infiltration, migration and
karstification. Faults zones also were found to be accompanied by significant fault-
parallel volumes of fractured host-rock, with fracture densities varying by a factor of
up to 10. Finally, Monte Carlo simulations of a conceptual fault network support the
interpretation that most of the storage capacity in limestones reside within the pore
volume of the fault network. Sproule et al. (2021) studied the effect of fault zone
cementation on the permeability of fault zones, conducting a series of aquifer
pumping tests in wells installed within tens of meters of the variably cemented Loma
Blanca Fault, located in the Rio Grande Rift (New Mexico). The authors conclude
that the fault zone cementation can act as a barrier to groundwater flow at the field
scale, finding that the cementation reduces the fault zone hydraulic conductivity by
at least 6-22 times relative to the host sediment. This is important because for the
Loma Blanca Fault that has not clay in its core, and unlithified silty sand on both
sides, most conceptual models for the hydrogeology of faults would predict that it
would not be a barrier to groundwater flow, so this study highlights the importance

of having a network of observation wells for identifying hydrogeologic boundaries.

As can be gathered from the above-mentioned studies, the different types of
methodologies used are usually not integrated, which could leave out interpretations
that reduce the degree of uncertainty inherent to each one of them. Moreover, most
of those studies deal with non-active faulting. This is why in this work an integrated
methodology is proposed in which geological and geophysical analysis was used to
define the type of active-structural style present in the southern sector of the VRG

(see Fig. 1). Geoelectric methods: Electromagnetic Profiling (EMP), Electrical



Resistivity Tomography (ERT), Ground Penetrating Radar (GPR), and existing AM
data were performed and analyzed to further identify the type of geological
structures, and hydrogeological methods to know the trajectory of the material
derived from the faulting and, finally, analyze the possible impact in the composition

of groundwater.

The thesis work is structured as follows: Chapter 1 deals with the generalities of the
study zone, the main objectives and justification of this work, and with the previous
studies similar in nature to this present work, both internationally as well as
nationally. Chapter 2 describes in detail the geological, structural and
hydrogeological context of the Villa de Reyes Graben.

The results achieved in the present work are shown in the format of papers in
Chapters 3, 4 and 5: the first one, presented in Chapter 3, is an paper published in
the Journal of Applied Geophysics , in which geoelectrical methods were applied
in the M@ABanco de Mat-tled aativedfaultssj tb ebsetvedthema p non
response and types of models that can be achieved in these types of fractures, and
to determine their suitability to these kinds of structural studies. The second and third
(Chapters 4 and 5) as manuscripts under review in journals registered in the Journal
Citation Reports. Chapter 4, based on a paper accepted for publication by Near
Surface Geophysics , in which a geological and geophysical methodology for the
study of active faults was established and applied to map active faults in four sites
inside the VRG and understand the structural style inside this basin. Chapter 5
shows the results of the third article, sent to the JCR publication Pure and Applied
Geophysics where AM and hydrogeochemical data was used with the main
objective of establishing the extent to which active faults can be pathways for
contaminants and also one to assess if the geological structures mapped in this
work s second article play a role in the hydr
Chapter 6 discusses the main points made in this work, and finally in Chapter 7 the

concluding remarks of this work are presented.



1.2 Previous studies

1.2.1 Previous geological work in the study area

Geological work in the Villa de Reyes Graben (GVR) has mostly focused on normal
faulting affecting the study area and the detailed description of its lithology. Amongst
many of those studies are of special interest: Labarthe-Hernandez et al. (1982);
Tristan-Gonzalez (1986); Henry & Aranda-Gémez (1992); Stewart (1998); Nieto
Samaniego et al. (2007); TristAn-Gonzalez et al. (2009); Lépez-Loera & Tristan-
Gonzalez (2013); Botero-Santa et al. (2020); Del Pilar-Martinez et al. (2020);
Cauich-Kau et al. (2021) and Soto-Garcia (2022).

A detailed description of the structural geology and lithology of the study area will be
given in Chapter 2.

1.2.2 Previous geophysical and hydrogeological work in the study area

There have been several studies which applied different types of geophysical and
hydrogeological methods, mainly for structural and hydrogeological purposes
(Ramos-Leal et al., 2007; Lopez-Loera & Tristan-Gonzéalez, 2013; Pérez-Martinez
etal., 2021; Hernandez-Bocanegra, 2023; Sanchez-Barrientos, 2023). Among those

studies, the following are of special interest for this work:

Lépez-Loera & Tristan-Gonzalez (2013) studied the subsurface geology and
tectonics of the VRG by means of aeromagnetic data processing. Through the
filtering of these data, the authors were able to generate the following maps:
Residual Magnetic Field, Reduced to Pole, Upward Continuation (1,2,3,5, 7.5 and
10 km), First and Second Derivates, and Analytical Signals. The interpretation of
these maps shows the underlying geology of the area as being made up of mostly
volcanic rocks covered by plio-quaternary deposits. Faults zones and water recharge
areas were correlated to magnetic lows. Finally, the authors were able to designate
intertwined fault zones associated with aeromagnetic lineaments as the most
promising zones for the location of new sources of water supply, mainly located in
the SW portion of the VRG.



Hernandez-Bocanegra (2023) integrated geophysical methods: Electrical Resistivity
Tomography (ERT), and Aeromagnetic (AM) data, with Radon measurements, and
hydrogeochemical and isotopic analysis to characterize faulting and its relationship
to the local hydrogeology in three sites of VRG. The author interpreted that most
lineaments follow a NE-SW trend which agrees with the faulting direction of the
VRGO s nor mal faul ts, but t h er e-SE atrerals.
Hydrogeological results show that the VRG groundwater is predominantly of a
regional-intermediate flow. Finally, the geological and hydrogeological integrated
results make clear that active faulting in these three sites are of tectonic origin, since
most faults are found more than 100 m deep on the ground (below the local water
table).

1.3 Study area

The study area is located in the states of San Luis Potosi and Guanajuato, inside
the Villa de Reyes Graben (VRG). Most of the VRG borders are very steep, since
they are mostly controlled by normal faulting (Fig. 1), which is the most common type
of faulting that exists in the region and originated the VRG (Tristan-Gonzalez, 1986).
Four sites were visited inside the southern sector of this Graben. Each of the sites
was named after local characteristics and/or previous use given to them: "Banco de
material” (an old quarry), "Presa El Hundido" (a colonial period dam), "Jaral " (a town

in Guanajuato) and "Rio Jaral" (an unnamed river).

These sites were chosen since they were the ones where surface evidence of faults
was most evident, and because of being in the vicinity of the most important towns

in the area.
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Fig. 1. Study area located in central region of Mexico (Municipalities of Villa de Reyes in

the State of San Luis Potosi and Jaral de Berrios in the State of Guanajuato). Modified from
Labarthe-Hernandez et al. (1982), Lopez-Loera & Tristan-Gonzalez (2013) and Soto-Garcia
(2022), with redefinition of faulting limits Landsat 8 images, processed with ArcMap 10.8,
version 10.0.0.10450, software (ESRI, 2019).



1.4 Objectives

1.4.1 General Objectives

Define, identify, and analyze the conditions in the southern sector of the Villa de
Reyes Graben, which are causing fracturing and land subsidence and related
phenomena, through the integration of geological methods, fault analysis,

geophysics and hydrogeology.

1.4.2 Particular objectives

Map and define the characteristics of the
f Locate surficial faults and further chara
met hods.
T Stablish the origin (geological, anthropo
i ntegrating direct measurements with indi
T Confirm the presence of transtensive and
study area.
T Define the possible modification of the |
due to faulting.
T Analyze the possible effects that the mat

ot her contaminants exert on the aquifer.

1.5 Justification

The importance of this study lies in the fact that in Mexico, where arid areas abound,
faulting and/or overexploitation of aquifers produces or exacerbates fracturing and
land subsidence. Thus, by establishing an integrated methodology, based on
geological, geophysical, and hydrogeological data, it would help to characterize
aquifers prone to these phenomena, and to know their exact causes, whether they

are geological, anthropogenic, or mixed.



The results of this work will also contribute to the decision making of local farmers
and landowners when choosing the best places for their activities, since the

dimensions of faulted areas will be established.

1.6 Hypothesis

There are fractures in the Villa de Reyes Graben of tectonic, anthropogenic origin,
or a combination of both, whose activity can modify the hydrogeological regime of
the area. There are also strike-slip faults that produce geomorphological features
such as positive and negative type flower structures, which also contribute to land
fracturing and subsidence. Faults can be detected on the surface with geological
methods and characterized in depth with geophysical methods given by the
contrasts in the electrical and magnetic properties they generate.

References

Ahmad, N., Xiaodong, L., Zhijun, G., & Abbas, A., (2020) Electrical resistivity imaging
of active faults in palaeoseismology: case studies from Karachi Arc, southern
Kirthar Fold Belt, Pakistan. NRIAG Journal of Astronomy and Geophysics
9(1), 116-128. https://doi.org/10.1080/20909977.2020.1722524

Aray-Castellano, J.C., Lacan, P., Gardufio-Monroy, V.H., Avila-Garcia, J., Gomez-
Cortés, J., Audmard-M, F.A., Lazaro-Mancilla, O., & Bandy, W., (2021)
Geophysical characterization of a potentially active fault in the Agua Fria
micrograben, Los Azufres, México. Boletin de la Sociedad Geoldgica
Mexicana 73(2), A040121.
https://doi.org/10.18268/BSGM2021v73n2a040121

Bauer, H., Schréckenfuchs, T. C., & Decker, K., (2016) Hydrogeological properties
of fault zones in a karstified carbonate aquifer (Northern Calcareous Alps,
Austria). Hydrogeology Journal 24(5), 1147. https://doi.org/10.1007/s10040-
016-1388-9



Bense, V. F., & Person, M. A., (2006) Faults as conduitdarrier systems to fluid flow
in siliciclastic sedimentary aquifers. Water Resources Research 42(5).
https://doi.org/10.1029/2005WR004480

Bense, V. F., Gleeson, T., Loveless, S. E., Bour, O., & Scibek, J., (2013) Fault zone
hydrogeology. Earth-Science Reviews 127, 171-192.
http://dx.doi.org/10.1016/j.earscirev.2013.09.008

Botero-Santa, P.A., Xu, S., Nieto-Samaniego, A.F., & Alaniz-Alvarez, S.A., (2020)
Efecto de las fracturas de enfriamiento en la formacion de fallas normales: El
ejemplo de Santa Maria del Rio, San Luis Potosi, México. [Influence of
cooling fractures on the formation of normal faults: a case study in Santa
Maria del Rio, San Luis Potosi, México]. Boletin de la Sociedad Geoldgica
Mexicana 72(1). https://doi.org/10.18268/bsgm2020v72n1a011019

Boubaya, D. (2017) Combining resistivity and aeromagnetic geophysical surveys for
groundwater exploration in the Maghnia plain of Algeria. Journal of Geological
Research 2017(1), 1309053. https://doi.org/10.1155/2017/1309053

Bran, D.M., Tassone, A., Menichetti, M., Cerredo, M.E., Lozano, J.G., Lodolo, E., &
Vilas, J.F., (2018) Shallow architecture of Fuegian Andes lineaments based
on Electrical Resistivity Tomography (ERT). Evidences of transverse
extensional faulting in the central Beagle Channel area. Andean Geology
45(1), 1-34. http://dx.doi.org/10.5027/andgeov45n1-3002

Bustamante-Orozco, M. R., Medrano-Pérez, O. R., Neri-Flores, ., & Angeles-
Cordero, E. (2023) Interpretacion de datos aeromagnéticos y gravimétricos
satelitales para la identificacion de zonas con potencial acuifero en la porcién
oeste de la cuenca Grijalva, México. [Interpretation of aeromagnetic and
satellite gravimetric data for the identification of zones qith aquifer potential
on the western Grijalva basin, México]. Boletin de la Sociedad Geoldgica
Mexicana, 75(1).

Caine, J. S., Evans, J. P., & Forster, C. B., (1996) Fault zone architecture and
permeability structure. Geology 24(11), 1025-1028.
https://doi.org/10.1130/0091-7613(1996)024<1025:FZAAPS>2.3.CO;2

10



Cauich-Kau, D.D.A., Cardona-Benavides, A., Castro-Larragoitia, G.J. & Rude, T.R.,
(2021) Understanding Arsenic and Uranium Sources and Mobility in
Groundwater Flow Systems from Two Areas in San Luis Potosi, Mexico:
Cerritos and Villa de Reyes Basins. Lehr-und Forschungsgebiet
Hydrogeologie No. RWTH-2021-09796. https://doi.org/10.18154/RWTH-
2021-09796.

Cilona, A., Aydin, A., & Johnson, N. M., (2015) Permeability of a fault zone
crosscutting a sequence of sandstones and shales and its influence on
hydraulic head distribution in the Chatsworth Formation, California, USA.
Hydrogeology Journal 23(2), 405. https://doi.org/10.1007/s10040-014-1206-
1

Cinti, F.R., Pauselli, C., Livio, F., Ercoli, M., Brunori, C.A., Ferrario, M.F., Volpe, R.,
Civico, R., Pantosti, D., Pinzi, S., De Martini, P.M., Ventura, G., Alfonsi, L.,
Gambillara, R., & Michetti, A.M., (2015) Integrating multidisciplinary,
multiscale geological and geophysical data to image the Castrovillari fault
(Northern Calabria, Italy). Geophysical Journal International 203(3), 18471
1863. https://doi.org/10.1093/gji/ggv404

Del Pilar-Martinez, A., Nieto-Samaniego, A.F., Alaniz-Alvarez, S.A., & Angeles-
Moreno, E., (2020) Geology of the southern Mesa Central of Mexico:
recording the beginning of a polymodal fault system. Journal of Maps 16(2),
199-211. https://doi.org/10.1080/17445647.2020.1719911

ESRI, (2019) ArcMap 10.8 (Version 10.0.0.10450) [Software]

Fronzi, D., Mirabella, F., Cardellini, C., Caliro, S., Palpacelli, S., Cambi, C., ... &
Tazioli, A., (2021) The role of faults in groundwater circulation before and after
seismic events: Insights from tracers, water isotopes and geochemistry.
Water 13(11), 1499. https://doi.org/10.3390/w13111499

Galone, L., Villani, F., Colica, E., Pistillo, D., Baccheschi, P., Panzera, F., Galindo-
Zaldivar, J., & D'Amico, S., (2024) Integrating near-surface geophysical
methods and remote sensing techniques for reconstructing fault-bounded
valleys (Mellieha valley, Malta). Tectonophysics 875, 230263.
https://doi.org/10.1016/j.tect0.2024.230263

11



Gunda, G.K.T., Balaji, S., Champati-Ray, P.K., Bhat, G.R., Balakrishna, &
Kannaujiya, S., (2020) Geophysical Characterization of the Active Fault
Geometry and Trends in Tectonic Deformation in the Shallow Stratigraphy
along Active Faults, South Andaman, India. Journal of the Geological Society
India 95, 2861 292. https://doi.org/10.1007/s12594-020-1427-y

Hasan, M., Shang, Y., Meng, H., Shao, P., & Yi, X., (2021) Application of electrical
resistivity tomography (ERT) for rock mass quality evaluation. Scientific
Reports 11(1), 23683. https://doi.org/10.1038/s41598-021-03217-8

Henry, C.D., & Aranda-Gomez, J.J., (1992) The real southern Basin and Range: Mid
to late Cenozoic extension in Mexico. Geology 20, 701-704.
https://doi.org/10.1130/0091-7613(1992)020<0701: TRSBAR>2.3.CO;2

Herndndez-Bocanegra, P.l., (2023) Exploracién geofisica e hidrogeoquimica en el
graben de Villa de Reyes, para estudiar el origen de las fallas activas y sus
implicaciones en el acuifero. [Geophysical and hydrogeochemical exploration
inside the Villa de Reyes Graben, to study the area’s active faulting and its
effects on the aquifer] [Master Dissertation] Instituto Potosino de
Investigacion Cientifica y Tecnoldgica (IPICYT).

Kuang, X., Zhu, X., Ning, F., Li, W., Zheng, Q., Li, B., & Zhou, D., (2022)
Aeromagnetic-imaged basement fault structure of the Eastern Tarim Basin
and its tectonic implication. Frontiers in Earth Science 9, 825498.
https://doi.org/10.3389/feart.2021.825498

Kuria, Z.N., Woldai, T., Van Der Meer, F.D., & Barongo, J.O., (2010) Active fault
segments as potential earthquake sources: Inferences from integrated
geophysical mapping of the Magadi fault system, southern Kenya Rift. Journal
of African Earth Sciences 57, 345-359.
https://doi.org/10.1016/j.jafrearsci.2009.11.004

Labarthe-Hernandez, G., Tristan-Gonzalez, M., & Aranda-Gomez, J.J., (1982)
Revision estratigrafica del Cenozoico de la parte central del Estado de San
Luis Potosi. [Stratigraphic revision of the Cenozoic of central part of the State
of San Luis Potosi]. Universidad Autonoma de San Luis Potosi, San Luis

Potosi.

12



Lépez-Loera, H., & Tristan-Gonzalez, M., (2013) Geologia y magnetometria aérea
del Graben de Villa de Reyes, San Luis Potosi, Mesa Central de México:
Implicaciones tecténicas y geohidrologicas. [ Geological and aeromagnetic
mapping of the Villa de Reyes Graben, San Luis Potosi, Mesa Central of
México: Hydrogeological and tectonic implications]. Boletin de la Sociedad
Geologica Mexicana 65(1), 137-156.
https://doi.org/1010.18268/BSGM2013v65nlall

Martos, J.R., (2012) Fault Mapping with the Refraction Microtremor and seismic

refraction methods along the Los Osos Fault Zone [Master Dissertation].
California Polytechnic State University.

Meneisy, A. M., & Al Deep, M. (2021) Investigation of groundwater potential using
magnetic and satellite image data at Wadi EI Amal, Aswan, Egypt. The
Egyptian Journal of Remote Sensing and Space Science 24(2), 293-3009.
https://doi.org/10.1016/j.ejrs.2020.06.006

Monahan, S.M., (2013) Investigating Fault Structure Using Electrical Resistivity
Tomography. [Bachelor of Science dissertation]. California Polytechnic State
University, San Luis Obispo.

Nabi, A., Liu, X., Gong, Z., & Ali, A., (2020) Electrical resistivity imaging of active
faults in palaeoseismology: case studies from Karachi Arc, southern Kirthar
Fold Belt, Pakistan. NRIAG Journal of Astronomy and Geophysics 9(1), 116-
128. https://doi.org/10.1080/20909977.2020.1722524

Nieto-Samaniego, A.F., Alaniz-Alvarez, S.A., & Camprubi, A., (2005) La Mesa
Central de México: estratigrafia, estructura y evolucion tecténica cenozoica.
[Mesa Central of México: Stratigraphy, structure, and Cenozoic tectonic
evolution]. Boletin Sociedad Geologica Mexicana 57(3), 285-318.
https://doi.org/10.18268/bsgm2005v57n3a3

Pérez-Martinez, I., Ramos-Leal, J.A., Cardona-Benavides, A., & Moran-Ramirez, J.
(2021) Hydrogeochemical characterization for the identification and
guantification of the flows that give rise to groundwater in a tectonic valley.
Environmental Earth Sciences 80, 772. https://doi.org/10.1007/s12665-021-
10057-2

13


https://doi.org/1010.18268/BSGM2013v65n1a11

Pifila-Gonzalez, V., Miranda-Avilés, R., Hernandez-Anguiano, J. H., Knappett, P. S.,
Morales-Martinez, J. L., Puy-Alquiza, M. D. J. , Naves, A., Bian, J., Liu, J.,
Ramirez-Gonzélez, L.M., Navarro-Céspedes, J.M., & Li, Y. (2022) Influence
of geological faults on dissolved arsenic concentrations in an overexploited
aquifer with shallow geothermal heat. Applied Geochemistry 144, 105395.
https://doi.org/10.1016/j.apgeochem.2022.105395

Porras, D., Carrasco, J., Carrasco, P., & Gonzalez, P.J., (2022) Imaging extensional

fault systems using deep electrical resistivity tomography: A case study of the
Baza fault, Betic Cordillera, Spain. Journal of Applied Geophysics 202,
104673. https://doi.org/10.1016/.jappgeo.2022.104673

Ramos-Leal, J. A., L6épez-Loera, H., Martinez Ruiz, V. J., & Aranda-Gémez, J. J.
(2007) Sucesioén de eventos y geometria de la parte central del acuifero del
graben de Villa de Reyes (San Luis Potosi, México) inferida a partir de datos
geoeléctricos. [Event succession and geometry of the central part of the Villa
de Reyes Graben aquifer]. Revista Mexicana de Ciencias Geoldgicas 24(1),
31-46.

Sanchez-Barrientos, A.S., (2023) Aplicacion de métodos geofisicos para la
prospeccion de agua subterrdnea: caso Graben de Villa de Reyes, San Luis
Potosi. [Aplication of geophysical methods for the prospection of ground
water: the Villa de Reyes Graben case] [Master Dissertation] Instituto
Potosino de Investigacion Cientifica y Tecnologica (IPICYT).

Soto-Garcia, A.G., (2022) Analisis estructural del Graben de Santa Rosa, San Luis
Potosi y Guanajuato. [Structural Analysis of the Santa Rosa Graben, San Luis
Potosi and Guanajuato] [Master Dissertation] Universidad Autbnoma de San
Luis Potosi (UASLP).

Sproule, T. G., Spinelli, G. A., Wilson, J. L., Fort, M. D., Mozley, P. S., & Ciarico, J.,
(2021) The effects of faultZone cementation on groundwater flow at the field
scale. Groundwater 59(3), 396-409. https://doi.org/10.1111/gwat.13062

Stewart, J.H., (1998) Regional characteristics, tilt domains, and extensional history

of the late Cenozoic Basin and Range province, western North America.

14


https://doi.org/10.1016/j.apgeochem.2022.105395

Special Paper of the Geological Society of America 47-74.
https://doi.org/10.1130/0-8137-2323-X.47

Suski, B., Brocard, G., Authemayou, C., & Consenza, B., (2010) Localization and
characterization of an active fault in an urbanized area in central Guatemala
by means of geoelectrical imaging. Tectonophysics 480, 88-698.
https://doi.org/10.1016/j.tecto.2009.09.028

Tristan-Gonzalez, M., (1986) Estratigrafia y tectonica del graben de Villa de Reyes,
en los estados de San Luis Potosi y Guanajuato, México, Folleto Técnico 107.
[Stratigraphy and tectonics of the Villa de Reyes Graben, in the states of San
Luis Potosi and Guanajuato, México, Technical Report number 107].
Universidad Autbnoma de San Luis Potosi (UASLP), San Luis Potosi.

Tristdn-Gonzalez, M., Aguillon-Robles, A., Barboza-Gudifio, J.R., Torres-
Hernadndez, J.R., Herve, B., LOpez-Doncel, R., Rodriguez-Rios, R., &
Labarthe-Hernandez, G., (2009) Geocronologia y distribucion espacial del
vulcanismo en el Campo Volcénico de San Luis Potosi. [Geochronology and
spatial distribution of de vulcanism inside de Volcanic Field of San Luis
Potosi]. Boletin de la Sociedad Geolégica Mexicana 61 (3), 287-303.

Wang, Z., Cai, X., Yan, J., Wang, J., Liu, Y., & Zhang, L., (2017) Using the integrated
geophysical methods detecting active faults: A case study in Beijing, China.
Journal of Applied Geophysics 156, 82-91.
https://doi.org/10.1016/j.jappge0.2017.01.030

15



Chapter 2 -. Geological and hydrogeological context

2.1 Geological and tectonic setting

The Villa de Reyes Graben (VRG) is a tectonic basin located inside a bigger tectonic
province known as the Mesa Central (Fig. 2); which is an elevated plateau mostly
covered by Cenozoic volcanic rocks, encompassing portions of the states of
Aguascalientes, Durango, Guanajuato, Jalisco, San Luis Potosi, and Zacatecas
(Nieto Samaniego et al., 2005; Botero-Santa et al., 2020; Cauich-Kau et al., 2021).
In the following section, a review of the main structural geology of our study area is

presented to have a better understanding of the VRG faulting dynamics.

2.1.1 General Geology

In this section, the main geological formations of our study area will be briefly
described (Fig. 3).

2.1.1.1. Cretaceous

Cretaceous marine sediments

This unit, locally named Caracol Formation, is found outcropping on in a small
outcrop W of Villa de Reyes. The rocks of this unit are of marine flysch type facies,
with dominant lithology of layers of ocher green sandstone with medium to coarse
grains of feldspar and quartz in a calcareous matrix, some muscovite and calcite
veinlets. Its thickness varies from laminations to meter long strata (Tristan-Gonzalez,
1986; Lopez-Loera & Tristan-Gonzalez, 2013).

Its lower contact with the Indidura formation is concordant and transitional. It
underlies the Tertiary continental clastic sediments of the Cenicera formation,
Portezuelo Latite, Lower and Upper Panalillo Rhyolite, and is intruded by the Nuevo
Valle Intrusive. A Coniacian to Maastrichtian age is assigned to this unit (Tristan-
Gonzalez, 1986).
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2.1.1.2. Paleogene

Santa Maria Ignimbrite

The outcrops in the Villa de Reyes Graben (VRG) area are of a sporadic nature,
located on the SW flank of the Sierra de San Pedro (5 km SW of Villa de Reyes), at
the intersection of the VRG with that of Santa Rosa, and SE of San Bartolo de Berrios
(Tristan-Gonzalez, 1986).

This formation is a well-welded ash flow, pinkish gray to reddish in color, with a
porphyritic and eutaxitic texture, with phenocrysts of quartz and sanidine, with
abundant magnetite altered to hematite, in a partially devitrified matrix, with
elongated fragments of collapsed pumice. Its thickness varies between 60-100 m
(Tristan-Gonzalez, 1986; Lépez-Loera & Tristdn-Gonzéalez, 2013).

This formation unconformably overlies the Caracol formation. It also unconformably
underlies the Portezuelo Latite, Ojo Caliente Trachyte, San Miguelito Rhyolite, and
the Cantera Ignimbrite. This rock package forms the basis of the volcanic sequence
of the Oligocene volcanic field of San Luis Potosi (Tristan-Gonzalez, 1986; Tristan-
Gonzalez et al., 2009).

Trachyte Ojo Caliente

Its main outcrops are located on the outer edge of the graben SW of Villa de Reyes.
It is a lava spill, light gray to reddish brown in color, with a holocrystalline texture,
with sanidine crystals, a devitrified matrix, plagioclase and clinopyroxenes crystals
altered to serpentine, iron oxides and some isolated quartz crystals. The strong
jointing and flow structures cause this rock to disintegrate in the form of chips
(Tristdn-Gonzaélez, 1986).

This unit unconformably overlies the Santa Maria Ignimbrite, and outside the study
area the Del Carmen Rhyodacite. It underlies the Portezuelo Latite and in some

places the Panalillo Rhyolite, in both cases, unconformably. Emplacement took
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place through large exogenous domes. Its assigned age is 31.8 £ 0.7 Ma (Tristan-
Gonzalez et al., 2009).

Portezuelo Latite

The distribution of this rock, both inside and outside the graben, is very wide,
although it is not continuous since its placement was in the form of domes. This rock
is a lava spill in domes of the exogenous type and of grayish brown color,
holocrystalline, porphyritic texture, aphanitic matrix with phenocrysts of sanidine,
quartz, and the matrix consists of plagioclase microliths, with accessory minerals

such as magnetite, zircon, and apatite (Tristan-Gonzalez, 1986).

This formation unconformably overlies several Mesozoic marine formations, the
Santa Maria Ignimbrite, and the Ojo Caliente Trachyte. It underlies the San Miguelito
Rhyolite, Cantera Ignimbrite, and sporadically the two members of the Panalillo
Rhyolite and the Cabras Basalt. In addition, it is intruded by the Nuevo Valle Intrusive
(Tristdn-Gonzalez, 1986). On the other hand, according to Del Pilar-Martinez et al.
(2020) its lower contact is not exposed. A thickness range of this unit of 208-530 m
has been reported in the VRG (Soto-Garcia, 2022).

Its age was determined with the K/Ar method, being 30.6 £ 1.5 Ma, which places it
in the Early Oligocene (Labarthe-Hernandez et al., 1982). Del Pilar-Martinez et al.

(2020) dates this unit with an age of 30.53 + 0.24 Ma.

San Miguelito Rhyolite

This unit is of great extension in the study area, emplaced in the form of at least four
large domes across the margins of the graben, but predominating in the NW, with
NW-SE preferential orientation. Within the graben, there is only one outcrop in the
vicinity of San Felipe and another where the graben is truncated by the Sierra de
Guanajuato. In the wells drilled in the Valley of Villa de Reyes and San Luis Potosi,
this unit has not been reported (Tristan-Gonzéalez, 1986; Lopez-Loera & Tristan-
Gonzalez, 2013).
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The rocks of this unit are made up of two generations of rhyolitic domes, separated
by an ash flow, with the following three members being best appreciated in the State

of Guanajuato (Tristan-Gonzalez, 1986):

-Lower Member: This is the predominant one in the Sierra de San Miguelito, and has
large areas of breccia, vitrophid, glass and deposits of chalcedony and opal in its
central parts, its margins being a light gray lava flow with a holo to microcrystalline
texture, porphyritic, with an aphanitic matrix, with disseminated sanidine, quartz, and
magnetite crystals, where the matrix is devitrified with great development of flow
folds. The maximum thickness observed is 30 m.

-Middle Member: It is composed of layers, variable between outcrops, of grayish
porphyritic rocks and/or rocks from the previous member, glass layers, ash flows
with different degrees of welding, tuffs, and at the top rocks with fluid structures
(sometimes of the third member of this unit). Its thickness is very variable.

-Upper Member: This member outcrops in greater detail in the portion corresponding
to the State of Guanajuato and is characterized by being topaciferous rhyolitic
domes. It is a pinkish brown rock, with a holcrystalline, porphyritic texture, with

phenocrysts of sanidine, quartz, and a devitrified matrix.

The San Miguelito Rhyolite overlies the Santa Maria Ignimbrite, Portezuelo Latite
and underlies the Cantera Ignimbrite, the two members of the Panalillo Rhyolite, and
the Cabras Basalt. Its age determined with the K/Ar method is 30.0 + 1.5 Ma, places
it in the Late Oligocene (Tristdn-Gonzalez, 1986).

Cantera Ignimbrite

Its most important outcrops are found in the Sierra de San Miguelito and Sierra Las
Mesas, generally being closely associated with the domes of the San Miguelito
Rhyolite. This unit is made up of a package of four pyroclastic spills that vary from
well-welded to unwelded, generally separated by vitrophids and air-deposited tuffs

(Tristdn-Gonzélez, 1986; Lopez-Loera & Tristdn-Gonzalez, 2013).
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The characteristics of the welded zones are commonly a pinkish gray to grayish
brown rock, with phenocrysts of quartz, sanidine, and some biotite. The matrix is
microcrystalline, completely to partially vitrified. Towards its base, lithics and well-
collapsed pumice preferably abound, which tends to align parallel and form a
eutaxitic texture. Unwelded to partially welded ash flow zones are characterized by
the abundance of lithics and un-collapsed pumice into centimeter fragments. Its
thickness is variable but can reach up to about 300 m (Tristan-Gonzéalez, 1986;
Lopez-Loera & Tristan-Gonzalez, 2013).

This unit overlies the Portezuelo Latite and San Miguelito Rhyolite, all of which in a
discordant fashion. It underlies the two members of the Panalillo Rhyolite. Its age is
29.0 £ 1.5 Ma, which places it in the Late Oligocene (Tristan-Gonzéalez, 1986;
Tristan-Gonzalez et al., 2009; Lopez-Loera and Tristan-Gonzalez, 2013). Del Pilar-
Martinez et al. (2020) dated two samples of this unit, obtaining ages of 30.62 + 0.23
Ma and 30.14 £ 0.16 Ma.

Panalillo Rhyolite

This unit is found along almost the entire length of the sunken part of the VRG, and
transverse grabens, and in the outer parts, sporadic outcrops of the Upper Member
of this rhyolite predominate, which forms extensive plateaus in the upper parts of the
hills. The Panalillo Rhyolite has been divided into two members (Labarthe-
Hernandez et al., 1982; Tristan-Gonzalez, 1986; Torres-Hernandez et al., 2006;
Alva-Valdivia et al., 2012):

-Lower Member: It is a poorly welded pyroclastic flow, cream to slightly reddish in
color, well stratified, graded, in layers that vary between 5 and 50 cm from very fine
to sandy grain, to conglomeratic, with an abundance of lithics, with phenocrysts of
sanidine, quartz and plagioclase, with abundant pumice without collapsing. Its
thickness is very variable, ranging from 40 to 150 m in wells inside the VRG (Torres-
Hernandez et al., 2006; Alva-Valdivia et al., 2012; Lopez-Loera & Tristan-Martinez,
2013).
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-Upper Member: This member consists in some places of two well-welded ash flows;
The lower one is a reddish to light brown ignimbrite, with phenocrysts of quartz and
sanidine, in a partially devitrified matrix, with well-collapsed pumice and isolated lithic
stones. The upper flow is a pinkish-gray to reddish ignimbrite, with phenocrysts of
quartz and sanidine, and some plagioclase in an almost completely devitrified matrix.
Inside the VRG, this unit is buried by clastic and lacustrine deposits, and its thickness
ranges from 20 to 50 m in most wells, while near the margins of the graben it does

not surpass 20 m (L6pez-Loera & Tristdn-Martinez, 2013).

The volcanic event that gave rise to these rocks is bimodal, so basalts and andesites
occur, where basalts are reported at the intersections of the Santa Rosa and Villa
De Reyes Grabens faults. Most of the rocks of this unit are buried by great
thicknesses of alluvial sediments of the order of 250 m and on lacustrine and alluvial
deposits from the Cenozoic, especially in the valleys of Villa de Reyes and San Luis
Potosi, while in the valleys of San Felipe and Nuevo Valle are covered only by thin

layers of conglomerates (Tristan-Gonzalez, 1986; Tristan-Gonzalez et al., 2009).

The Panalillo Rhyolite unconformably overlies the Caracol formation. It underlies the
Cabras basalt and Quaternary sediments. For the Upper member, an age of 28.9

Ma has been reported (Tristan-Gonzalez et al., 2009).

Placa Basalt

It is a dark gray rock with phenocrysts of plagioclase and altered olivine. It is found
interbedded with the Panalillo Rhyolite and has an age of 28.0 £ 0.6 to 26.9 £+ 0.4
Ma. (Tristdn-Gonzalez et al., 2009).

Santa Rosa Basalt

Named and described by Soto-Garcia (2022), it had originally been described as

Aibasalto in the San Francisco geol ogical

the two members of the Panalillo Rhyolite.
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It consists of a dark gray to black rock with a melanocratic composition and aphanitic
texture, holocrystalline and sometimes vesicular, it can present phenocrysts of up to
3 mm, sometimes they occur as subhedral plagioclase and olivine microcrystals that
can be altered within a matrix devitrified in a very massive way, it may also present
ferromagnesian minerals in the interstices, according to its mineralogical
composition, it is interpreted as a rock with an andesitic composition. In specific

areas it is found towards the base as a vitrofid with oxide alteration.

In the study area it crops out in the northern part of the Santa Rosa Graben,
unconformably underlying the graben in the remnants of the upper Panalillo Rhyolite
where it is delimited by the northern fault of the study area. It also overlies an isolated

remnant of the lower Panalillo Rhyolite (see Fig. 3).

Cabras Basalt

Formally proposed by Labarthe et al. (1982), taking the name of the type locality of
the community of Cabras in Villa de Reyes, S.L.P. This unit crops out in small
remnants inside and outside the graben, and it is very common to find it on the
marginal faults of the graben. It is a basaltic, aphanitic rock, dark brown to black in
color. It presents phenocrysts of olivine, plagioclase and hypersthene (Tristan-
Gonzalez, 1986).

Its thickness is variable, not exceeding 150 m in the Sierra de Guanajuato where it
is thickest. The Cabras Basalt unconformably overlies the Panalillo Rhyolite and
conglomeratic alluvial deposits. Its age is 21.5 + 0.5 Ma (Tristan-Gonzalez, 1986;
Torres-Hernandez et al., 2006; Tristan-Gonzalez et al., 2009).

Los Castillos Andesite

To the SE of the Villa de Arriaga valley, there are outcrops of a brown to dark gray
rock, with a porphyritic texture with plagioclase phenocrysts in a matrix of plagioclase
microliths with abundant oxidized magnetite. This rock is classified as trachyte, and
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its thickness does not exceed 50 m. Its age is 20.9 to 20.3 Ma (Torres-Hernandez et
al., 2006; Tristan-Gonzalez et al., 2009; Lopez-Loera & Tristan Gonzalez, 2013).

El Carmen Rhyodacite

Itis a reddish brown or yellowish rock, with porphyritic texture with 15% of phenocryst
up to 6 cm of plagioclase, sanidine, quartz, and iron oxides with devitrified matrix. In
some sites, it is very altered, with iron oxide nodules. Its thickness in the town of El
Carmen is about 550 m. It outcrops as windows in the SE shoulder of VRG
(Labarthe-Hernandez et al. 1982; Cauich-Kau et al., 2021).

El Quiote Tuff
In the south-eastern portion of the VRG, SE of Villa de Reyes there are windows of

a pyroclastic flow, unwelded at its base and welded at its top. The rock is white to
pink in color, with 15% phenocrysts of quartz and sanidine, with abundant pumice
and lithics. Its thickness at Cerro del Quiote is about 50 m (Labarthe-Hernandez et
al., 1982).

2.1.1.3. Quaternary

Conglomerate

At different locations of our study area there are sedimentary deposits,
corresponding to oligomictic and polymictic conglomerates with fragments of the
rocks that outcrop in the area, with clasts and blocks > 10 cm of subrounded to
angular shapes, with a structure of supported clasts and sometimes embedded in
an ash matrix, derived from materials remobilized from the Santa Maria Ignimbrite.
These deposits are found filling depressions throughout the area. In specific places,
it appears as polymictic relicts overlying very fine materials that were remobilized

from the same unit (Soto-Garcia, 2022).
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Quaternary Sediments

The Plio-Quaternary package in the Valleys of Villa de Reyes and San Luis Potosi,
accumulated within the graben, reaches thicknesses of 400 m, and consists of
gravel, sand, and silt. Lacustrine deposits are also found in the southern part of the
study area. (Tristan-Gonzélez, 1986; Torres-Hernandez, 2009; Cauich-Kau et al.,
2021).

2.1.2. Structural geology studies in the region

Tristan-Gonzalez (1986) described the following structural events:

1. During crust al breaking processes, nor mal
warping effects of the upper mantle. Thes:
sedi ments and have generated many i nter mo

N and NW orientaaei omai nivlai cphr eser ved

northeastwar d, wi t h i ttl e to no associ

Graben area are buried by a thick volcani

the main conduits through which the fi
2. With the spill of the Latita Portezuel
the graben started and, concurrently

exit of t he di fferent vol cani c for mat i

wi t

Cantera Ilgnpmbcese.t dhk sphadédabetAwsgat 8m

of parallel marginal faults of the graben

N-NW t o NE, which suggests a control of

interdigitation of theleMeée smz awii ¢ FHBagnshien Vafl

Luis Pot os?2 Pl at for m. These faults are

are more clearly seen where volcanic unit

scarps.

The other fault system of i mportance has
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extension system.
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4500 m in our study area.

Henry and Aranda-Gomez (1992) established the beginning of east-northeast
extension as early as 30 Ma, in areas north of the Trans-Mexican volcanic belt. The
best-known episodes of extension in México, which begun between 23 and 12 Ma,
seem to be part of regionally extensive episodes in the central Basin and Range
province (whose Mexican part constitutes about half the area of said province). In
the Guanajuato-San Luis Potosi area (Fig. 2) grabens strike NW and NE, with K-Ar
ages of host rocks and vein adularia indicate that faulting began between 32 and 28
Ma. Intraplate alkali basalts, which erupted between 11-14 Ma and in the
Quaternary, near San Luis Potosi suggest episodes of extension at these times. A
graben with NE strike terminates against de Bajio fault north of Guanajuato,
suggests that NW extension is younger than NE extension. Conversely, several
small NW striking grabens terminate against NE oriented faults south of San Luis
Potosi. All of this suggests that the VRG main extension phase is contemporaneous
with the southern extension of the Basin and Range province (Henry and Aranda-
GOmez, 1992; Stewart, 1998).

Nieto-Samaniego et al. (2005) defined the Mesa Central (Fig. 2) as an elevated
plateau located in the central part of México, with more than half of its total area
found above 2000 m.a.s.l., with topographic highs within are less than 600 m. The
Mesa Central plateau is bounded to the N and E by the Sierra Madre Oriental, W by
the Sierra Madre Occidental, and to the S by the El Bajio Basin. The study area is
located south of a major fault system called the San Luis-Tepehuanes Fault System

(Fig. 2), a NW-SE striking lineament, which roughly separates the northern and
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southern regions of the Mesa Central. The northern sector is in a more advanced
state of erosion (with topographic heights of less than 2000 m.a.s.l.) and shows
almost no evidence of Neogene tectonics, while the southern sector is where major
extensional tectonics events took place during the Oligocene, with minor events in
the Miocene to Quaternary as well. In the southern region of Mesa Central, detailed
studies have revealed that there was also Oligocene volcanism coeval with
extensional crustal deformation, with principal extensions of around 20% in the E-W
direction and 10% in the N-S direction. As can be seen on Fig. 2, this southern
section of the Mesa Central is where most seismic recent seismic activity has
concentrated, which is especially true for the western part the study area (Fig. 2).
This recent seismic activity (from 1993 to 2024, SSN (2024)) makes it evident that
extensional tectonics and active faulting are still taking place to this day inside the
VRG.

Del Pilar-Martinez et al. (2020) detailed the stratigraphy, complementing with
thirteen new U-Pb ages (which before this study were lacking in previous works) of
the southern Mesa Central, to establish when the deformation of the Cenozoic
volcanic rocks began. They were able to establish four lithostratigraphic groups

affected by major fault activity:

1) Early Rupelian vol canic rocks (34. 4
composition, and sdboirtdionat avasmdeabbtbDCI
trending domino style normal faults.

2) Mi ddl e Rupelian volcanic rocks (30

felsic composition, predate the beginnin

system.
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were still active.
4) Chattian rocks (23 Ma), which are
hiatus of about 4.2 million years.
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faulting phase. The | ast faulting phase ¢

coeval with reactivation of the VRG and t

These authors also date the main phase of activity of the VRG, coevally with the
volcanism between 28 and 27 Ma, and show that the extensional system of the VRG
formed on top of a previous domino-like fault domain boundaries of the early

Rupelian systems.

To date, studies focusing on the active tectonics inside the VRG have not been
made, with only anecdotal evidence of transtensional and transpressional stresses,
generated by left lateral faults and right lateral faults, with associated positive and
negative flower structures. The active faulting inside the southern portion of the VRG

will be the focus of this work.
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Fig. 2. Tectonic context of the study area: (a) Location of the study area. LS6 Laguna de
Santiaguillo; RCH-OG8 Rio Chico-Otinapa Graben; AGd Aguascalientes Graben; FVHO Fault Villa
Hidalgo; FBV6& Fault Buena Vista; FO6 Fault El Obraje; FVAd Fault Villa de Arriaga; FLP& Fault
Los Pajaros; CGd El Cuarenta Graben; FBA& Fault El Bajio; GS8 La Sauceda Graben; BGd Bledos
Graben; VRGO Villa de Reyes Graben; VAGS Villa de Arista Graben; EGO Enramadas Graben;
DQ0d La Quemada Depression; SSMd Sierra de San Miguelito; SG& Sierra de Guanajuato; SCo

Sierra de Catorce; SSo6 Sierra de Salinas; RCo Real de Catorce; GO Guanajuato; SLPd San Luis
Potosi; SMRo Santa Maria del Rio; SLDPod San Luis de La Paz; ND& Nombre de Dios; SMAd San
Miguel de Allende; QO Querétaro. ZGd Zacatecas Graben. Taken and modified after Nieto
Samaniego et al. (2005). Epicenter data taken from SSN (2024). Topographic data after INEGI
(2023); (b) Mesa Central Tectonic Province location in Central México.
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2.2 General Hydrogeology

The main aquifer that encompasses the study area is defined as the Jaral de Berrios-
Villa de Reyes aquifer, labeled by Comision Nacional del Agua, CONAGUA (National
Water Commission) with the code 2412. This aquifer is located in central Mexico,
covering northern Guanajuato, corresponding to the Jaral de Berrios Valley, and
southeast San Luis Potosi, corresponding to the Villa de Reyes Graben (VRG), with
a total area of 2370 km? (CONAGUA, 2023).

2.2.1 Hydrography

The study area is located within Hydrological Region 26 (Panuco) and in the
southwestern portion of the Tamuan river basin. The main streams which drain the
area are the San Bartolo River (Guanajuato area) and the Altamira River, later
named the Santa Maria River (San Luis Potosi area), both with an intermittent
regimen. In the Guanajuato portion, the main hydrographic axis is formed by the San
Bartolo River, while in the San Luis Potosi portion the Altamira River represents the
main hydrographic system. The Santa Ana dam represents the main source of water
in this area for the population (CONAGUA, 2023).

2.2.2 Aquifer type

Based on the petrophysical properties of the rocks that are part of the stratigraphy
of the study area, CONAGUA (2023) differentiates two lithological sequences
according to their porosity: primary (intergranular) or secondary (by fracturing).
Hence, for most of the volcanic sequence, water movement takes place through
fractures, except for sandy tuffs who present both types of porosity. On the other
hand, sedimentary materials of fluvial facies present textural properties that allow to

assume that water circulation is manifested through a porous media.

According to the aquifer constitution, it can be described vertically in two parts: the

upper part located in the left bank of the Altamira River is a hanging aquifer,
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unconfined and embedded in in the alluvial fill of the graben, with a saturated
thickness between 5 to 25 m. Since the static level is found to be between 0.5 and
6 m deep, water extraction is done with dug wells and by manual traction for
domestic uses and, to a lesser extent, mechanically for irrigation of small plots for
self-consumption. The lower part of the aquifer is constituted by alluvial, lacustrine,
pyroclastic deposits as well as fractured volcanic rocks withing the graben.
Thickness varies between 200 and 450 m, and piezometric levels are found between
40 to 120 m (Cauich-Kau et al., 2021; CONAGUA, 2023).

2.2.3 Piezometric levels

According to Carillo-Rivera et al. (1992), the water table levels for shallow
groundwaters in Villa de Reyes valley closely follow local topography, which
indicates a general flow pattern towards the axis of the valley and north-eastward
along the direction of surface drainage. On the other hand, for deep groundwaters,
the piezometric surface has been substantially modified by water extraction over the
past decades. Nevertheless, a similar flow direction which is influenced by

topography is apparent.

Similarly, according to Cauich-Kau et al. (2021), groundwater flow presents a
direction from the recharge areas (mountain ranges) towards the central part of the
valley, however to the northeast of Villa de Reyes groundwater flow takes a
northeast direction, probably related to zones with high exploitation. We report
similar results to the latter author, using piezometric data from the Comision Estatal
de Agua de Guanajuato (Guanajuato State Water Commission) CEAG (2021), with
the difference that in this study piezometric level map (Fig. 3) water depletion zones
are more evident near the most populated communities (Jaral de Berrios and Villa
de Reyes), which is to be expected. In this work, a connection between groundwater

and fault zones is established, as will be discussed in Chapter 5.
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Chapter 3-. Geoelectrical characterization of non -filled

active faults in Jaral de Berrios, Guanajuato, México

This chapter is based on an article where geoelectrical methods were tested to
observe their response on non-filled active faults and fractures, by authors: M.Sc.
Fabian Esteban Monge-Cerda, Dr. Omar Delgado-Rodriguez, Dr. José Alfredo
Ramos-Leal and Dr. Lorena Elisa Sanchez-Higueredo. It was published by the

Journal of Applied Geophysics  in 2024.
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1. Introduction

ABSTRACT

Electromagnetic and electrical methods have a great number of applications and have become a commonly used
tool for the study of active geological faults, where they are usunally detected as low resistivity anomalies.
However, this is not always the case. We used both Electromagnetic Profiling (EMP) and Electrical Resistivity
‘Tomography (ERT) methods with the aim of mapping active geological faults which affect agricultural plots and
a former quarry near the town of Jaral de Berrios, State of Guanajuato. The apparent resistivity map derived from
EMP survey shows how NW-SE on site measured faults (which reach at least 400 m in length and 0.4 m in width)
match with high apparent resistivity anomalies. Two ERT profiles reveal the subsurface continuity of the main
fault zones, as well as the main high apparent resistivity lineaments, for at least 40 m below the surface. The
resistive lineaments in the apparent resistivity map showed a coincidence with the faults modeled in the geo-
electric section of the ERT1 profile; this result gives reliability to the methodology used in the study site. All of
this means that faulting presently evident on the surface continues at depth and has a wider extension than
previously thought, and that since the fractures are non-filled with minerals and/or moisture the preponderance
of high resistivity anomalies make sense. The results of this work provide the basis for future studies that help in
determining the type of faulting affecting our study area, so long term urban planning and development in the
area may be possible.

Surface geophysical methods in the study of geological faults have
been used successfully for several decades (Cinti et al., 2015; Wang

Three important geophysical applications in the study of active
faultsinclude: 1) Areas where erosion or anthropogenic activity had
effectively erased surface expression of active faults; 2) faulting is
covered by a thick cover of Quaternary deposits; or 3) where there is no
budget available for more expensive survey techniques that make
confirmation of a fault zone possible (e.g., fault trench studies or
radiometric dating).

Geoelectric methods are increasingly used in near surface geophysics
such as mining (Mendoza et al., 2021; Mustafa et al., 2023), hydro-
geological exploration (Rolia and Sutjiningsih, 2018; Mollehuar-
a-Canales et al., 2020; Alzahrani et al., 2022), agricultural studies (Doser
etal., 2019; Cordero-Vazquez et al., 2021, 2023), environmental studies
(Delgado-Rodriguez, 2017; Gomez-Hernandez et al., 2020), and
geotechnical studies (Aizebeokhai and Oyeyemi, 2015; Martinez et al.,
2021).

* Corresponding author.
F-mail address: omar.delgado@ipicyt.edu.mx (0. Delgado-Rodriguez).
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et al., 2018; Gunda et al., 2020; Aray-Castellano et al., 2021). Specif-
ically, geoelectrical methods usually detect highly fractured and
weathered fault zones as low resistivity anomalies, in contrast to unal-
tered fault wall rocks (Monahan, 2013; Bran et al., 2018; Ahmad et al.,
2020; Meng et al., 2020; Hasan et al., 2021; Sana et al., 2021; Porras
et al., 2022). For example, the Electromagnetic Profiling (EMP) method
was applied on the active Concud fault in the Iberian Cordillera (NE
Spain), where it showed the advantages of this fast-forward method for
mapping fault planes. A conductive anomaly with a contrast of >25 mS/
m marked the fault plane zone up to 20-25 m deep (Pueyo-Anchuela
etal., 2016). Drahor and Berge (2017) used electric and electromagnetic
methods in conjunction with seismic and magnetometric techniques, in
a fault zone located in the southwestern part of the city of Izmir, Western
Anatolia, Turkey. After the integrated interpretations of the geophysical
surveys, it was possible to locate the fault core and some evidence of
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active faulting in the investigated area. Bran et al. (2018) carried out a
geoelectric study to investigate the shallow architecture of the Beagle
Channel, located in the foothills of the Fuegian Andes, in the Chile-
Argentina border. Resistivity patterns were established that allowed
inferring an extensional control over the oblique depressions due to
postglacial deformations along the area. Khalili and Mirzakurdeh (2019)
used microtremor and geoelectrical methods to detect subsurface
geological structures (hidden faults) in a suburb of Shiraz, Iran. The
authors modeled the fault zone as a transition zone from high to low
resistivity values. The VES method with Schlumberger configuration
was used by Winarto et al. (2019) to identify the geologic subsurface and
active fault zone in an area of the Garut regency, southern West Java,
where they collected geoelectric data from seven profile lines. In gen-
eral, two resistive strata were found (resistivity >50 Ohm.m), which are
separated by a conductive layer (resistivity < 15 Ohm.m), interpreted as
a fault. Arjwech et al. (2020) used 2D and 3D Electrical Resistivity To-
mography (ERT) to study an active fault in Thailand. Their geoelectrical
models showed a resistive sandstone unit and a conductive sandy-clay
sediment unit. The two units are separated by a transition zone of
approximately 12 m wide, being defined as the fault core.

The studies mentioned above have in common that faults were
observed to be conductors or a transition zone between high and low
resistivity. However, Nobes and Hornblow (2021) clarify that the elec-
trical properties near the surface of faults can change depending on the
nature of the materials that fill the faults and the type of climate. A
prolonged period of dry weather can dry out (i.e. leave fractures
“empty”) the near-surface sections of faults, thereby increasing the
electrical resistivity. Conversely, a prolonged period of rain increases the
moisture content of the porous material filling the faults, thus decreasing
the resistivity. In the case of unfilled faults, a resistive response would be
expected, however, there is a lack of geoelectrical studies demonstrating
their effectiveness in detecting and characterizing active unfilled faults.
Since these types of faults are (at least in similar studies like the
mentioned above) uncommon, we considered an important experiment
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applying conventional geophysical methods in unfilled active faults to
observe their response and the types of models that can be achieved.

In this study, EMP and ERT methods were used primarily to map the
active non-filled fault planes which affect plots in the municipality of
Jaral de Berrios, State of Guanajuato.

1.1. Study area

The study site is in the State of Guanajuato inside the bigger tectonic
setting of the Villa de Reyes Graben (VRG), an approximately 100 km
long valley filled with alluvial sediments, pyroclastic flows, and lacus-
trine deposits, which ranges in thickness from 50 to about 250 m, with a
northward dip. The type of climate of the region is semiarid and it is
located inside the physiographic province known as the Mesa Central
(Diario Oficial de la Federacion (DOF), 2015), which the latter will be
further discussed in Section 2. Most of the VRG borders are very steep,
since they are controlled by normal faulting (Fig. 1), which is the most
common type of faulting that exists in the region (Tristan-Gonzailez,
1986). The study area comprises approximately 25 ha of agricultural
plots, including a former quarry. The site is located next to Federal
Highway 37 and approximately 2.5 km from the town of Jaral de Berrios
(Fig. 2).

The economy is based on primary activities (rainfed agriculture),
with beans and corn as seasonal crops (Diario Oficial de la Federacion
(DOF), 2015). This semiarid region is limiting water not only to climate
conditions but also due to the increase in the number and length of
fractures on the soil surface. These fractures facilitate the fast infiltration
of irrigation water and the loss of agricultural soil, thus reducing arable
areas.

2. Geological and tectonic setting

The VRG is located inside a bigger tectonic province known as the
Mesa Central, which is an elevated plateau mostly covered by Cenozoic
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Fig. 1. Study area located in central region of Mexico (Municipalities of Villa de Reyes in the State of San Luis Potosi and Jaral de Berrios in the State of Guanajuato).
Modified from Lopez-loera and Tristan-Gonzalez (2013) and redefinition of faulting limits and lineaments using Landsat 8 images, processed with ArcMap 10.8,
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reader is referred to the web version of this article.)

volcanic rocks and bordered by the Sierra Madre Oriental at the north
and east, the Sierra Madre Occidental at the west, and in the south by the
Trans Mexican Volcanic Belt, encompassing portions of the states of
Aguascalientes, Durango, Guanajuato, Jalisco, San Luis Potosi, and
Zacatecas (Nieto-Samaniego et al., 2007; Botero-Santa et al., 2020;
Cauich-Kau et al., 2021).

The VRG formation started in the main extension phase of the Mesa
Central (26-28 Ma, mostly Chattian in age), which is also part of the
Cuencas y Sierras Province of the Mexican Republic, i.e., the southern
extension of the Basin and Range Province (Labarthe Hernandez et al.,
1982; Tristan-Gonzalez, 1986; Henry and Aranda-Gomez, 1992; Stew-
art, 1998; Lopez-Loera and Tristan-Gonzalez, 2013; Del Pilar-Martinez
et al., 2020). Faulting in this area was polymodal, a fault system com-
pound of three or more fault sets forming and slipping simultaneously,
normally under triaxial deformation fields. The extensional system of
the VRG formed on top of a previous domino-like fault domain bound-
aries, which were formed in the Rupelian under a biaxial stress field (Del
Pilar-Martinez et al., 2020).

The study area mostly includes rocks corresponding to the Volcanic
Field of San Luis Potosi (VFSLP) and the Volcanic Field of Santa Maria
del Rio (VFSMR), whose composition varies from dacites to rhyolites,
and mostly of effusive origin. The main geological formations (Fig. 3)
are: San Miguelito Rhyolite (late Oligocene); Cantera Ignimbrite (late
Oligocene); Lower and Upper Panalillo Rhyolites (both from late
Oligocene); Placa Basalt (late Oligocene), and finally the entire volcanic
sequence is topped by up to 400 m of Quaternary deposits, mainly
composed of alluvial and lacustrine deposits (Tristan-Gonzalez, 1986;
Tristan-Gonzalez et al., 2009; Lopez-Loera and Tristan-Gonzalez, 2013;
Cauich-Kau et al., 2021).

38

3. Methodology
3.1. Geoelectrical methods

To analyze the subsurface continuity of faults and fractures, we used
the Electromagnetic Profiling (EMP) method to quickly and accurately
define resistivity lineaments associated with the subsurface location of
faults. The Electrical Resistivity Tomography (ERT) method was used to
characterize the faults. Its basic operating principles are briefly
described below.

3.1.1. EMP survey

To perform the EMP survey, we used the CMD MiniExplorer 6 L
conductivity meter, in which both the transmitter (Tx) and receiver (Rx)
coils are inside a cylindrical device, which is hand-carried along the
profile (see Fig. 4). Data acquisition and georeferencing can be pro-
grammed automatically, which makes the EMP survey faster and easier.
Considering walking at an average speed of 4 km/h, an acquisition of
conductivity measurement every 2 s was programmed, thus an apparent
electrical conductivity value was recorded approximately every 1 m
along each path. For the CMD MiniExplorer 6 L, maximum survey depths
of 0.3, 0.5, 0.8, 1.1, 1.6, and 2.3 m are reached. However, in this study,
only the 2.3 m depth map will be shown since it shows less affectation by
anthropic sources (e.g., agricultural tillage) and whose depth is of in-
terest to the objectives of this work.

Since data acquisition is automatic, we were able to survey our study
area in many parallel grid lines in a relatively short amount of time,
which were subsequently interpolated to create the apparent resistivity
map shown in Fig. 6 and discussed in Section 4.

3.1.2. ERT survey
For our measurements, we used the SuperSting R8 multielectrode
resistivity meter (Fig. 5). In this methodology, multichannel cables that
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Fig. 4. CMD-MiniExplorer 6 I. M conductivity meter.

include 56 electrodes are used to both inject electricity into the soil and
to measure electrical potential, resulting in obtaining apparent re-
sistivity values. Data is obtained automatically, which makes the survey
faster when compared with manual ERT measurements. We used the

Fig. 5. SuperSting R8 multi-electrode resistivity meter.

Dipole-Dipole array since it facilitates simultaneous data acquisition
through different channels depending on the characteristics of the re-
sistivity meter; for each current injection, eight apparent resistivity
values are determined, saving time in the field. Thabit and Al-Zubedi
(2015), demonstrated that this array is the best choice when

4
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horizontal resolution is paramount (vertical bodies, such as faults and
dykes are best modeled), which makes it most suitable for our
objectives.

3.2. Data acquisition and processing

3.2.1. Previous measuring

We measured fault and fracture planes directly at outcrops. Around
fifty measurement points were taken, both directly at rock outcrops and
ground subsidence spots, using a Brunton type compass. Individual
ground subsidence spots were joined to delineate fracture lengths. Sense
of movement criteria on fault planes (which tends to be scarce on the
study area), was interpreted after Petit (1987).

3.2.2. Electromagnetic mapping
After fault planes and fracturing boundaries where stablished, we

covered around 25 ha of the study area using the CMD MiniExplorer 6 L
conductivity meter, for 2.3 m depth mapping, to see how well the
directly measured faults match with the geophysical anomalies. At least
35 parallel grid lines were necessary to cover the entire study area. From
the field survey, around 13,000 apparent conductivity values were
processed using Surfer 16.3.408 (Golden Software, 2019) for both
converting the apparent conductivity data (in mS.m ') to apparent re-
sistivity (Ohm.m), and for contour map creation. Field survey was also
greatly facilitated, as the topography of most of the study area is flat,
except in the quarry portion. In this case, great care was taken to obtain
the automatic data at a steady pace as far as possible so as not to affect its
acquisition.

3.2.3. Electrical resistivity tomography

For any surface geophysical method, vertical resolution decreases
with increasing study depth. For ERT, the spatial resolution depends on
the electrode spacing. The smaller the electrode spacing, the higher the
resolution. On the other hand, the study depth depends on the total
distance covered by the electrode array.

Considering the above, two ERT profiles using Dipole-Dipole array
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were designed (see ERT lines A-B and C—D in Fig. 6) to obtain and
compare data at different resolutions. In the first one (ERT1), an elec-
trode spacing of 5 m resulted in a 56-electrode array length of 275 m,
guaranteeing a maximum study depth of 55 m. Subsequently, six 68.75
m roll along were added giving an ERT1 length of 687.5 m. After pro-
cessing the ERT1 data, a second ERT2 profile with an electrode spacing
of 3 m and a 56-electrode array length of 165 m, provided higher res-
olution and a shallower study depth (33 m). Four 41.25 m roll along
were added for a total length of 330 m. ERT profiles were performed
exclusively on flat topography, so field work was also greatly expedited.
This also means that raw data did not need topographic corrections.

From the ERT survey, an apparent electrical resistivity section is
obtained, which is then tomographically inverted into a recovered
electrical resistivity section using Res2DInv, version 3.4, software
(Geotomo Software, 2002). The Res2DInv software uses an inversion
routine based on Gauss-Newton least squares methods with smoothness
and finite element constraints (Sasaki, 1992; Loke and Barker, 1996;
Suski et al., 2010). In cases where the subsurface consists of homoge-
neous bodies creating sharp resistivity contrasts with each other (e.g.,
igneous dykes or faults), the robust inversion method produces better
results (Loke, 2021). To measure the difference between the calculated
and measured apparent resistivity, the root-mean-square (RMS) error
was used, with convergence achieved after a maximum of five iterations,
and RMS errors of <5%. After inversion, the data was plotted in Surfer
16.3.408 (Golden Software, 2019) to improve the quality image of both
ERT profiles.

4. Results
4.1. Fault plane measurements

Most faults, fractures, and ground subsidence spots have a roughly
NW-SE orientation, with fractures up to 240 m long and at least 0.4 m
wide (F5 faultin Fig. 6). As we mentioned before, the sense of movement
is hard to interpret at fault planes due to extensive weathering. Never-
theless, we were able to interpret a right-lateral sense of movement.
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Fig. 6. Apparent resistivity mapping results and location of the two ERTs of this study. Notice how well the measured fractures (discontinuous black lines) agree with
the high apparent resistivity anomalies (orange polygons and purple discontinuous lines). The figure also shows the location of the two ERT profiles (A-B and C—D)
performed in our study area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.2. Apparent resistivity mapping and ERT sections

Fig. 6 shows the results obtained with the MiniExplorer 6 L equip-
ment, for an exploration depth of 2.3 m, covering 25 ha of land. Note
how the NW-SE trend continues to be the predominant one, with the
orientation of the fractures measured in the field matching with that of
the geophysical anomalies. As can be seen in Fig. 6, the presence of
mainly high apparent resistivity lineaments is revealed in orange colour.
Also, possible traces of secondary faults can be identified which inter-
twine with the main ones. Fig. 6 also shows the location of the two ERT
profiles.

Although in less detail, the ERT1 section (Fig. 7A) shows the re-
sistivity contrasts caused by the unfilled fractures. ERT2 section
(Fig. 7B), with higher resolution than ERT1, shows details of the frac-
tures in the uppermost subsurface such as their dip-angle.

Fig. 7A shows the ERT1 section, which reveals the subsurface con-
tinuity of F3 and F5 faults, as well as two of the longest high apparent
resistivity lineaments shown in Fig. 6. Fig. 7B shows the results of the
second ERT carried out in the study area. This section also reveals the
subsurface continuity of F5 fault, as well as several high apparent re-
sistivity lineaments with the same NW-SE trend observed for that fault.
Fig. 7A and B also show the possible width of the main fault zone (50 m
on ERT1 and 55 m for ERT2, respectively).

5. Discussion

Both geological and geophysical studies confirm the subsurface
continuity of the structures seen on the surface. Most fractures measured
on site are not filled with minerals and or moisture, which is atypical for
active fault sites (e.g., Kuria et al., 2010; Suski et al., 2010, among
others), so this explains why most geophysical anomalies in our study
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area associated with faulting are of high resistivity values (see Figs. 6, 7
and 8). The main structure in our study area is an F5 fault (Fig. 6), with
at least 400 m in length and 0.4 m in width and NW-SE orientation, for
which there is both field evidence, such as measurable fractures and
ground subsidence spots, as well as geophysical evidence in the form of
high apparent resistivity lineaments, (see Figs. 6 and 7). This map also
makes it clear that the faulting that is currently evident on the surface
continues at depth and has a wider extension than what can be currently
seen in the field.

The ERT1 section (Fig. 7A) also shows that the F5 fault is the main
structure in the area, with its fault zone being almost vertical for the first
30 m. This supports our previous interpretation of a lateral fault since no
clear dip-slip component can be interpreted. At depths >30 m, this fault
zone seems to become less vertical. The explanation for this might be
that the local water table is being disturbed by this fault, but more
studies are needed to ascertain this. Similarly, the ERT2 section (Fig. 7B)
reveals that the F5 fault is the main fracture zone, with the same dip
angle change shown in the ERT 1 section. Also, since ERT2 has a higher
resolution than ERT1, the former image has more faults than the latter.

Finally, Fig. 9 shows a comparison of the results of the apparent
resistivity mapping and ERT1 section. The locations of F3 and F5 faults
on the apparent resistivity map (the longest ones in our study area) agree
very well with the subsurface interpretation of these faults on the ERT
section. Fig. 9 also shows how both F3 and F5 faults affect at least 40 m
of our study area's subsurface.

In this work, as with most geophysical work, several sources of
ambiguities can arise:

e Fault geometry and electrode placement ambiguities were dealt
placing electrodes and survey lines as perpendicular to the field
expression of faults as possible, to achieve accuracy in fault plane dip
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Fig. 7. A) ERTI section obtained in the study area (A-B in Fig. 6). B) ERT2 section obtained in the study area (C—D in Iig. 6). Discontinuous lines represent possible
fault planes, red arrows represent the location of directly measured faults and fractures, and purple arrows represent the location of high apparent resistivity
anomalies. The white dashed polygon represents the possible width of the fault zone. The figure also shows why non-filled fractures (field photographs) produce high
resistivity anomalies. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. a) Vertical fracture (F5 fault in Fig. 6). b) Fracture without mineral filling. Both pictures show non-filled fractures, which explains why their anomaly
response is of high resistivity values. ¢) Man-made structure being affected by right-lateral type faulting.
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Fig. 9. 3D comparison of the resistivity map shown on Fig. 6 and ERT1 shown on I'ig. 7A. Notice how well the apparent resistivity lineaments interpreted on the
apparent resistivity map agree with the subsurface interpretation of the ERT. Differences between the map’s and ERT’s colors are due to the former showing apparent

resistivity values while the latter shows true resistivity (after inversion).

angle imaging, and avoid violating the 2D assumption of the inver-
sion software.

e Even though we were not able to obtain other sources of information
to compare our data (e.g., seismic and drilling data), we are confi-
dent in our interpretations since faulting evidence in the study area is
pretty evident in the exposed faulted rocks at the old quarry site (see
Fig. & for some examples).

e Despite that resistivity anomalies do not always indicate the pres-
ence of active faults, our study site presented active faulting evidence
such as: new fractures and ground subsidence spots appearing in
practically each visit to the study site, fractures affecting agricultural
plots, and displaced man-made structures (Fig. 5¢), among others.

6. Conclusions
A geoelectric study was performed in the southern portion of the

Villa de Reyes Graben (VRG) at a landfill site near the city of Jaral de
Berrios, Guanajuato. One apparent resistivity anomaly map and two ERT

profiles were performed with the main objective of characterizing at
depth several non-filled faults and fractures that outcrop in the field.
The apparent resistivity map shows mainly high apparent resistivity
signatures, which match very well with on-site measured fractures, both
with a mainly NW-SE orientation and reaching at least 400 m in length
and 0.4 m in width. Since the fractures are non-filled with minerals and
or water, the preponderance of high apparent resistivity anomalies
makes sense. The ERT survey reveals the subsurface continuity of the
faults and fractures, which are almost vertical in the first few meters of
the profile and change to a lower dip angle at depth. The vertical plane
of the shallowest portion of the fractures is probably due to them being
right lateral faults, which agrees with our field geological structure
interpretation. The dip angle change at deeper levels could possibly be
related to the local disturbance of the water table, but this has not been
possible to confirm yet. When comparing the results of the apparent
resistivity map and ERT1 section, they tend to agree very well with each
other, especially on the locations of the main faults in our study site:
faults F3 and F5. This gives confidence to our geological and geophysical
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interpretation and in our choice of the methodology used in this study.

All of this indicates that the faulting that is currently evident on the
surface not only continues at depth but also has a wider extension than
what is seen on site, so the risk of the expansion of this faulting is very
high. We regard our study as a first step in characterizing and mapping
several active faults and contributing to the decision making of local
farmers and landowners when choosing the best places for their
activities.

Thus, we expect this study to be followed up by more detailed in-
vestigations (like drilling and direct rock sampling at high-resistivity
anomalies sites) that help define the type of faulting affecting our
study area and its relationship with the tectonics of the VRG so both
short- and long-term urban planning and local development may be
possible. We also hope that this work may be of use for other studies in
similar geological environments.
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Chapter 4 -. Geophysical, geological and tectonic study of
active faulting inside the Villa de Reyes Graben, Central
México

This chapter is based on an article where a four-part methodology was developed,
mainly using geoelectrical methods on four sites in the southern portion of the Villa
de Reyes Graben, to establish the structural style inside this graben, by authors:
M.Sc. Fabidn Esteban Monge-Cerda, Dr. José Alfredo Ramos-Leal, Dr. Omar
Delgado-Rodriguez, Dr. José Ramoén Torres-Herndndez, Dr. Salvador Isidro

Belmonte-Jimenez and M. Sc. David Ernesto Torres-Gaytan. It has been accepted

for publication by Near Surface Geophysi cs, and it is currently under production.
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ABSTRACT

The Villa de Reyes Graben is a 100 km long valley in which most studies have mainly
focused on the Oligocene normal faults that originated it. This study integrates
geological, geophysical (Electromagnetic Profiling, Electrical Resistivity
Tomography, Ground Penetrating Radar), photogrammetric, and focal mechanism
solution data on four sites inside the southern portion of the Villa de Reyes Graben
to study the faulting inside this graben that is currently producing land subsidence,
cracks on the ground and seismic activity. It was also possible to apply a
methodology which uses the above-mentioned methods for the study of faulting
inside of active tectonic basins. The northern portion of the study area is mainly
impacted by NE-SW left-lateral faults, while the southern portion is dominated by
NW-SE right-lateral faults. Field evidence also agrees with earthquake focal
mechanism solutions evidence. It was possible to report for the first time evidence
of positive and negative flower structures inside the graben, related to
transpressional and transtensional deformation. Finally, the methodology for
studying active faulting inside a tectonic basin can be summed up as follows: 1)
Surveying the study area for evidence of faulting; 2) Using Electromagnetic Profiling
for fast and accurate mapping of the study site faulting distribution; 3) further
characterize the previously defined fault zones using more detailed methods such
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as Electrical Resistivity Tomography or Ground Penetrating Radar; 4) Use other type
of evidence, such as earthquake focal mechanism solutions, to help confirming the
fault kinematics affecting the studied area.

Keywords: Acquisition, Electromagnetics, Imaging, Interpretation, Resistivity,
Seismics, Tomography.

1. INTRODUCTION

Geophysical methods have a wide range of applications among which, location of
oil reserves, groundwater modeling, engineering applications, are some of the most
important ones (Martos 2012). The application of geoelectrical methods in the study
of active faults have been successfully applied to these types of studies for several
decades (Kuria et al. 2010; Suski et al. 2010; Carpentier et al. 2012; Monahan 2013;
Cinti et al. 2015; Konon et al. 2016; Drahor & Berge 2017; Wang et al. 2017 Bran et
al. 2018; Ahmad et al. 2020; Gunda et al. 2020; Aray-Castellano et al. 2021; Hasan
et al. 2021; Porras et al. 2022; Galone et al. 2024; Monge-Cerda et al. 2024).

For example, Cinti et al. (2015) studied the Castrovillari fault (in Calabria, Italy),
which outcrops as three scarps, to characterize the geometry at the surface and at
depth, and to obtain constraints on the fault slip history. The study combined data
from quantitative geomorphological analyses, electrical resistivity tomography (ERT)
and ground penetrating radar (GPR) surveys, and paleoseismological trenching
along a 40 m high scarp. Despite the varying resolutions of each method, each one
suggests the presence of sub-parallel fault planes below the scarps at approximately
the same location. Wang et al. (2017) studied active geological faults crossing the
Beijing plain (North China), by means of the integration of gravity methods,
Controlled Source Audio-Frequency Magnetotellurics (CSAMT), seismic reflection,
Direct Current (DC) resistivity and paleomagnetism to locate faults and characterize
their activity. These methods were useful for imaging buried fault at shallower and
to analyze the fault slip rate. Array-Castellano et al. (2021) used magnetic, Ground
Penetrating Radar (GPR) and seismic refraction data to identify, localize, and
characterize a partly blind fault in the Llano Grande basin within the Agua Fria

Graben (Los Azufres Volcanic Complex, central México). The authors were able to
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identify anomalies and lineaments of different orientations, structurally characterize
the main magnetic lineament identified in the basin and to interpret it as a high angle
north-dipping fault. Galone et al. (2024) employed different near-surface geophysical
techniques (Electrical Resistivity Tomography (ERT), active and passive seismic
methods, GPR) as well as remote sensing techniques, to investigate the structural
configuration of the southern sector of the Mellieha valley (Island of Malta). The
result enabled the authors to identify the structural settings of the valley, including
the presence of a previously unmapped fault, and characterize an asymmetric
graben.

The above-mentioned studies have in common that, while several geophysical
methods are used, a common and clear methodology to study active faults is not
established, which is one of the goals of the present study. Additionally, the presence
of positive and negative type flower structures, which until now have been only
anecdotally reported, have yet to be properly established in the study area, and
although studies like Carpentier et al. (2012) have used GPR to characterize these
structures, there is lack of studies in which there is a differentiation between positive

and negative types.

Specifically, in northern-central México (where the study area is located), active
geological faults and associated structures are partially responsible for triggering
Structurally Controlled Differential Subsidence which creates hazards such as
cracking and collapsing of civil structures (Figueroa-Miranda et al. 2018). The
importance of the present study lies in the fact that delineating these fault traces can
be crucial in the decision making of local farmers and landowners when choosing

the best places for their activities.

A geological and geophysical study was conducted at four sites located in the
southern portion of the Villa de Reyes Graben, located in central México (GVR,
Figures 1 and 2). Each of the sites was named after local characteristics and/or
previous use given to them: "Banco de material” (an old quarry), "Presa El Hundido"
(a colonial period dam), "Jaral " (a town in Guanajuato) and "Rio Jaral" (an unnamed
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river), and even though each site is very different from a structural geology

standpoint, a common methodology for the study of active faults was able to be used.

Electromagnetic Profiling (EMP), Electrical Resistivity Tomography (ERT) and
Ground Penetrating Radar (GPR) methods were applied mainly to confirm the
subsurface presence and continuity of faulting that can be seen directly on the field
using standard geological and photogrammetric techniques. It is the goal of this
study to integrate geological, geophysical, photogrammetric, and earthquake focal
mechanism solutions evidence for the study of faulting inside an active tectonic
basin. Additionally, it is also one of the main goals of this work to map faults inside

the VRG and understand its relationship with the Mesa Central active tectonics.
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Figure 1 Tectonic context of the study area: (a) Location of the study area. LSd Laguna de
Santiaguillo; RCH-OG& Rio Chico-Otinapa Graben; AGd Aguascalientes Graben; FVHA
Fault Villa Hidalgo; FBVO Fault Buena Vista; FOO Fault El Obraje; FVAd Fault Villa de
Arriaga; FLPO Fault Los P4jaros; CGd El Cuarenta Graben; FBd Fault El Bajio; GS6 La
Sauceda Graben; BGd Bledos Graben; VRGO Villa de Reyes Graben; VAGOS Villa de
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Arista Graben; EGO Enramadas Graben; DQd La Quemada Depression; SSMd Sierra de
San Miguelito; SGo Sierra de Guanajuato; SCO Sierra de Catorce; SS8& Sierra de Salinas;
RCd& Real de Catorce; GO Guanajuato; SLPd San Luis Potosi; SMRO Santa Maria del Rio;
SLDP& San Luis de La Paz; NDd Nombre de Dios; SMAd San Miguel de Allende; Qo
Querétaro. ZGo Zacatecas Graben. Taken and modified after Nieto Samaniego et al.
(2005). Epicenter data taken from SSN (2024). Topographic data after INEGI (2023); (b)

Mesa Central Tectonic Province location in Central México.
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Figure 2 Study area located in central region of Mexico (Municipalities of Villa de Reyes in
the State of San Luis Potosi (north) and Jaral de Berrios in the State of Guanajuato (south)).
Geology and faults after Labarthe-Hernandez et al. (1982), Lopez-Loera & Tristan-Gonzalez
(2013) and Soto-Garcia (2022), with redefinition of faulting limits and geological contacts
using Landsat 8 images, processed with ArcMap 10.8, version 10.0.0.10450, software (ESRI
2019). An additional s i t e edtablishethe eantindityof faultisg s i t e O

trends present in the ABanco de material o site.
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2. GEOLOGICAL AND TECTONIC SETTING

The study area is located in the States of San Luis Potosi and Guanajuato inside the
bigger tectonic structure of the Villa de Reyes Graben (VRG). The VRG is a ~ 100
km long valley filled with alluvial sediments, pyroclastic flows, and lacustrine
deposits, which ranges in thickness from 50 to about 250 m (Tristan-Gonzalez 1986).
Until now, structural studies have focused on the Oligocene age normal faults that
originated the VRG (Labarthe-Hernandez et al. 1982; Tristan-Gonzalez 1986; Henry
and Aranda-Gomez 1992; Stewart 1998; Lopez-Loera & Tristan-Gonzalez 2013; Del
Pilar-Martinez et al. 2020; Cauich-Kau et al. 2021) but little to no attention has been
given to the active faulting inside the grab
land subsidence, cracks on the ground, and seismic activity. Since the causes of this
phenomena are not well studied, this represents a challenge in the urban and
economic development of the region. This was one of the main motivators for starting

this study.

The study area consists of four sites inside this Graben, which from south to north

are named: ABanco de material o, #fAJaral o0, AR?
four sites were chosen since they were the ones where surface evidence of faulting

was most evident, and because of being in the vicinity of the most important towns

in the area. Additionally, a fifth site | ocat
site was visited, where only 160 m long NW-SE trending fracture was measured

(Figure 2).

The VRG is located inside the bigger tectonic structure of the physiographic province
known as the Mesa Central (Figure 1); an elevated plateau mostly covered by
Cenozoic volcanic rocks, and bordered by the Sierra Madre Oriental at the north and
east, the Sierra Madre Occidental at the west, and in the south by the Trans Mexican
Volcanic Belt, encompassing portions of the states of Aguascalientes, Durango,
Guanajuato, Jalisco, San Luis Potosi, and Zacatecas (Nieto Samaniego et al. 2005;
Botero-Santa et al. 2020; Cauich-Kau et al. 2021). In the following section, a brief
review of the tectonics of the VRG is presented, so the reader has a better

understanding of its faulting dynamics.
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2.1. Structural geology studies in the region

The VRG was mainly formed during crustal normal faulting, from which
predominantly rhyolitic magma ascended 32 Ma. The beginning of the collapse of
the graben started with the spill of the Latita Portezuelo lavas and, simultaneously
with the subsiding block, the different volcanic units of the area were formed, and
culminated with the formation of the Cantera Ignimbrite (32 to 27 Ma, Tristan-
Gonzélez (1986)). Since the main extension phase of the VRG is contemporaneous
with the southern extension of the Basin and Range province of California, Arizona,
New Mexico, and Texas, several authors have considered both extensional regions
continuous (Henry & Aranda-Gomez 1992; Stewart 1998; Lopez-Loera & Tristan-
Gonzalez 2013).

Nieto-Samaniego et al. (2005) defined the Mesa Central (Figure 1) as an elevated
plateau located in the central part of México, with most of its total area found above
2000 m.a.s.l. The VRG is located south of a major fault system called the San Luis-
Tepehuanes Fault System (Figure 1), a NW-SE fault lineament, which approximately
separates the northern and southern regions of Mesa Central. The northern sector
is in a more advanced state of erosion and shows almost no evidence of Neogene
tectonics, while the southern sector (where our study area is located, Figure 1) is
where major extensional tectonics events took place during the Oligocene, with
minor events in the Miocene to Quaternary as well. This is especially true for the
southern sector of the VRG, where low intensity seismic activity dominates. This
recent seismic activity (from 1993 to 2024, SSN (2024)) makes it clear that active

tectonics are still taking place to this day.

To date, studies focusing on the active tectonics inside the VRG Quaternary filling
have not been made, with only anecdotal evidence of transtensional and
transpressional stresses, generated by left lateral faults and right lateral faults, which
seem to be generating small-scale (meter long) positive and negative flower

structures.
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22Main geol ogical formations

The study area mostly includes rocks corresponding to the Volcanic Field of San
Luis Potosi (VFSLP), Volcanic Field of Santa Maria del Rio (VFSMR) (Labarthe-
Hernandez et al. 1982), later called Volcanic Complex Sierra de San Miguelito
(VCSSM), and Volcanic Complex of Santa Maria del Rio (VCSMR). These fields
consist of a package of volcanic rocks that vary from dacites to high silica rhyolites
(formed between 32 and 29 Ma), with 80% of these rocks having an effusive origin,
while the rest are pyroclastic products associated with the opening of ducts through
which the magmas came out (Labarthe-Hernandez et al. 1982; Tristan-Gonzalez
1986; Tristan-Gonzalez et al. 2009).

The main geological formations (Figure 2) are: Santa Maria Ignimbrite (early
Oligocene), Ojo Caliente Trachyte (early Oligocene); Portezuelo Latite (early
Oligocene); San Miguelito Rhyolite (mid-late Oligocene); Cantera Ignimbrite (mid-
late Oligocene); El Zapote Rhyolite (mid-late Oligocene); Lower Panalillo Rhyolite
(late Oligocene); Placa Basalt (late Oligocene); Santa Rosa Basalt (late Oligocene);
Upper Panalillo Rhyolite (late Oligocene); Los Castillo Andesite (late Oligocene); El
Carmen Rhyodacite (late Oligocene); Cabras Basalt (late Oligocene); and finally the
entire volcanic sequence is topped by up to 400 m of Quaternary deposits, mainly
composed of polymictic, alluvial, colluvial and lacustrine deposits (Tristdn-Gonzalez
1986; Tristan-Gonzalez et al. 2009; Lépez-Loera & Tristan Gonzéalez 2013; Cauich-
Kau et al., 2021; Soto-Garcia 2022).

3. METHODS

To study the active faults, after directly measuring fault planes at outcrops, the
following geoelectrical methods were applied: Electromagnetic Profiling (EMP), as a
fast forward method for the surface location of fractures in the subsurface; Electrical

Resistivity Tomography (ERT) to characterize in depth the fractures located using
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EMP method. Finally, once the main fault zones are established, the Ground

Penetrating Method (GPR) method was applied to study in detail the fault structure.

3.1. Methodology for the study of active faults

By means of the integration of the above-mentioned methods, and the use of
additional non-geological information such as earthquake focal mechanism
solutions, a methodology for the study of active faults was used (Figure 3), which
could be potentially applied to similar geological environments if its limitations are

considered.

3.2. Geological and photogrammetric data

Fault planes and ground subsidence spots (which are considered nascent faults in
this study) were measured directly at outcrops. Sense of movement criteria on fault
planes was interpreted after Petit (1987). Since most fault planes tended to be very
weathered or non-existent (when measurements took place in unconsolidated
sediments), Petit (1987) criteria were not always readily applicable. In those cases,
in-situ measurements of fractures length, high resolution drone photos and
alternative sense of movement criteria such as faulted man-made structures, were
helpful to better map and understand fault kinematics. Drone photos were taken

using the Mavic 2 Pro equipment.
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Methodology for the study of active faults

Field survey } Fractures location on surfac&%
RESISTIVITY MAPPING
Electromagnetic Profiling Resistivity lineaments identified as: Non-outcropping
(EMP) method Low resistivity anomaly = filled fracture fractures delineation

High resistivity anomaly = unfilled fracture

Electrical Resistivity | -~ __. .. . ;
Tomography (ERT) method Resistivity section

Ground Penefrating | : /
Radar (GPR) method ‘GPR section _

Subsurface fractures
characterization

Additional evidence Definition of fault type
(e.g. earthquake focal mechanism) and its kinematics

Figure 3 Flow diagram describing the methodology for the study of active faults derived from

this work.

3.3. Geophysical methods

3.3.1. Electromagnetic Profiling method

The Electromagnetic Profiling (EMP) method consists in passing an alternating
current of frequency f through a transmitter coil (Tx), generating a primary magnetic
field of frequency f. The primary magnetic field induces a secondary magnetic field
of the same frequency f in the subsurface. Both primary and secondary magnetic
fields are recorded in a receiver coil (Rx) separated at a distance S from the coil Tx
(Figure 4a). From the ratio between the primary and secondary magnetic fields, a
conductivity (or its inverse, resistivity) value is calculated for the entire geologic
sequence from the surface to a maximum depth of study that depends on S, f, and

the electrical properties of subsurface (McNeill 1980; Figure 4a).

The Czech-made CMD MiniExplorer 6L CMD was used to carry out the EMP survey.

It consists of a sensor tube containing one Tx coil and six Rx coils separated at
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different S values, which allows the calculation of six apparent resistivity values for
six study depths (0.3, 0.5, 0.8, 1.1, 1.6 and 2.3 m). For the purposes of this study,

only the apparent resistivity map for the 2.3 m survey depth will be shown.

This method was applied in two of our four study sites with the following survey area

dimensions (all measurements in hectares (ha)):

T Presa EI Hundi do: 95 ha.

M Banco de material: 8 ha.

After fault planes and fracturing boundaries were established, each of the study sites
were surveyed using the CMD MiniExplorer 6L conductivity meter, for 2.3 m depth
mapping, to establish how well the directly measured faults match with the
geophysical anomalies. Data was processed using Surfer 16, version 16.3.408
(Golden Software 2019) for both converting the apparent conductivity data (in mS.m-

1) to apparent resistivity (Ohm.m), and for contour map creation.

It is worth mentioning that these EM data were not inverted, since the main objective
in using this rapid acquisition method was to obtain a qualitative first set of data to
be used to apply more detailed methods such as ERT. From the EMP results, the
lateral variations of ground conductivity were obtained, which allowed locating the
fault planes not visible on the ground surface. ERT profiles were planned

perpendicular to the fractures planes to characterize the faults at depth.

3.3.2. Electric Resistivity Tomography method

As a result of the application of the Electrical Resistivity Test (ERT) method, a
geoelectric image of the subsurface is obtained by means of electrical
measurements made on the surface along a profile. In the field, a multicore cable is
used, to which several steel electrodes are inserted into the ground at a fixed
distance according to the type of electrode array selected. The electrodes are used
both for the injection of electrical current into the subsurface and for voltage
measurements, and to determine the apparent resistivity values at depth along the
profile (Loke 2021).
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In this study, the Dipole-Dipole array, which offers high horizontal resolution (Thabit
& Al-Zubedi 2015), makes simultaneous data acquisition easier through different
channels. This array performs its measurements using a current dipole (C) and a
potential dipole (P), both of length "a". The distance between the two dipole centers
IS an integer multiple of "a", i.e. "na", where n =1, 2, 3, etc., increasing the distance
between the dipoles increases the study depth (Figure 4b, Adepelumi et al. 2006;
Loke 2021).

At two of the four sites visited in our study, an Electrical Resistivity Tomography
(ERT) profile was performed using the SuperSting R8 multi-electrode resistivity

meter. The specifications of each profile are as follows:

T Presa EI Hundi do: 1100 m Il ong, with el ect

T Jaral: 540 m long, with electrode spacing

An apparent electrical resistivity section is obtained as the result of the ERT survey,
which is then inverted into a "true" electrical resistivity section using the Res2DInv,
version 3.4, software (Geotomo Software 2002). This software uses an inversion
routine based on Gauss-Newton least squares methods with smoothness and finite
element constraints (Sasaki 1992; Loke & Barker 1996; Suski et al. 2010). The
robust inversion method produces better results where there exist homogeneous
bodies creating sharp resistivity contrasts with each other (e.qg., faults) (Loke 2021).
As a measure of the difference between the calculated and measured apparent, the
root-mean-square (RMS) error was used, with convergence achieved (when
possible) after a maximum of five iterations, and RMS errors of (ideally) less than
5 %.

Using an electrode spacing of 10 m, a maximum exploration depth of up to 110 m
was achieved. The main drawback of such a depth of survey is that it considerably
decreases the resolution of the geoelectric model, especially in the first 20 m depth.
The use of the ground penetrating radar technique is an attempt to recover some of

that lost resolution in the shallower part of the geological section.
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3.3.3. Ground Penetrating Radar method

The Ground Penetrating Radar (GPR) is an electromagnetic pulse reflection method
based on physical principles analogous to those of seismic reflection surveys. This
method uses reflections of short pulses of electromagnetic (EM) energy spanning a
wide range of frequencies. Reflections and refractions of electromagnetic waves
occur at the boundaries between rock strata and objects with different electrical
properties. (Milsom 2003; Blindow 2009).

A GPR system usually consists of a control unit (CRU) connected to receiver and
transmitter units, each of which is in turn connected to an antenna of a given
frequency, which sends an EM pulse from the surface penetrating into the ground,
and a boundary layer is reflected when this pulse passes through two objects with
different physical values (Figure 4c). Subsequently, the reflected wave returns to the
ground surface and is intercepted by the receiving antenna that measures the
reflected signal as a function of time (Milsom 2003; Rodriguez-Robles 2016). In the
case of the GPR data, the MALA ProEx GPR System was used, using the 50 MHz
rough terrain antenna, with Tx-Rx separation of 4.19 m, for a penetration depth of
about 8-10 m. It is worth mentioning that no topographic correction was needed for
this data since the profiling lines were made on flat terrain, with variations of ground

level of less than 3 m. A velocity of 10 cm/ns was used for the time-depth conversion.

In the case of the Ground Penetrating Radar (GPR) survey three profiles were

performed using the following specifications:
A Presa EI Hundido: 77 m long.
A Banco de material: Two profiles of

Both achieved a penetration depth of about 7.5 m. Filtering of GPR data using the
RadExplorer 14 software was used to try to remove noise from geological and man-

made sources. The following basic filters were used:
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A Background removal filter: Removing
and bands of low-frequency noise (Butnor et al., 2003; Al-Shiejiri 2013; Rodriguez-
Robles 2016).

A Tizerceadjustment: To ensure that the zero time of arrival of the signal
corresponds to zero depth, it is necessary to eliminate any lag time before
interpreting the radargram.

A Bandpass filtering: This routine is

simple trapeziform zero-phase filter (DECO-Geophysical 2005).

The GPR technique allowed for the best resolution of all the methods used in this
study but did not correctly image the dip of fault planes. The reasons for this will be

explored in the Discussion section.
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Figure 4 (a) Basic principle of EM surveying method. S denotes distance between Tx and
Rx coils. Modified after Reynolds (1997). (b) Measurement sequence for building up a
resistivity pseudo-section using the Dipole-Dipole array. C denotes current electrode, P
potential electrodes, a the electrode spacing, and n ground level scanned. After Adepelumi
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et al. (2006). (c) Schematic view of the MALA ProEx GRP System surveying a sector of the

NfnPresa EI Hundi doo site.

4. RESULTS

In this section, the results of the direct measurement of faults and geophysical

interpretation at each of the four study sites are presented.

4 . 1. fiBanco de material o site

Fault planes were measured in the field and complemented with Electromagnetic
Profiling (EMP) and Ground Penetrating Radar (GPR) measurements. The results
of the in-situ measurements are presented in the form of a rose diagram and a
stereogram (Figures 5a and 5b). As can be seen in the rose diagram (Figure 5a),
which includes data from measured fault planes (9 planes), individual GPS points of
ground subsidence spots joined to form fault traces, and resistivity lineaments (14
planes, see location in Figure 6), the NW-SE orientation trend is the most

predominant one.

Simbology
* Poles (n = 9)
Legend
w Kamb Contours
(Standard deviation)
2
S
Figure 5St ructur al dat a. (a) Rose diagram fr

fractures on the ground, and apparent resistivity lineaments. (b) Stereogram from

outcropping fault planes. Figure 8a data processed using the GeoRose 0.5.2.0 Software
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(Yong Technology Inc., 2013). Figure 8b data processed using the Stereonet Software,
based on Allmendinger et al. (2013) and Cardozo & Allmendinger (2013).

Figure 6 shows the apparent resistivity map resulting of the EMP survey using the
MiniExplorer 6L equipment, for an exploration depth of 2.3 m, covering 8 ha of land.
High apparent resistivity anomalies related to the presence of unfilled fractures, at
least up to 2.3 m depth, are observed in Figure 6. Notice how well the orientation
and location of the fractures exposed in the site (dashed red lines in Figure 6) match

with those of the apparent resistivity anomalies.

288400 288600 2881800

Symbology
GPR lines
— == Faults/fractures

-A—4a— Reverse fault

+ Fold axis

__ Apparent resistivity
lineaments

N3  Sense of movement

2397600

2397400

Legend

Apparent resistivity (Ohm.m)

T T

25 32 40 52 67 86 110>140

Figure 6 Apparent resistivity mapping results for 2.3 m depth and location of the two GPR
sections of this study. Notice how well the measured fractures and high apparent resistivity
lineaments (discontinuous lines) agree with the high apparent resistivity anomalies (brown-
grey polygons). Processed using ArcMap 10.8, version 10.0.0.10450 (ESRI, 2019).
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NW-SE oriented faulting is the predominant one, with the longest fault being around
295 m long, with a maximum fault zone width of about 0.6 m on the surface.

Transpressional related deformation can be seen and only affects rhyolitic units at

t he 0 Bammactoerdieal 060 site. The compression is ma
(Figure 7a) and folding (Figure 7b). This type of fracture causes high apparent

resistivity anomalies with values between 80 and 140 Ohm.m (Figure 6).

Figure 7iBanco de material o0 structures. (a) Positive
(reverse fault in Figure 6). (b) Interpreted antiform structure, with a weathered axis (see
approximate location of axis in Figure 6). (c) Transtensional fault (F3 fault in Figure 6), with
interpreted right-lateral movement. (d) Meter long kinematic indicators showing right-lateral

slip (measured in fault F5, see location in Figure 6).
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