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Abstract

Anisotropy strength in the Tres Virgenes Volcanic Complex, Baja California Sur, Mexico, is analyzed employing 558 seismic
events collected from 2009 to 2013. It was possible to delineate zones and volumes with the highest fracture densities, which
are mainly located between the El Viejo and El Azufre volcanoes and around the La Reforma—El Azufre fault system, near
some other mapped faults in the area (e.g., El Azufre, El Partido, El Volcén, El Viejo 1, and El Viejo 2 faults); likewise toward
the La Virgen volcano and around the La Virgen-El Campamento and El Volcan faults. Individual delay times reached values
of up to 0.16 s and an anisotropy percentage of up to 10.3%, with a pervasive anisotropy observed from at least a hypocentral
distance of 3.5 km. High fracturing levels are observed from a depth of 7.0 km. Differences between splitting delays and
the dominant frequency peaks obtained from the fast S phases allowed considering fracture systems with different degrees
of fluid contents. Fractures with minor fluid contents were assumed for delay times higher than 0.03 s with lower dominant
frequency peaks (< 1.0 Hz). Higher concentrations of fluid inclusions were assumed for splitting delays higher than 0.03 s
but with larger dominant frequency peaks (> 1.0 Hz). Fractures systems chemically sealed or impermeable sealing caps were
assumed for low splitting delays (< 0.02 s) with low dominant frequencies (< 1.0 Hz). These different fracture systems seem
to be observed at least from 5- to 6-km depth intervals. Likewise, an analysis of the fast polarization directions with respect
to different depth ranges (spanning from 3.0 to 8.0 km) has allowed observations of a strong NW-SE regional fracture system
accompanied by minor NE-SW fracture systems. However, noteworthy variations from NW-SE to NE-SW, N-S, and E-W
in fast polarization directions in rose diagrams have been preferentially observed for those seismic events deeper than 4-5
and 5-6 km in some areas, which could be indicating the location of magmatic bodies that probably caused the reorienta-
tion on fracture systems by changes in the local stress field. These magmatic bodies might be supported by a decrease in the
dominant frequency peaks (lower than 1.0 Hz), percentage of anisotropy (from 0.1 to 2.5%), and S-wave velocities (from
1.0 to 2.7 km/s), which seem to be located from the 4.0-km depth but more concentrated from the 5-6-km depth interval.
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The shear-wave splitting phenomenon has been observed in
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the slow shear-wave phase S,, a phenomenon also known as
seismic birefringence. In the case of crack-controlled ani-
sotropy, S, is perpendicular to the crack planes, while S,
is polarized parallel to the crack plane which tends to point
along the orientation of the principal horizontal stresses.
This parameter is also known as the fast polarization direc-
tion parameter ¢. The difference in arrival time between
both phases is proportional to the magnitude of anisotropy or
the integrated effect of anisotropy along the travel path (Sav-
age et al. 2010), which is known as the delay time parameter
ot. The estimation of both birefringence parameters forms
the basis of the shear-wave splitting technique (SWS). In this
study, the anisotropy percentage is particularly assumed to
be an indicator of fracturing.

Volcanic areas have been considered as strategic envi-
ronments due to their energetic potential by hosting geo-
thermal fluids, where fractured rock volumes constitute the
main target in geothermal exploration. Within this context, a
good structural characterization of volcanic areas represents
a challenge since they represent complex systems, consisting
of both heterogeneous and anisotropic structures that evolve.
Usually, they are influenced and affected by phenomena and
dynamic processes, such as migrations of magmatic bodies,
dyke pressurization, hydrothermalism, or meteoric fluids,
producing changes in the local stress fields with alterations
in the anisotropy strength (Baird et al. 2015). Furthermore,
geothermal energy operations add an effect generated by
injection/production activities that might enhance or affect
the interaction between deeper or shallower crack systems,
modifying the internal geometry (Sayers and Schutjens
2007) with cracks opening and closing (Mroczek et al.
2020). Usually, geothermal operations generate deforma-
tion mechanisms, cement breakage at grain contacts, grain
sliding, and rotation (Schutjens et al. 2004), with tension and
compression changes in the surrounding rock connected to
the reservoir (Sayers and Schutjens 2007). These mecha-
nisms lead to a combination of elastic and inelastic deforma-
tion processes (Sayers and Schutjens 2007) with changes in
the rock volume by the flow rate out of or into the reservoir
(Vasco et al. 2008). As a part of these geothermal opera-
tions, seismicity has been observed with time delays (Tosha
et al. 1998), located far away (McGarr et al. 2002; Ellsworth
2013) and at greater depths of the injection zone, due to
readjustment of the surrounding internal structures (Rubin-
stein and Mahani 2015).

These variations in space and time of seismic events have
influenced the results of the ¢ and &t parameters (Johnson
et al. 2011; Chac6n-Hernandez et al. 2021a), especially
when several anisotropic sources contribute to the overall
anisotropy. For example, crystals and mineral alignments
(inherent properties of the rocks) can differ from a specific
orientation of a fracture system (Kendall et al. 2007) or
from the orientations of a group of fracture systems (Liu
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et al. 1993; Erten et al. 2001). Similarly, some processes
occurring in volcanic and geothermal environments, such
as changes in pore-fluid pressure by injection procedures
(Angerer et al. 2002) or by movement of magmatic bodies
(Baird et al. 2015; Maher and Kendall 2018), could compli-
cate the anisotropic analysis due to modifications in the geo-
logical structures. Likewise, hydrothermal systems can mod-
ify the rock volume (Teklemariam et al. 1996) and deform
volcanic structures (e.g., at Aluto volcano, Nowacki et al.
2018). To avoid as much as possible anisotropic sources that
could affect the anisotropic measurement, seismic infor-
mation from a more restricted area can be considered to
obtain an anisotropic signal freer from some influences and
effects. For example, Gledhill et al. (1991) correlated local
faults with more stable fast polarization directions when the
analysis was limited to a minor area, in contrast to what
was observed at other stations when data from a broader
zone were included. When a broader area is analyzed, the
birefringence parameters may show more regional influ-
ences, with a mean fast polarization direction parallel or
sub-parallel to the maximum compression direction [e.g.,
Las Tres Virgenes Volcanic Complex, Chacén-Hernandez
et al. 2021b], but also perpendicular [e.g., Mount Ruapehu,
Miller and Savage 2001; Los Humeros Geothermal Field
Chacén-Hernandez et al. 2021a].

Different behaviors between the birefringence parameters
(¢ and dt), seismic wave velocities, and seismic frequency
ranges have allowed studying those phenomena and dynamic
processes mentioned above. For instance, when a medium
contains fractures as main anisotropic structure, the anisot-
ropy tends to become dependent on seismic frequency, with
the fracture sizes (e.g., fracture connectivity) determining
the behavior of this dependence (Rial et al. 2005) (e.g.,
the dominant frequencies drop for increases in ot or larger
fracture sizes, Elkibbi 2004). From regional analyses, Mar-
son-Pidgeon and Savage (1997) also observed a frequency-
dependent anisotropy, with increasing &t values (from 1.0 to
4.0 s) for a lower dominant frequency range (from 0.05 to
0.2 Hz) and inversely. This shows how structural alignment
influences seismic frequency ranges, but what happens if
different types of fluids (e.g., vapor, liquid, magmatic, or
mixtures of them) flow through these structures?

It has been observed that splitting times are induced by
the different types of fluids and their contents, whose analy-
sis is not always simple. In volcanic zones, increases in the
percentage of anisotropy, as well as variations in ¢ and St
have been observed when geothermal procedures are carried
out due to stimulation by hydraulic fracturing (e.g., Vla-
hovic et al. 2002; Rial et al. 2005; Mroczek et al. 2020).
Gerst and Savage (2004) observed in a study of repressuri-
zation of magmatic fluids, higher anisotropy values (> 5%)
for typical frequency ranges of 4 Hz, where the deeper
seismic events analyzed always presented lower frequency
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ranges than the shallower ones. From local and regional
events (SKS events), Audoine and Savage (2004) observed
a frequency-dependent anisotropy, finding high splitting
time values (8t=2.5+0.2 s) for lower dominant frequen-
cies (~0.0625 Hz), where the influence of fluid-filled cracks
was considered as an important effect. Savage et al. (1990)
observed for low dominant frequencies, shear-wave veloci-
ties of 3.3 km/s along with anisotropy from 0.18 to 4.3%,
where fluid-filled cracks and microcrack were also consid-
ered as possible anisotropic causes. High S-wave attenua-
tions and lower dominant frequencies have been observed
when seismic waves pass through zones where the magma
is molten or partially molten (e.g., Latter 1981; Gerst and
Savage 2004; Vanorio et al. 2005). Likewise, non-permeable
pathways and chemically sealed fractures have also been
considered for reduced splitting times (Vlahovic et al. 2002).

Equivalent-medium theories have been used to model the
elastic response of fractured rocks, assuming fractures as
rotationally invariant ‘penny-shaped’ cracks. In such mod-
els, frequency-dependent anisotropy has also been observed
by the influence of the alignment of inhomogeneities (e.g.,
fractures, fine layers, or fluid flow in porous rocks with
micro-cracks and macro-fractures, Liu et al. 2003), also with
decreases in ot and anisotropy as frequency ranges increases
(e.g., Chesnokov et al. 2001; Liu et al. 2003). Chapman
(2003) showed that larger fractures can introduce additional
dispersion at lower frequency ranges, where anisotropy
decreases (from 8 to 4%) as frequency increases (from 0.5
to 3.5 Hz). Fluid inclusions in fractures have also been con-
sidered as an important feature that affects the seismic fre-
quencies and significantly the anisotropy (Thomsen 1995).
Liu et al. (2000) and Chapman et al. (2003) have evidenced
this sensitivity with variations on the seismic frequency
ranges and elastic wave velocities. In sonic and ultrasonic
laboratory measurements, these circumstances are observed
for different types of fluids, such as oil, gas, and brine (e.g.,
based on the squirt-flow model, Maultzsch et al. 2003; Chap-
man et al. 2003). These analyses showed how gas inclusions
in fractures generate lower compressional velocities than oil
and brine at lower log frequencies (~ <2 Hz) (i.e., at higher
percentage of anisotropy), but higher compressional veloci-
ties at higher log frequencies (>3 Hz, Chapman et al. 2003)
(i.e., at lower percentage of anisotropy). Meanwhile, oil pre-
sented higher compressional velocities than brine at those
lower log frequencies, but similar at higher log frequencies
(Chapman et al. 2003).

From seismic exploration studies, SWS parameters
have been observed to be sensitive to fractured rocks and
fluid-filled fractures (e.g., gas into vertically fractured rock
decreases slow shear-wave velocities and frequency con-
tent (< 12 Hz), van Der Kolk et al. 2001; Kozlov 2004).
Shear-wave splittings have been observed to be higher for
gas-filled than for liquid-filled fractures (van Der Kolk

et al. 2001). Stratifications also tend to generate changes in
the seismic frequencies (e.g., Werner and Shapiro 1999),
where increases and decreases in the frequency content
are a function of permeability (Van der Kolk et al. 2001;
Kozlov 2007). Likewise, the level of anisotropic arrange-
ment has been considered as an influential factor in the fre-
quency ranges. Lower dominant frequency ranges have been
linked to fracture alignments presenting directions to the
main fracture groups (Liu et al. 2003) or when they are more
organized (Maultzsch et al. 2003). Nonetheless, increases in
dominant frequencies may be observed when the anisotropic
arrangements decrease (Marson-Pidgeon y Savage 1997).

The Tres Virgenes Volcanic Complex (TVVC) constitutes
a heterogeneous and anisotropic environment, whose tec-
tonic background has been strongly modeled by the opening
of the Gulf of California. Within the TVVC area, the Tres
Virgenes Geothermal Field (TVGF) has been in operation
since the 1980’s, whose effects on the shallower geology
have been documented by numerous geological, geochemi-
cal, and geophysical studies (e.g., Campos-Enriquez 1992;
Lopez-Hernandez et al. 1995; Romo et al. 2000; Wong et al.
2001; Lermo et al. 2010; Prol-Ledesma et al. 2016; Avellan
et al. 2018, among others). Here, in this work, the SWS tech-
nique is used to analyze 558 seismic waveforms collected
from 2009 to 2013, whose splitting parameters allowed
defining those zones and pathways with the highest frac-
ture densities in the TVVC, mainly linked in this work with
the percentage of anisotropy, as well as the depths where
pervasive anisotropy and high fracturing begins. Further-
more, possible effects of different degrees of fluid content
in fracture systems, sealed fracture systems, and magmatic
phenomena were also analyzed from the behavior of the
dominant frequency peaks, S-wave velocities, anisotropy,
and splitting delays. This was done by restricting the selec-
tion of seismic events to smaller study areas around the seis-
mic stations (e.g., <0.035° in latitude and longitude), and
considering only those anisotropic signals with angles of
incidence less than 45° to avoid the distortion in the incom-
ing wave, influences of converted phases, and alterations
in the splitting measurements as recommended by Evans
(1984) and Booth and Crampin (1985).

General geology

The tectonic interaction between the Pacific and North
American plates has structurally affected the Baja California
Peninsula (BC) (inset showing the study area, Fig. 1). The
interaction between these tectonic plates, along the Pacific
coast of Mexico and the southwestern USA, produced Ceno-
zoic magmatism since 25 Ma (Atwater 1989; Stock and
Hodges 1989). At about 12.5 Ma, the Farallon paleo-plate
stopped subduction beneath the Pacific and North American
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Fig. 1 Inset showing the study
area (in the black square) in
the central eastern of the Baja
California Peninsula (BC). The
TVVC comprises the El Viejo
(EVV), El Azufre (EAV), and
La Virgen (LVV) volcanoes
marked with black stars. LVF:
Las Viboras Fault; EV1: El
Viejo 1 Fault; EV2: El Viejo

2 Fault; EV: El Volcan Fault;
SBR: Santa Rosalia Basin;
SLR: Santa Lucia Range; SFR:
San Francisco Range; EAC:

El Aguajito Caldera; LRC: La
Reforma Caldera
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plates and started the opening of the Gulf of California with
an N-NW oblique-strike-slip movement (Stock and Hodges
1989; Lonsdale 1991). Subsequently, the tectonism was fol-
lowed and controlled by the deformation system related to
the opening of the Gulf of California (Conly et al. 2005).
This deformation system was characterized by an NW com-
pressive stress field sub-parallel to the main rift margin
faults with an E-W and E-NE extensional field, attributed
to both local and regional tectonic processes (Bonini et al.
2019). In the Pliocene, an extensive deformation produced a
set of normal faults and tilted blocks with preferential direc-
tions NW-SE, N-S, and NE-SW (Stock and Hodges 1989;
Gardufio-Monroy et al. 1993), as well as N-S trending fault
systems (Coletta and Angelier 1981).

In the Pliocene—Quaternary, post-subduction magmatism
took place with the ascent of magmatic bodies, which gave
rise to the El Aguajito Caldera (EAC) and the La Reforma
Caldera (LRC) (Gardufio-Monroy et al. 1993; Demant
1981, 1984). On these post-subduction, volcanic rocks were
emplaced the El Viejo (EVV), El Azufre (EAV), and La
Virgen (LVV) volcanoes following the southwestern con-
tinuation of the NE-SW Cimarrén fault that crosses the EAC
(e.g., Avellan et al. 2018). These three volcanoes form the
so-called Tres Virgenes Volcanic Complex (TVVC) (Gastil
etal. 1975, 1979; Sawlan 1981), located in the northwestern
portion of the Santa Rosalia basin (SRB) (Fig. 1), which is a
Plio—Quaternary depression with an NW-SE trend (Demant
1981). The evolution of the TVVC is marked by periods of
erosion and volcanic quiescence (Lopez-Hernandez et al.
1995).

In the TVVC area, regional NW-SE faults have been
observed, whose origin has been associated with the Gulf
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of California opening (Gardufio-Monroy et al. 1993; Macias-
Vésquez and Jiménez-Salgado 2012). Fault systems, such as
Mezquital, Bonfil, and Campamento correspond to normal
faults with right-lateral components (e.g., Gardufio-Monroy
et al. 1993; Macias-Vasquez and Jiménez-Salgado 2012),
which are located to the northwest and southwest of the
TVVC (Fig. 1). The Mezquital fault bounds to the west the
San Francisco Range (SFR), while the Campamento Fault
limits to the east of the Santa Lucia Range (SLR). Local
normal faulting has also been mapped (e.g., El Azufre, El
Partido (EPO), El Viejo 1 (EV1), El Viejo 2 (EV2), and El
Volcan faults), which affected the EVV and EAV. The La
Reforma fault, a right-lateral strike-slip fault with a minor
normal component, is approximately tangent to the LRC at
its southwestern limit (e.g., Gardufio-Monroy et al. 1993;
Macias-Vasquez and Jiménez-Salgado 2012). The EAC
is bounded to the west and the east by El Aguajito and El
Alamo faults, respectively. N-S and NE-SW trending faults
traverse this eruptive center (i.e., El Cimarrén Fault). N-S
to NE-SW minor fault systems are observed to the west and
southwest of the TVVC (Fig. 1). Northwest of LVV, the La
Virgen fault, seems to be a continuation of the El Campa-
mento fault to the southeast.

Mexico’s Federal Commission of Electricity (CFE) has
mapped fault systems to aid geothermal exploitation in the
TVVC and neighbouring EAC (e.g., Lopez-Hernandez et al.
1993; Gomez and Rocha 2009; Benton et al. 2011). Hydro-
thermal manifestations have been located in some parts
of the main fracture systems [e.g., the EV1 and El Azufre
faults, Prol-Ledesma et al. 2016], but also in the Las Viboras
(LVF) and EV1 faults (Portugal et al. 2000). From electro-
magnetic studies (Romo-Jones et al. 2018), a hydrothermal
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potential zone was inferred, which is located between the
TVVC and the EAC (Fig. 1), whose depths reach between
1.5 and 12 km. Furthermore, in the TVVC area has been
considered an exploitation reservoir of 6 km? and a thick-
ness of 0.3 km (Tello-Loépez et al. 2015), with a thermal
state characterized by temperatures of 300 °C (Portugal et al.
2000). Romo-Jones et al. (2000) and Wong et al. (2001) sug-
gested that the TVVC area presents fractured rocks and flu-
ids with temperatures higher than 240 °C at depths between
1.5 and 2.5 km. Since the TVVC is located in the southern
part of BC, a homogeneous belt with a Curie isotherm could
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Fig.2 Main local and regional faults, seismic stations, and seismic
events recorded from 2009 to 2013. The northernmost black star
represents EVV; the black star in the central sector represents EAV,
while the southernmost black star represents LVV. EPO: El Partido
fault; LVF: Las Viboras Fault; EV1: El Viejo 1 Fault; EV2: El Viejo
2 Fault; SS Fault: Strike-Slip Fault

reach between 15 and 21 km in depth (Campos-Enriquez
et al. 2019).

Data analysis and methods

From 2009 to 2013, the CFE operated a network of twenty
seismic stations in and around the TVVC (Lermo et al.
2014) spanning approximately an area of 15 times 15 km. Of
this network, only ten sites with seismic stations were part
of a permanent seismic network (Fig. 2), which consisted
of Guralp CMG-6TD broadband seismographs with three
digital components and a sampling interval of 0.01 s. The
number of stations in operation changed during this study
period (see Table 1).

A total of 558 seismic waveforms with a clear reconnais-
sance of the arrivals of the P and S phases were analyzed.
Their magnitudes M, based on duration, vary from 1.0 to
3.0 with depths from 1.0 to 10.0 km, which were calculated
with a minimum of four stations, using the SEISAN pack-
age (Ottemoller et al. 2013) and considering a location error
(RMS) less than 0.5 km. Most of the seismic events were
mainly concentrated in the central part of the TVVC, in the
area limited to the west by La Virgen Fault and to the east by
La Reforma Fault, and concentrated in the area of the EPO,
EV1, and EV2 faults (Fig. 2). Secondary seismic groups
can also be observed to the north of the EVV, near the El
Cimarron Fault, and also to the south and southeast of LVV,
near stations TV21, TV22, and TV23.

To estimate the shear-wave splitting parameters (¢ and
ot), the seismic waveforms were selected and processed fol-
lowing the methodology of Ando et al. (1980) and Bow-
man and Ando (1987). The developed hybrid code is based
on the cross-correlation method, whose details are given in
Chacon-Hernandez, et al. (2021b). In short, for each event,
the horizontal waveform components (N-S and E-W) were
rotated in the horizontal plane, finding the maximum of the
cross-correlation function within an ideal time window and

Table 1 Location of seismic

. Station Latitude Longitude Height 2009 2010 2011 2012 2013
stations
TV01 27.53388 —112.56777 710 m BB BB BB BB BB
TV03 27.48333 —112.53611 460 m AC BB BB BB BB
TV04 27.54611 —-112.61777 360 m BB BB BB BB BB
TVO05 27.52333 —112.64055 400 m BB BB BB BB BB
TVI11 27.49805 —112.58527 968 m BB BB BB BB BB
TV18 27.51083 —112.545 600 m BB BB BB BB BB
TV21 27.4075 —112.51666 366 m - - - BB BB
TV22 27.42194 —112.62333 403 m - BB BB BB BB
TV23 27.4515 —112.63944 525 m - - BB BB BB
TV24 27.31805 —112.57194 373 m - - - BB BB

AC Accelerometer, BB Broadband station (Lermo et al. 2014)
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considering an azimuth range from — 180° to 180°, all of
which enable to split into two orthogonally polarized com-
ponents the S-wavefield. The angle with the maximum cross-
correlation function provides the fast polarization direction,
while the difference in time between both phases (S, and
S,) represents the delay. Seismic signals with an incident
angle higher than 45° (outside the shear-wave window)
were discarded to avoid distortion in the incoming wave,
ensuring that the particle motion is not contaminated by S-
to P-wave conversions, as recommended by Evans (1984)
and Booth and Crampin (1985). To better differentiate S,
and S,, the waveforms have been analyzed and subjected
to Butterworth filters, especially band-pass filters with fre-
quency range between 0.1, 5, 10, 15, and 20 Hz. However,
in some cases, low-pass filters with frequency limits of 15
and 20 Hz were also employed. To calculate the percentage
of anisotropy (A), the average anisotropy along the raypath
is approximated by the expression:

= (V, x 6t x 100)/r, (1)

where V is the shear-wave velocity, ot is the delay time
parameter, and r is the source—receiver distance (e.g., Maher
and Kendall 2018). The V, values were approximated con-
sidering the arrival time difference between the P and S

phases of each seismic event analyzed and the local ratio
V/V,=1.70 (Lermo-Samaniego et al. 2014) used in the
study area.

Results
Delay time and the anisotropy strength

Mean delay times (MDT) with their respective errors (Er)
(95% confidence level) were obtained from 770 &t values
for each station and for each year of the studied period (see
Table 2). Stations TVO01, TV03, TV04, TV11, TV18, and
TV21 presented the highest MDT values, whose variations
between years were notable in some cases. For instance, at
station TVO1, values of MDT range from 0.0531 s during
2010 to 0.0367 s during 2011; while at station TV03, values
of MDT vary from 0.0356 s during 2011 to 0.0519 s during
2013 (see Table 2 and Fig. 3). Some of these MDT values
were calculated with few data (e.g., for station TV04 during
2010 and 2011; for station TV18 during 2010 and 2013,
see Table 2 and Fig. 3). On the other hand, the lowest MDT
values can be observed at some stations for particular years
(e.g., at station TVOS during 2010 and 2012; at station TV24
during 2012 and 2013, Table 2 and Fig. 3). The associated

Table 2 Mean delay time (MDT), the error as 95% confidence level (Er), and the number of used data (UD) for all seismic stations from 2010 to

2013
St 2010 2011 2012 2013

MDT (sec) Er UD MDT (sec) Er UD MDT (sec) Er UD MDT (sec) Er UD
TVO01 0.0531 0.0108 29 0.0367 0.0073 44 0.0434 0.0061 77 0.0417 0.0116 22
TV03 0.0373 0.0223 8 0.0356 0.0067 30 0.0435 0.008 50 0.0519 0.0225 12
V04 0.0502 0.0196 13 0.0567 0.0205 7 0.0466 0.0097 45 0.0514 0.0193 5
TVO05 0.0094 0.0 1 0.0315 0.0061 3 0.0332 0.0102 21 -
TVI11 0.0492 0.0165 21 0.0542 0.0098 43 0.0408 0.0058 73 0.0471 0.0095 34
TV18 0.0483 0.0299 9 0.0442 0.0097 35 0.0384 0.0071 49 0.0538 0.0192 11
TV21 - - SNI SNI 0.0364 0.0143 11 0.0587 0.0145 7
TV22 - - - 0.0276 0.0137 11 0.0314 0.011 23 - - -
TV23 - - SNI 0.0418 0.019 9 0.0384 0.0081 43 0.0365 0.0159 15
TvV24 - - SNI - - SNI 0.0159 0.0066 8 0.0283 0.0 1
SNI Station not installed. St Station
Fig.3 MDT values and their T T T T T T T m 2010 x 2012
respective error bars (95% con- | | | | | | | ® 2011 -+ 2013
fidence level) for each seismic 0.1 —————L———|———J————1———[————1————1———4————&————

station during each year

MDT [sec]
e
=)
un
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errors (95% confidence intervals) do not show significant
changes, but the TVO03 and TV 18 stations, both during the
years 2010 and 2013, show large error bars compared to the
other years and stations (Table 2 and Fig. 3).

The mean anisotropy percentage (MAP) was obtained
with its respective error (95% confidence level) for each seis-
mic station and each year (Table 3 and Fig. 4). The highest
A values are mainly observed in station TVO1 during 2010
and 2012; in station TV04 during 2011 and 2013; in station
TV11 during 2011; and in station TV18 during the years
2010 and 2013, generally exceeding 2.0%. Noteworthy is
a marked increase from 2012 to 2013 in all stations, except
for the TVO1 and TV11 stations, which show a decrease
(Fig. 4). Most of the MAP values are between 0.54 and
2.53%, whose associated errors (95% confidence interval)
approximately overlap in some years (e.g., station TV03 dur-
ing 2010 and 2013; station TV04 during 2010, 2011, and
2013; station TVOS during 2011; station TV 11 during 2010;
station TV18 during 2010 and 2013; station TV22 during
2011; station TV23 during 2011 and 2013), which indicate
notable variations in anisotropy measurements (see Fig. 4).
The largest variation in the error ranges is observed in sta-
tions TV04, TV18, and TV21, which also present high MAP
values, while lowest errors are mainly observed in stations
TVOI and TV11 (see Table 3 and Fig. 4).

All data used to calculate the MDT and MAP values
at each seismic station (Tables 2 and 3 and Figs. 3 and 4)
are collected in Fig. 5, showing the distribution of the &t

and A values with respect to depth. Their respective MDT
and MAP values are indicated. The highest dt and A val-
ues (> 0.1 s and 5.5%) are mainly located in a narrower
depth range, approximately for seismic events from 3.0 to
7.0 km for the &t (Fig. 5a) and A values (Fig. 5b). Lower
values (< 0.05 s and 2.0%) can be associated with seismic
events of all depths (from 3.0 to 10.0 km), but values for
events deeper than 9.0 km do not exceed 0.1 s and 3.0%,
respectively. Their respective mean values MDT and MAP
were calculated along with their respective errors at a 95%
confidence level.

Spatial distribution of the highest anisotropy
percentage

Figure 6 shows the hypocentral distribution of 60 seismic
events recorded at all stations and analyzed to calculate the
A value. The range represented a delay time of 0.075 s for
the A value of 4.02% to a delay time of 0.104 s for 10.3%.
A values above 4.02% are important to delimit areas with
high fracturing levels (e.g., Crampin 1994). The highest A
values are found in the area of the volcanic complex, espe-
cially between EVV and EAV, near the El Azufre, El Volcén,
EPO, EV1, and EV2 faults and other unnamed faults (see
Fig. 6). Respective depths of the seismic events analyzed
range between 3.0 and 6.5 km. Other seismic events for
which significant A values have been obtained are located

Table 3 Mean anisotropy

St 2010 2011 2012 2013
percent (MAP), the error as
95% confidence level (Er), and MAP (%) Er UD MAP (%) Er UD MAP (%) Er UD MAP (%) Er UD
the number of used data (UD)
for all seismic stations from TVOl 225 05 29 1.80 0.54 44 222 0.37 77 1.89 0.61 22
2010 to 2013. SNIZ Station not TV03 1.49 1.13 8 1.39 031 30 1.79 033 50 2.10 092 12
installed. St: Station TVO4 1.8 083 13 2.14 1.48 1.65 052 45 217 124 5
TVO5 0.54 - 1 1.71 0.95 1.33 046 21 - - -
TV1l 197 078 21  2.53 0.55 43 1.58 024 73 1.89 0.38 34
TV18 253 198 9 1.99 0.57 35 1.78 035 49 250 0.89 11
V21 - - SIN - - SNI 1.81 0.83 11 199 1.16 7
V22 - - - 1.28 0.82 11 1.09 043 23 - - -
TV23 - - SNI 1.90 095 9 141 03 43 1.69 0.81 15
TV24 - - SNI - - SNI 0.63 032 8 1.18 - 1
Fig. 4 MAP values and their 6 | T T T T T m 2010 x 2012
respective error bars (95% con- — | | | | | ® 2011 4+ 2013
fidence level) for each station °\° 4____i___i___l____l___J __1____L___|____|.__*
during each year = | | | |
<4k
e en

o

TV01 TV03 TV04 TV05 TV11 TV18 'I'V21 TV22 TV23 TV24

Stations
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to the south and southwest of LVYV, close to the La Virgen
and Mezquital faults and to the TV21, TV22, and TV23 sta-
tions, but also near the El Volcan fault and the TVO05 station,
whose depths mainly range between 6.0 and 7.0 km.

Analysis of the main pathways with high fracturing

In particular and to simplify the estimation of the anisotropy
percentage, the raypath lengths used to normalize &t were
approximated by the lengths of straight lines joining the
hypocentral depth of each event and the recording station.
Figure 7a shows all pathways (straight lines) joining the seis-
mic sources and stations. These pathways were differentiated
based on three criteria: (1) Only those anisotropic pathways
with anisotropy percentages greater than 4.0% are consid-
ered; (2) ranges from 4.0 to 7.0, 7.1 to 9.0%, and greater than
9.0% are used to differentiate high levels of fracturing; (3)
Most of these pathways had angles of incidence less than
45°. Figure 7a and b show in isometric and map views the
pathways with an anisotropy percentage above 4.0%, which
help to highlight the zones with the highest fracture degrees.
These figures include pathways obtained from seismic events
from all the years of the studied period. There are no path-
ways with large fracture levels arriving to stations TV05 and
TV24. In the isometric view, the pathways with the highest
percentage of anisotropy (i.e., A >7.1%) are represented by
those straight lines formed by both sequences of dark red
squares with black frames and pink squares with light red
frames, while those pathways with A values between 4.0
and 7.1% are represented by sequences of blue squares (see
symbology). All these anisotropic pathways were derived
from seismic events that have their origins at depths between
3.0 and 7.0 km, but mostly at depths between 4.0 and 6.0 km
(Fig. 7b).

These anisotropic pathways were projected onto a hori-
zontal plane (Fig. 7c). A high fracturing zone can be noted
to the east and northeast of EVV (Fig. 7c), where the La
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Reforma and El Azufre faults (numbers 1 and 10 in Fig. 7¢)
interact with the El Cimarron (number 9 in Fig. 7¢) and
other unnamed N-S to NE-SW faults (i.e., faults not marked
with numbers in Fig. 7c). High fracturing is also present
around EAV, where El Volcan Fault (number 2 in Fig. 7c)
and minor NW-SE faults (possible southward extensions of
EV1, EV2, and EPO faults (numbers 5, 6, and 7 in Fig. 7c),
intersect unnamed N-S to NE-SW faults. Another zone with
a high level of fracturing is also indicated along the EV2
and EPO faults (numbers 6 and 7 in Fig. 7c). In general,
high fracturing is inferred to be beneath the EVV and EAV
(Fig. 7c). These pathways mainly cross the substratum of
La Reforma, El Volcan, EV1, EV2, and EPO faults, as well
as to the EVV, LVV, and EAV structures. Other pathways
can also be observed near the La Virgen-El Campamento
and El Mezquital faults, arriving at stations TV21, TV22,
and TV23 (Fig. 7¢). Figure 7d represents an approximately
NW-SE vertical section through stations TVO1, TV04, and
TV18 following the La Reforma and El Azufre faults, high-
lighting pathways with high percentage of anisotropy from
seismic events at depths of 3.0 to 6.5 km. Figure 7e rep-
resents an NE-SW vertical section through stations TVO1
and TV18, highlighting pathways with high percentage of
anisotropy from seismic events at depths of 3.5 to 6.5 km.
In Fig. 8a, the anisotropic pathways with the highest
fracture densities are projected onto a geological profile,
where most of the anisotropic trajectories converge toward
the EVYV, an intermediate concentration beneath the EAV,
with a lower concentration around the LVV. The strati-
graphic units are described in Table 4 according to Avel-
lan et al. (2018). The origins of the pathways begin from
seismic events inside the Peninsular Ranges Batholith unit
(PRB) (approximately from 7.0 to 4.0 km) and cross other
more superficial geological units (i.e., in the Santa Lucia-
San Francisco (SL-SF), Esperanza Basalt (EB), Aguajito
ignimbrite (Ag), Lower Viejo dacitic lava dome (LVdld),
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Fig. 6 Hypocentral distribution
of the seismic events analyzed
with a percentage of anisotropy
higher than 4.02%. (Top) The
size of the circles represents
the A values, where the largest
corresponds to the maximum
(10.03%) and the smallest to
the minimum (4.02%). The
depths of these earthquakes are
indicated by the grayscale. The
northernmost black star repre-
sents EVV; the black star in the
central sector represents EAV,
while the southernmost black
star represents LVV. (Bottom)
Zoom of the area delimited in
the Fig. 6a by the black rectan-
gle, yellow triangles indicate
producing wells, while green
triangles indicate injection wells
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Puerta dacitic lava dome (Pdld), and Upper Viejo dacitic
lava dome (UVdld) units), as well as different faults. Fig-
ure 8b shows the projected anisotropic pathways onto a
plane (map view) at sea level (i.e., 0 km), which approxi-
mately coincides with the top of SL-SF unit. In Fig. 8c,
the intersection of the anisotropic pathways is shown onto
a section of approximately 1.0 km deep below sea level
that approximately coincides with the top of the PRB

1M12.5W

112.6°'W

unit. Meanwhile, Fig. 8d, e, and f show the anisotropic
pathways projected onto planes at depths of 2.0, 3.0, and
4.0 km, reaching deeper parts of the PRB unit. These pro-
jected anisotropic pathways show how some areas with
high fracturing cover these geological units.
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«Fig.7 The set of all the anisotropic pathways approximated by
straight lines that were analyzed a. Pathways with anisotropic values
larger than 4.0 are displayed in an isometric view b and map view c.
The displayed pathways are associated with A values in three ranges
(4.0-7.0, 7.1-9.0, and > 9.0%, see symbology). Yellow lines in ¢ indi-
cate the locations of the NW-SE vertical section that respectively
cut through stations TVO1, TV04, and TV18 d and through stations
TVOl and TV18 e with anisotropric pathways projected on these
planes; the respective surface topography is shown in dashed black
lines. The names of the faults are: (1) La Reforma, (2) El Volcan, (3)
La Virgen-El Campamento, (4) El Mezquital, (5) EV1, (6) EV2, (7)
EPO, (8) El Alamo, (9) El Cimarron, and (10) El Azufre. Unnamed
N-S to NE-SW faults are not marked with numbers in Fig. 7b

Analysis of delay times vs. seismic frequencies
and anisotropy vs. shear-wave velocities

Two examples of seismic events with similar hypocentral
parameters and recorded at station TV11 (the event 2010-
05-13-1938-31S.CFE of Fig. 9a: Latitude: 27.5201°, Lon-
gitude: — 112.5792°, Depth: 5.2 km; the event 2010-05-13-
1958-26S.CFE of Fig. 9b: Latitude: 27.5209°, Longitude:
—112.5792°, Depth: 5.1 km) illustrate variations on the
shear-wave splitting delays and spectral frequency contents.
Both seismic events were subjected to band-pass filters using
ranges from 5 to 15 Hz, respectively, to obtain the split-
ting times, where their fast S; and slow S, shear waveforms
as well as their picked onsets are shown. In the first event
(Fig. 9a), the &t value obtained was 0.056 s, with a range of
dominant frequencies from 0 to 5.95 Hz; while for the sec-
ond event (Fig. 9b), the &t value obtained was 0.0094 s, with
a range approximately from O to 9.0 Hz. In this example, the
delay time is shorter when the frequency content is higher
and slightly more extended (Fig. 9b), but larger delays when
lower frequencies are dominant (Fig. 9a), although this plot
shows a second important peak around 5 Hz. Both dominant
frequencies were obtained for the fast S-wave forms with-
out filtering to avoid losses and attenuations of the original
frequencies.

Figure 10 plots the relationships between values of 8t vs.
the main seismic frequencies f_,, (Fig. 10a), which were
obtained from the dominant peaks in the seismic frequency
spectra from the fast S-waveforms. Likewise, the percent-
age of anisotropy A vs. shear-wave velocities V, (Fig. 10b),
and f,, vs. V, values (Fig. 10c) of 77 seismic waveforms
recorded during 2010 at stations TVO1, TV03, TV04, TV11,
and TV 18 (the closest stations to the geothermal site) is plot-
ted, where the depths of the analyzed seismic events varied
mainly from 3.5 to 7.0 km. To avoid filtering, only this year
is assessed because most of the fast seismic waveforms pre-
sented less noise (i.e., a signal-to-noise ratio greater than
5.0) in contrast to the data from the rest of the years with
greater variation. This allowed, in a more exemplified way,
to analyze f_,, along with the behavior of the dt, V, and A

max
parameters of the used data. Nonetheless, in the analysis of

the highest anisotropic pathways, information from all years
was considered.

Trying to link some effects and phenomena, values of 6t,
f . Vs and A are classified and analyzed according to their
behaviors and from information from previous studies. Inter-
mediate and high &t values (above 0.03 s) associated with
lower f,,,, values (e.g., from around 0.01 to 1.0 Hz) were
grouped in the dashed square GA1 (see Fig. 10a), consider-
ing possible effects related to fracture systems with lower
fluid content (e.g., van Der Kolk et al. 2001; Liu et al. 2001,
Liu et al. 2003; Kozlov 2004). Intermediate and high &t val-
ues (above 0.03 s), associated with higher f_,, values (e.g.,
above 1.0 Hz), were grouped in the dashed square GA2,
considering possible effects of fracture systems with higher
fluid content effects (e.g., Chesnokov et al. 2001; Liu et al.
2001; Kozlov 2007). Some data from stations TVO1, TVO03,
TV04, TV11, and TV18 showed lower &t values (from
0.01 to 0.02 s) for different f,,, values (between 0.5 and
2.0 Hz), which were grouped in the dashed square GA3 (see
Fig. 10a). Added to this, data from stations TV04, TV11,
and TV18 with lower V| (e.g., between 1.0 and 2.5 km/s)
and A values (e.g., between 0.01 and 2.0%) were also
grouped in the dashed square GB1 (see Fig. 10b), this was
done considering the possible existence of sealed fractures
and effects of magmatic bodies (e.g., Vanorio et al. 2005;
Latter 1981). Increasing trends between the A and V values
are mostly observable for stations TVO1, TV11, and TV18
between 0.01 and 5.55%, for A values and between 1.0 and
4.0 km/s for V, values, but less clear at stations TV03 and
TVO04 (Fig. 10b).

Figure 10c shows the relationship between the f,,, and
V, values as a complement of Figs. 10a and b, where most
of the data of stations TVO1, TV03, and TV 18 presented
V, values between 2.5 and 3.0 km/s for f, values less
than 1.0 Hz, while most of the data of the TV04 station
presented V values above 3.2 km/s for f,, values less
than 1.0 Hz. Two cases can be considered for the data of
the TV11 station; in the first, the V, values ranged between
2.2 and 3.6 km/s for f,, values above 1.0 Hz, while for
the second case, the V, values ranged between 1.0 and
2.5 km/s for f,, values less than 1.0 Hz. Particular cases
are observed for data from stations TVO1, TV04, and
TV11, with a low range of V and f,,, values (e.g., from
1.0 to 2.5 km/s; from 0.5 to 1.0 Hz, respectively), which
were grouped in the dashed square GC1. This grouping
is supporting the possible existence of sealed fractures
and magmatic body effects. Stations TV11 and TV 18 pre-
sented the highest f, values (between 1.5 and 2.0 Hz) for
V, values between 2.2 and 3.0 km/s, which are grouped in
the dashed square GC2, this is also supporting the pres-
ence of fracture systems with higher fluid content. Sta-
tions TVO1 and TVO04, together with other fewer data of

other stations, presented the highest V values (from 3.0 to
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Fig.8 a Anisotropic pathways recorded in different stations are pro-
jected on an approximately NE-SW profile that crosses the volcanoes
of the TVVC after Avellan et al. (2018). b Intersections of anisotropic

4.0 km/s) for lower f_,, values (between 0.5 and 1.0 Hz),
which were grouped in the dashed square GC3 supporting
the existence of fracture systems with lower fluid content
effects. The data between GC1 and GC3 squares presented
a range of V values mainly between 2.5 and 3.0 km/s,
which do not exceed 1.0 Hz. Some data of the GA1 and
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GAZ2 groups present V values above 2.5 km/s (covering
part of the GC1 and GC3 groups) with A values above 2.5
and up to 8.6%. In the GA3 group, lower A values (less
than 1.0%) with a specific range of V values (between 2.0
and 3.8 km/s) could be considered to minor fracture sys-
tems with lower effects of fluid content or sealed fractures.



Acta Geophysica

Table 4 Description and ages of geological units shown on the profile
map in Fig. 8a (after Avellan et al. (2018)

Uval Upper Virgen andesitic lava 22+2.5-255+4.4ka
Vdcd Virgen dacitic central dome 51+8.7/-8 ka
Pdcd Pinto dacitic coulee dome 61+7/-6.7ka
Lval Lower Virgen andesitic lava 89.84+9.6/-8.8 ka
Vdle Virgen dacitic lava cone 102+30/-23.8 ka
Lpal Lower Pintos andesitic lava 110.6443/-30.9 ka
Van Virgen andesitic neck -
Vsc (Virgen  Virgen scoria cones -

scoria

cone)
Adcd Azufre dacitic central dome 153.9432/-25ka
Abaf Azufre block and ash flow 146+27.8/-22 ka
Uuvdld Upper Viejo dacitic lava dome 254 +24 ka
Pdld Puerta dacitic lava dome -
Lvdld Lower Viejo dacitic lava dome —
Ag Aguajito ignimbrite 1.17 Ma
EB Esperanza basalt 7.64+1.16 Ma
SL-SF Santa Lucia-San Francisco 21.6 Ma
PRB Peninsular Ranges Batholith 99.1+0.8 Ma
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Fig.9 Fast S, and slow S, shear waveforms with their respective
picked onsets of a pair of events with similar hypocentral param-
eters (event of a: 27.5201°, —112.5792°, 5.2 km depth; event of b:
27.5209°, — 112.5792°, 5.1 km depth). The picked onsets of the shear
waveforms are indicated. Seismic frequency spectra were calculated
from the fast S-waveforms without filtering, which are also displayed

The data between the GC1, GC2, and GC3 groups would
not clearly evidence one phenomenon as mentioned above
(Fig. 10c), but rather a combination of the presence of sev-
eral phenomena. Station TVO1 presents a greater amount
of data, while stations TV03 and TV 18 comprise a smaller
amount of data.

Figure 11 shows the epicenter locations of each seismic
data group analyzed in Fig. 10. The seismic events of the
GA1 group (events in brown color and recorded at each
station as shown in the symbology, Fig. 11a), originated
mainly from the north and south of EVV and EAV and

near the TV11 station (Fig. 11a), present a depth range
from 3.6 to 6.8 km, but the seismic signals recorded at
station TVO03 have hypocenters located in a narrower depth
range (i.e., more concentrated around a depth range, from
4.6 to 5.1 km, Table 5). The seismic events considered
for the GA2 group (events in blue color, Fig. 11b) are
originated from several locations along the EAV and
EVYV, whose depths vary from 3.5 to 6.0 km. The ori-
gin of seismic events in some stations presented narrower
depth ranges, going from 5.5 to 6.0 km at station TVO03,
5.5 km at station TVO04, and from 5.0 to 5.2 km at station
TVI1I1 (Table 5). The area comprising seismic events of
the GA3 group (events in cyan color, Fig. 11c) is broader
and includes the locations of groups GA1 and GA2. The
seismic events of these groups are mainly located around
EAV and EVV and to the south of EAV, with depths range
from 4.1 to 6.0 km, presenting the TV04 and TV18 sta-
tions with narrower depth ranges (from 5.4 to 6.0 km, and
from 4.9 to 5.3 km, respectively, Table 5). The origin of
seismic events in group GB1 (events in light pink color,
Fig. 11d) is mainly located around EVV and EAV and near
stations TVO1, TV11, and TV18, whose depths range from
4.0 to 7.0 km, presenting narrower depth ranges the TV04
station (from 5.2 to 5.5 km, Table 5). The origin of seismic
events analyzed in the GC1 group (events in brown color,
Fig. 11e) is mainly located to the west of EVV and EAV,
with depths from 4.4 to 6.0 km, presenting the TVO1 and
TVO04 stations narrower depth ranges (from 5.1 to 5.7 km,
and from 5.0 to 5.7 km respectively, Table 5). Some of
their locations coincide with that of group GA1. The ori-
gin of seismic events analyzed in the GC2 group (events
in blue color, Fig. 11f) is located around the volcanic com-
plex, with a depth range from 5.0 to 6.0 km, presenting all
the stations narrower depth ranges (see Table 5). The ori-
gin of seismic events analyzed in the GC3 group (events in
cyan color, Fig. 11g) is located around the EAV and EVV
structures and mainly located in north and south of EAV
and EVV and near the TV11 and TV18 stations, with a
depths range from 4.4 to 6.0 km. Their location correlates
with that of the GA3 and GB1 groups.

Figure 12a and b display the relationships between
ot vs. ., and A vs. V values of 16 seismic waveforms
recorded during 2010 at stations TVO1, TV03, TVO04,
TV11, and TV18. This was done considering a hypocen-
tral seismic depth between 4.0 and 5.0 km. Meanwhile,
Fig. 12c and d presents these relationships for 49 seis-
mic waveforms considering a hypocentral seismic depth
between 5.0 and 6.0 km. The plots seem to show differ-
ences, with f_,. values reaching a maximum of 1.0 Hz for
those seismic events with a depth range between 4.0 and
5.0 km (Fig. 12a). The seismic events with a depth range
from 5.0 to 6.0 km can reach up to 2.0 Hz, although most
of the data present f,,, values around 1.0 Hz (Fig. 12c).
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Likewise, a narrow range of V, values (between 2.0 and
3.8 km/s) is observed for those seismic events with a depth
range between 4.0 and 5.0 km (Fig. 12b), spanning a wide
range of A values from 0.02 to 6.0%. Meanwhile, for those
seismic events with a depth range between 5.0 and 6.0 km,
arange of V values from 2.0 to 3.5 km/s is observed, with
some V| values less than 2.0 and above 3.5 km/s. The A
values span a wide range from 0.02 to 5.0% (Fig. 12d).

Discussion
Fracturing systems with respect to depth

In Fig. 13, are shown the fast polarization directions from
seismic events originated at different depth intervals (the
hypocenters of the used events are shown in Fig. 15). Only
those seismic events that arise in the close neighborhood of
each of the stations TVO01, TV03, TV11, and TV18 [<0.035°
in latitude and longitude and with angles of incidence less
than 45° (Evans 1984; Booth and Crampin 1985)] were con-
sidered in this analysis. The main relative fast polarization
direction observed at all depths is NW-SE, whose associ-
ated mean fast polarizations M vary approximately between
—120° and — 13.2° (obtained with the aid of the CircStat
program by Berens 2009). The mean resultant length R,
which gives a quantitative estimate of the data variance, falls
mainly above 0.3 but lesser than 0.5 at the four analyzed sta-
tions, which could represent an intermediate data clustering
(e.g., less than 0.3 could represent a bad clustering, Peng
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and Ben Zion 2004). The TVOI station presented the high-
est R values for more depth ranges (i.e.,> 0.52 except in the
depth range of 67 km), whose mean polarizations follow
the orientation of the El Volcéan fault (e.g., Fig. 2). Some
other fast polarization directions have also been observed in
these stations for different depth levels (see Fig. 13), which
evidenced the existence of fracture systems in other direc-
tions. For instance, for those events originating between
3.0 and 4.0 km depth and for stations TV03 and TV18,
WNW-ESE and NE-SW polarization directions are also
observed (Figs. 13a and b). For seismic events in the depth
intervals of 4-5 and 5—6 km, NNE-SSW and NE-SW sec-
ondary polarizations are a feature at all four stations except
at station TV11 (Fig. 13c). These NNE-SSW and NE-SW
polarizations are of lower importance at the 3—4 km depth
interval in all stations except at station TV18 (Fig. 13d). For
seismic events at deeper levels, the presence of NNE-SSW
and NE-SW fast polarizations is also observed, but with
low importance (e.g., seismic events recorded at station
TVOI1 with focal depths from 6.0 to 9.0 km; seismic events
recorded at station TVO3 with depths from 6.0 to 7.0 km;
seismic events recorded at station TV11 with depths from
6.0 to 8.0 km; seismic events recorded at station TV18 with
depths from 6.0 to 8.0 km, Fig. 13). At station TV01, behav-
iors between values of ¢ and f,,, show a large concentra-
tion between — 75 and 0° for £, ,, values less than 1.0 Hz,
mainly related to the 6—7-km depth interval (Fig. 13a). At
station TVO03, no particular behavior is observed for each
depth interval, except for the 4-5-km interval with higher
fnax values, which reach between 4.0 and 6.0 Hz for ¢ values
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Fig. 11 a Epicenter locations of the seismic events analyzed in the
GA1, GA2, and GA3 groups for each station of Fig. 10a, b and c)
the GB1 group of Fig. 10d, and the GC1, GC2, and GC3 groups of
Figs. 10e, f, and g. Because seismic waveforms from a same analyzed
seismic event were recorded at different stations, some epicenters of

between 0 and —70° (Fig. 13b). At station TV11, most of
the ¢ values fall between —90° and 0° for most of the depth
intervals, with values less than 1.0 Hz; nonetheless, for
the particular case of the 67 km depth interval, the f,,,
values are higher than 1.0 Hz (Fig. 13c). At station TV18,
in the 4-5 and 5-6-km intervals, most of the results fall
between 10° and -90°, whose f_,, values are in a range of

0.1 and 2.0 Hz with some particular cases higher than those
(Fig. 13d).

-112.5

the different data groups have the same location. They are indicated
by black arrows. The symbology of the stations TVO01, TV03, TV04,
TV1I1, and TV18 is indicated at the bottom of each map, representing
the recording station from the events of each analyzed group

Figure 14 shows the relationship between the dt param-
eter and the hypocentral distance for stations TVO1,
TV03, TV11, and TV18, considering seismic events less
than 0.035° in latitude and longitude, and depths less
than 5.0 km. This depth limit is considered only to estab-
lish the depth at which the pervasive anisotropy begins.
Theoretically, at greater hypocentral distances, higher 6t
values would be expected. However, in both plots, it is
possible to observe for each station both high and low
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Table 5 Summary of the different depth ranges of the analyzed seis-
mic events for each station of each group (i.e., GAl, GA2, GA3,
GBI, GC1, GC2, and GC3) in Fig. 11

whose highest normalized delay time is 8t, =26.17 ms/
km, while a mean with a 95% confidence level is
ot,=10.77 +£0.0047 ms/km. Likewise, few seismic events

Depth (km) recorded at station TV11 seem to present an unusual
Group  TVOI TVO3 TVO4 Vil VIS8 behavior from a distance of 3.5 km, where the highest
normalized delay time is &t, = 16.3 ms/km, while a mean
GAl 4.6-6.8 4.6-5.1 4.9-5.9 44-5.9 3.6-6.0 with a 95% confidence level is dt,=7.1 +£0.0036 ms/km.
GA2 - 5.5-6.0 55 5.0-5.2 3.5-49
GB1 4.0-7.0 4.5-5.5 52-55 5.0-6.0 5.0-6.0
GCl 2157 43 >0-5.7  44-60 - In the TVVC, high individual values of 5t and A reaching
GC2 - 560 - :0-60 53 up to 0.1616 s and 10.03%, respectively, indicate a high
GC3 44-55 6.01 5.0-6.0 54 34

ot values for given hypocentral distances. In particular,
an unusual behavior of high &t values for smaller hypo-
central distances could be an indication of a high con-
centration of fractures at shallower depths. Thereby, in
Fig. 14a, an anisotropic and pervasive stratum can be
considered for some events recorded in station TVOI to
start at a hypocentral distance of 3.5 km for some values
observed, for which the highest normalized delay time
is 8t, =31.95 ms/km, while a mean with a 95% confi-
dence level is 8t, =10.6 +0.007 ms/km. Seismic events
recorded at station TV03 do not show clear evidence of a
pervasive stratum. In Fig. 14b, this unusual high fractur-
ing is also possible to observe for some events recorded
in station TV18 from hypocentral distances of 4.5 km,

fracturing degree similar to results from other geother-
mal zones (e.g., 18.0% at the Takinoue geothermal area in
Japan, Kaneshima et al. 1988; 7.0% at Uturuncu Volcano in
Bolivia, Maher and Kendall 2018; 10.0% at Aluto Volcano
in Ethiopia, Nowacki et al. 2018). The mean values of all
St and A data (MDT and MAP) were 0.0425 s and 1.823%,
respectively (Fig. 5). The highest MDT value was 0.0587 s at
station TV21 (Table 2; Fig. 3), while the highest MAP value
was 2.53% at stations TV11 and TV18 (Table 3; Fig. 4),
which are below the 4.5% limit proposed by Crampin and
Leary (1993) and Crampin (1994) to differentiate between a
low (below limit) and a high (above limit) fracture density.
Thus, the variation range of the MAP values, 2.53 to 0.54%
(lowest and highest levels), also indicates the existence from
intermediate to low degree of fracturing in some areas (see
Figs. 4 and 5).
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Fig. 13 Fast polarizations vs. depths analyzed for stations TVO1 a,
TVO03 b, TV11 ¢,y TV18 d. The rose diagrams were elaborated using
a bin size of 10° and a normalization of the polarizations with respect
to the preferential direction. The total number of measurements N, the
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mean fast direction M, and the mean resultant length R are shown on
each diagram. To the right are displayed the plots of ¢ vs. f,, for
all depths and years obtained from events recorded at stations TVO1,
TV03, TVO11, and TV18
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High anisotropy (A >4.5%, Crampin 1994) is mainly
located beneath EAV and EVYV, following the El Azufre, El
Volcan, EPO, EV1, EV2, and La Reforma faults as well as
some minor faults perpendicular and sub-parallel to the La
Reforma fault (see Figs. 6, 7 and 8). The hypocentral seismic
depths are mainly located between 3.0 and 6.5 km (Figs. 5a,
b, and 6). Other important fracturing zones are also observed
near LVV and toward the La Virgen-El Campamento, El
Volcén, and El Mezquital faults, with hypocentral seismic
depths between 4.0 and 6.0 km (Figs. 6 and 7). These aniso-
tropic pathways delimit fracturing zone approximating coni-
cal shapes delimited by the pathways with vertices at sta-
tions TVO01, TV04, TV11, and TV 18, which can be observed
at different depth levels depending on the origin of the seis-
mic events analyzed (see Figs. 7a, 8c, d, e, f, and g). The
conical shapes are not an intrinsic property but a product of
the observation geometry (where the vertices are constituted
by the seismic stations and the base is delineated by the
hypocenters). Large fracturing is observed in a band around
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the La Reforma—Fl Azufre fault system, between stations
TVO01 and TV18 (Figs. 6, 7c, d, and 8a), where anisotropic
pathways intersect in a depth range of approximately 2.0 to
5.0 km (see Fig. 7c). These intersections present a horizon-
tal extension that could reach approximately up to 2.5 km
between both stations (see Fig. 7b). Between stations TV11
and TV18, anisotropic pathways also intersect in a depth
range of approximately 2.0 to 5.0 km, but closer to TV18
(see Fig. 7d), with a horizontal extension that could reach
approximately up to 3.0 km (see Fig. 7b). Another zone is
located in the southern front of EVV and EAV. The last one
delineates a band along the EV2 Fault, near station TV04
(Fig. 7c) and where geothermal wells are located (Fig. 7b).

The areas with high fracturing correlate with the main
NW-SE fault systems, which reach down to 8.0 km in
depth (see Fig. 13), and are controlled by NW-SE regional
fracture systems as mentioned by Chac6n-Hernandez et al.
(2021a) (i.e., the El Azufre, La Reforma, EI Volcan, EV1,
EV2 and EPO faults), which are parallel or sub-parallel to
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the California Gulf transpression direction. This depth range
is mainly located inside the plutonic rocks of the Peninsular
Ranges Batholitic (Gastil et al. 1975), whose top has been
observed at a depth of 1.13 km below the surface (e.g., Gar-
dufio-Monroy et al. 1993). The highest 6t and A values indi-
cate that from the upper part of the granitic basement (PRB
unit, Fig. 8a) there are high degrees of fracturing. These
high degrees of fracturing also span the shallowest geologi-
cal units (i.e., SL-SF, EB, Ag, LVdld, Pdld, and UVdld, see
Table 4, Fig. 8a, b, and c), which are strongly affected by the
exploitation of the geothermal site and by natural hydrother-
mal phenomena, generating stratums with pervasive fractur-
ing that take place from at least 3.5 and 4.5 km in areas near
to stations TVO1, TV11, and TV18 (see Fig. 14).

Inference of fluid saturations and magmatic bodies
with respect to depth

Fluid flow in fracture systems linked to hydrothermal phe-
nomena or geothermal activities has been observed to facil-
itate coalescence, growth of cracks, and fault activations
[e.g., in geothermal environments (Vlahovic et al. 2002;
Main et al. 1990; Clarke et al. 2019), and their effects are
being assessed in theoretical equivalent models, Maultzsch
et al. 2003; Chapman et al. 2003]. Since TVVC presents
both hydrothermalism and geothermal activity, an analysis
between Ot and f_,, values was conducted along with the
analysis of the V and A values to discriminate fluid satu-
ration degrees in fracture systems. According to previous
works (van Der Kolk et al. 2001, Liu et al. 2001; Liu et al.
2003; Kozlov 2004), the data of the GA1 group can indicate
intermediate and large fracturing levels with a lower effect of
fluid content, which contrasts to the data of the GA2 group
(e.g., in previous works, Chesnokov et al. 2001; Liu et al.
2001; Kozlov 2007). Seismic events of both groups were
recorded at five stations (i.e., the TVO1, TV03, TV04, TV11,
and TV 18 stations), located around EVV and EAV, with a
depth range from 3.6 to 6.8 km for the GA1 group and from
3.5 to 6.0 km for the GA2 group. For the GA1 group, the
seismic events recorded at the TV03 station presented a nar-
rower depth range (from 4.6 to 5.1 km). Some of the hypo-
central data of the GA1 group also form part of the GC3
group, mainly those events recorded at stations TVO1 and
TV04, where a narrower depth range from 5.0 to 6.0 km was
observed at station TV04. These relationships between some
data of the GA1 and GC3 groups would imply intermediate
and large fracturing levels, which could probably indicate
fractures with lower fluid content, whereby higher V values
are observed (i.e., between 3.0 and 4.0 km/s, Fig. 10c).
The origin of seismic events analyzed in the GA2 group
also present intermediate and large ranges of 6t values but
a higher range of f_,, values (i.e., above 1.0 Hz), which

max

according to studies of Elkibbi (2004) and Rial et al.

(2005) could be reflecting fracture systems under effects of
higher fluid content or steam flow, whose V, values pre-
sent a decreasing from 3.6 to 1.5 km/s. The origin of seis-
mic events analyzed in the GA2 group is located in a depth
range between 3.5 and 6.0 km, but for stations TV03, TV04,
and TV11, a narrower depth range was observed, mainly
between 5.0 and 6.0 km (some seismic data are emphasized
in the GC2 group) (see Table 5). This last depth range cor-
relates with the 5—-6-km depth interval of Figs. 12a and c,
where higher f_,, values were observed in some data, prob-
ably indicating a higher fluid content in fracture systems
(e.g., for the GC2 group, V, values range approximately
between 2.0 and 3.4 km/s in some seismic data of stations
TVI11 and TV18), compared to the 4-5-km depth interval.
This evidences variations in fluid contents from one depth
interval to another in some areas, where probably the influ-
ence of geothermal activities is stronger in the 4-5-km depth
interval and shallower depths, along with hydrothermal-
ism phenomenon. A seismic tomography study conducted
by Vilchis-Garcia et al. (2019) considered compressional
velocities Vp<4.25 km/s and a ratio of V/V <1.75 km/s
in a depth less than 4.0 km as a combination of fluids and
gases in a caprock. Meanwhile, V/V>1.75 km/s in deeper
zones than 4.0 km was related to fluid saturation in rocks and
probably cold magma crystalized. These results correlate to
some extent with what was observed in our analyses.
Fracture systems chemically sealed or impermeable seal-
ing caps have been observed in geothermal areas (e.g., The
Coso Range, Vlahovic et al. 2002; Los Humeros, Arzate
et al. 2018). In the TVVC area, Portugal et al. (2000) verified
the existence of sealed fractures, which could be indicated
by some data of the GA3 group, characterized by low &t
values (e.g., ot values from 0.005 to 0.02 s) and f,,, val-
ues from 0.5 to 2.0 Hz (see Fig. 10a). This is according to
previous works that related sealed fractures with decreases
in dominant S-wave frequencies (e.g., Latter 1981; Zhao
et al. 2002). Areas with these features are mainly located
to the west of EAV and EVV and to the south of EAV (see
Fig. 11a) where the depth ranges of the analyzed events go
from 4.1 to 6.0 km. The seismic events analyzed for the
GA3 group were recorded in all stations (see Fig. 10a), but
in stations TV04 and TV18 they presented narrower depth
ranges (from 5.5 to 6.0 and from 4.9 to 5.3 km, see Table 5).
Changes in fast polarization directions at certain loca-
tions and depths are interpreted as indicating fracture sys-
tems in other orientations (e.g., Fig. 13), but they could also
be due to the presence of magmatic intrusion systems or
subvolcanic bodies. This is because the magmatic phenom-
ena are capable of modifying the orientations of fractures in
the rock volume (e.g., the 90° flip effect) by changes in the
local stress field as has been considered in other previous
works (e.g., Roman et al. 2011; Baird et al. 2015; Maher
and Kendall 2018). Thus, the presence of important N-S,
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NE-SW, and E-W secondary polarizations observed for
seismic events at deeper levels (e.g., depths ranges from
5.0 to 6.0 km at station TVOI, Fig. 13a; depths>4.0 km at
station TVO03, Fig. 13b; depths > 6.0 km at station TV11,
Fig. 13c; depths > 5.0 km at station TV 18, Fig. 13d) could
be associated to magmatic phenomena.

The analysis between V, and A values and between V
and f,, values could support the presence of magmatic
intrusion in the case of a correlation of the lowest V (from
1.0 to 2.5 km/s), A (from 0.1 to 2.5%, see Fig. 10b), and f,,
values (lower than 1.0 Hz, see Fig. 10c) (i.e., some seismic
data of the GB1 and GC1 groups). This is because, mag-
matic and volcanic phenomena reduce the V, values (Vano-
rio et al. 2005), affecting the frequency contents and fast
polarizations under conditions of high pore-fluid pressures
(Crampin and Zatsepin 1997). These particular conditions
are mainly found around EVV and EAV and near the TVO0l1,
TVO04, and TV11 stations, related with the seismic events
analyzed in the GB1 group for a focal depth range from
4.0 to 7.0 km (see Fig. 11 and Table 5) and in the seismic
events analyzed in the GC1 group for a depth range from
4.4 to 6.0 km, with narrower depth ranges at stations TV01
and TV04 (from 5.1 to 5.7 and from 5.0 to 5.7 km, respec-
tively, see Fig. 11 and Table 5). These depth ranges in the

Table 6 Summary the different phenomena that could be occurring
in the TVVC at different depth levels. Phenomena occurring in cer-
tain depth ranges are also specified, indicating in parentheses the sta-

GB1 and GC1 groups could be correlated with the 5-6-km
depth interval observed in Fig. 12d, mainly for some events
recorded at station TVO1, TV04, and TV11 with lower V
and A values. In previous studies of seismic tomography
(e.g., Vp>4.25 km/s and Vp/V¢>1.75 km/s in zones deeper
than 4.0 km, Vilchis-Garcia et al. 2019), inversion of aero-
magnetic data (magnetic sources in a depth range from 4.5 to
8.0 km, Avellan et al. 2019), and b value (b values between
1.1 and 1.5 for a range depth from 4.0 to 6.0 km, Antayhua-
Vera et al. 2022) have also considered the presence of mag-
matic bodies, crystallized magma, or the emplacement of
magmatic bodies (i.e., dikes).

Table 6 summarizes depths at which low, intermediate,
and high fracturing zones are located together with their
inferred different fluid contents. It also indicates the initial
depths of pervasive anisotropy, as well as the possible pres-
ence of magmatic bodies. Figure 15 shows, in a conceptual
sketch, the distribution of highly anisotropic rock volumes
and the respective phenomena and processes interpreted to
be their causes beneath the TVVC. Most of the main fault
systems, that follow the regional stress and correlate with the
fast polarization results (e.g., Fig. 13; see Chacén-Hernan-
dez et al. 2021a), cannot entirely explain the upper crustal
anisotropy observed at the TVVC. Thus, the distribution,

tions for which the seismic data were analyzed. All stations mean the
TVO01, TV03, TV04, TV11, and TV18 stations

Depth intervals [km] Pervasive anisotropy High fracturing with High fractur-

Intermediate frac-  Sealed fractures Magmatic influences

lower fluid content  ing with turing with lower
higher fluid  and higher fluid
content content
General range (All - 3.5-6.8 km 3.5-6.0 km 3.5-6.8 km (con- 4.1-6.0 km -
stations) sidering the GA1
and GA2 groups)
Particular depth - - - - - -
intervals <3 (km)
3—4 (km) <3.5(TVO0I and - - - -
TV11)
4-5 (km) <4.5(TV18) GAL group 4.6-5.1 - Rose diagrams >4.0
(TV03) (TV03)
5-6 (km) - GC3 group 5.0-6.0 GA2 group - GA3 group Rose diagrams 5-6
(TV04) Some data 4.9-5-3(TV18)  (TVO1)
from the 5.5-6.0 (TV04) >5.0(TV18)
GC2 group 5.5-6.0 GC1 group
5.5(TV04) (TV04) 5.1-5.7 (TVO01)
5.5-6.0 5.0-5.7 (TV04)
(TV03)
5.5-6.0
(TVO03)
5.0-5.2
(TV11)
5.0-5.2
(TV11)
>6 (km) - - - - - Rose diagram

>6.0 (TV11)
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Fig. 15 A general sketch of Elevation
the TVVC area showing the 1940 [m]
distribution of high anisotropic
volumes influenced by differ-
ent phenomena and processes
occurring at different depths.
The planes cutting the volume
beneath the TVVC represent
the zones featured by the fol-
lowing fault systems: (1) La
Reforma, (2) El Volcan, (3) La 0+
Virgen-El Campamento, and
(4) El Mezquital. oy represents
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both vertically as across the TVVC, of the fracturing degree
zones and their fluid content is uneven, but the distribution
of high fracturing zones with high, intermediate, and low
fluid content tends to start at least beneath 6.0 km depth
(Figs. 5,6, 7, 8 and 11, and Table 5) and extends toward
the surface (e.g., the areas with the dashed blue lines and
the distribution of the blue arrows, Fig. 15). The associated
large anisotropy percentage implies that the rock volumes
are essentially cracked and fractured, and in an unstable
state due to high pore-pressures and/or fluid-filled cracks.
In zones deeper than 6 km, the higher pressure and tempera-
ture conditions would indicate that fluids hosted in cracked
volumes are in a super-critical state.

At shallower depths, there are also fractured zones with
high fluid content and under high confining pressures linked
to hydrothermal and geothermal processes that can gener-
ate cracks opening. Strata with pervasive anisotropy can be
considered to begin at a 3.5-km depth for seismic data reg-
istered at stations TVO1 and TV11, but at a 4.5 km depth
for data recorded at station TV 18 (high values of anisotropy
and normalized delay times, Figs. 5b and 14), which corre-
lates with the highest fracture concentrations and important
permeable zones. These zones allow feeding the geother-
mal reservoir (e.g., see areas outlined with dashed brown
lines and brown arrow distributions spanning up to the geo-
thermal reservoir outlined by dashed black lines, Fig. 15)
with gas-rich fluid overpressure from multiple fracture sets
(i.e., by convection and advection processes; blue and red
arrows in Fig. 15), which are heated by magmatic bodies.
These zones are delineated approximately by means of the
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density of established anisotropy pathway (i.e., stations
TVO01, TV11, and TV18, Figs. 7 and 8) at depths between
2.0 and 5.0 km and from 2.0 to 5.0 km in the case of data
registered at stations TV11 and TV18. Nonetheless, on the
other hand, low fracturing could also be considered (e.g.,
low anisotropy values and normalized delay times, Figs. 5b
and 14) due to small confining pressures (e.g., Piccinini and
Saccorotti 2018); while in deeper areas, it could be related
to over-pressurized hydraulic compartments with pore flu-
ids undispersed (Crampin and Leary 1993). Furthermore,
at several depths, due to chemical processes, there would
be the existence of sealed fractures (e.g., see black arrows
above 3 km, Fig. 15).

For seismic sources events recorded at stations TV03,
TVO01, TV18, and TV11 at respective depths below levels
of 4.0, 5.0, and 6.0 km, not only NW-SE fast directions
are observed, but also orthogonal fast directions for seismic
sources in spatial ranges constrained as similarly to previous
works (e.g., Piccinini and Saccorotti 2018). These effects are
particularly observed in proximity of the La Reforma and El
Volcan faults. Both fault systems comprise important path-
ways for the up flow of magmatic fluids from depth. These
orthogonal polarizations could evidence the presence of
heavily fractured rocks at critically high pore-fluid pressures
(e.g., Crampin and Zatsepin 1997) generated by geothermal
operations, hydrothermalism (e.g., Pinel and Jaupart 2003;
Muirhead et al. 2015), or magmatic fluxes (e.g., Nowacky
et al. 2018) (see the areas with the dashed red lines and the
distribution of the red arrows, Fig. 15), phenomena that can
give rise to differential stresses.
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These different saturated fluid contents, sealed fracture
effects, and magmatic intrusions occur at the upper part of
the granitic basement (the PRB geological unit, Fig. 8a)
and reach superficial zones, crossing mainly shallow units
(e.g., the SL-SF, EB, Ag, LVdld, Pdld, and UVdId units).
The concurrence of these phenomena is related to volcanic
environment along with geothermal phenomena that have
potential to provide geothermal energy in zones with high
fracture densities (e.g., anisotropic pathways delineat-
ing conical shapes due to the different arrival angles with
vertices at stations, Figs. 7 and 8), which affect the differ-
ent lithological units. This appears to be mainly located in
and around the volcanic zones (see Fig. 11). When these
volcanic phenomena and geothermal processes act under a
state of continuous stress, they may generate deformation
cycles in and around the TVVC area. For instance, NE-SW
and N-S secondary fracture sets with different orientations
to the pre-existing NW-SE fault structures parallel or sub-
parallel orientation to the Gulf of California opening (i.e.,
the main regional horizontal stress field o}y, Chacén-Hernan-
dez et al. 2021a, b) could be created, with damage in the
rock volume associated with these structures. At shallower
depths, high fracturing zones (i.e., large A values associ-
ated) indicate structural weakness and would allow generat-
ing surface deformations easily, with pre-existing structures
controlling the hydrothermal systems as could be occurring
around the TVVC area and in other areas (e.g., at the Aluto
Volcano, Nowacky et al. 2018). However, at greater depths
(e.g.,>5.0 km), as any NW-SE fractures would need to be
held open by fluids at high pore-fluid pressures, even away
from the geothermal system, the main deformation could
be related to strong overpressure fluids linked to magmatic
fluids. Thus, if multiple fracture sets are present in the pres-
ence of a regional stress field, only one set would be held
open. Therefore, over-pressurized fluids are present beneath
the volcanic complex, and the overpressure is sufficient to
hold open both fracture sets (e.g., secondary directions in
rose diagrams, Fig. 13).

Conclusions

The main contributions to the characterization of some
zones in the TVVC area are:

(1) Shear-wave splitting delays and the anisotropy percent-
age provided information about the highest fractured
zones and their most important anisotropic pathways,
which delineate conical shapes with vertices at the
stations TVO1, TV04, TV11, and TV18. These coni-
cal shapes delimit portions of important volumes of
fractured rocks, which are mainly located in the vol-
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canic region between EVV and EAV, and toward the
La Reforma, El Azufre, El Volcan, EPO, EV1, and
EV2 faults. They intersect between stations TVO1 and
TV18, with a depth range from approximately 2.0 to
5.0 km and with a horizontal extension of approxi-
mately 2.5 km between both stations. Likewise, aniso-
tropic pathways intersect between stations TV11 and
TV18, with a range from approximately 2.0 to 5.0 km
in depth and with an extension of approximately 2.5 km
in a straight line between both stations. These zones
represent important permeable-fractured zones and can
be considered to expand the geothermal exploitation of
the geothermal resources, strengthening the analyses
of previous studies (e.g., hydrothermal characteriza-
tion, Romo-Jones et al. 2018; evaluation of geother-
mal potential, Tello-Lépez and Torres-Rodriguez 2015;
fluid inclusion in fractured rocks (temperatures higher
than 240 °C at depths between 1.5 and 2.5 km in the
TVVC), Romo-Jones et al. 2000; Wong et al. 2001)
and helping to describe the existence of new permeable
rock volumes. Additionally, some other external areas
with high fracturing are also observed near the LVV
volcano and toward the La Virgen-El Campamento, El
Volcéan, and El Mezquital faults. These high fractur-
ing zones reached the upper part of the PRB geologi-
cal basement whose top has been observed at a depth
of 1.13 km below the surface (Gardufio-Monroy et al.
1993), and it includes the shallowest geological units
(SL-SF, EB, Ag, LVdld, Pdld, and UVdld among oth-
ers), where the geothermal reservoir has been consid-
ered to be located at depths of around 1.5 km.

The selection of seismic events near stations
(i.e.,<0.035° in latitude and longitude) and restricted
to specific areas with incident angles less than 45°,
enabled to assure as much as possible homogeneous
conditions of some factors and phenomena that affect
the anisotropic signals (i.e., rock and lithology types,
fracture orientations, fluid inclusions, magmatic influ-
ences, or particular fault systems). This constraint on
the data enables us to observe a pervasive anisotropy
near the TVO1 (i.e., 8t n=31.95 ms/km), TV11 (i.e., ot
n=16.3 ms/km), and TV18 (i.e., 6t n=26.17 ms/km)
stations with a hypocentral distance from at least 3.5
and 4.0 km.

The relationships observed between values of &t vs.
foae A Vvs. Vg, and £, vs. V allow considering the
possibility that fracture systems could be affected by
different fluid content, steam flow, or that they have
been chemically sealed. These circumstances do not
seem to constitute a feature of a unique zone and depth,
as is evidenced by the different values of each data
group GAl, GA2, GA3, GB1, GCl1, GC2, and GC3
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(see Fig. 11 and Table 5). For instance, larger fluid con-
tent could be mostly considered in the 5—6-km depth
interval for those data related to station TV11 com-
pared with the 4-5-km depth interval, which is sup-
ported by the different f_,, and V, values (e.g., Fig. 12).

(4) The analysis of the main fast polarization directions
with respect to the different depth ranges of the ana-
lyzed seismic events, allowed considering a strong
NW-SE regional fracture system reaching a minimal
depth of 8.0 km, accompanied by minor NE-SW,
NNE-SSW, N-S, or E-W fracture systems which could
be representing intersection of fracture systems. In gen-
eral, it was possible to observe that fracture systems
contribute to the anisotropy observed at different depth
levels.

(5) Noteworthy variations of fast polarizations observed
in the rose diagrams, preferentially for those seismic
events analyzed deeper than 4-5 km at station TVO03,
5-6 km at stations TVOI and TV18, and deeper than
6.0 km at station TV11, indicate fracture systems in
other orientations, which could be due to the influence
of magmatic bodies, intrusive systems or subvolcanic
bodies, whose depths seem to be correlated with those
reported in other previous studies. The presence of
magmatic bodies could be supported by lower f,,, A,
and V, values (i.e., groups GB1 and GC1), which seem
to be located from the 4.0 km depth (e.g., for the seis-
mic events recorded at station TVO1 of the GB1 group,
Table 5) but more concentrated from the 5-6 km depth
interval and around EVV and EAV. It must be stated
that the location of possible magmatic bodies does not
necessarily follow a single depth interval with homo-
geneous effects, but in different places and depths.

(6) Our results indicate that anisotropy is being affected by
volcanic and geothermal processes, representing mul-
tifaceted effects operating throughout different places
and depths, where different fluid contents, steam flow,
and magmatic bodies could be occurring and inter-
acting at a same depth interval. Likewise, this study
evidences a structurally complex and highly fractured
area, at least in the zone of EVV and EAV and toward
the La Reforma, El Azufre, El Mezquital, El Volcan,
EPO, EV1, and EV?2 faults, which evolve as volcanic
and geothermal processes continue generating changes
in the local stress field.
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