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A B S T R A C T

Geophysical prospecting has become essential to identify low enthalpy areas with geothermal potential, mainly,
for direct uses. The present study uses two seismic techniques and lithological information from shallow bore-
holes located northeast of the Tres Virgenes Geothermal Field, B.C.S., Mexico, to identify geological structures of
geothermal interesting. Using the Multichannel Analysis of Surface Waves method (MASW), it was possible to
correlate the S-wave velocity model with the lithology from two wells drilled over the seismic profile.
Additionally, we generated a seismic reflection model to describe the geological distribution of deeper struc-
tures. The reflection profile, which reached depths of about 500m, was complemented with superficial in-
formation from a MASW velocity model. We found a relationship between the velocity distribution of P and S
waves from both models. The integration of seismic and lithological information allows us to identify a very
fractured subsurface and a deep zone with possible geothermal interest.

1. Introduction

In recent years, seismic prospecting has been widely used for subsoil
characterization in many applications. Although seismic refraction and
reflection methods, as well as surface waves analysis, share the same
theoretical basis, each one is distinguished because the parameters
analyzed yield in particular geological features information. Therefore,
the methodology to be used will depend on the objective of the study,
and it is important to consider the limitations of each technique. For
example, the seismic refraction method does not allow to identify low-
velocity zones in depth (Sheriff and Geldart, 1995).
The seismic reflection is one of the most utilized geophysical ex-

ploration techniques since it allows to identify seismic stratigraphic and
structural details from subsurface images at scales from tens to thou-
sands of meters (Kearey et al., 2002). It has been recently implemented
worldwide as an auxiliary tool for geothermal exploration (Manzella,
1973; Lamarche, 1992; Liotta and Ranalli, 1999; Cameli et al., 2000;
Brogi et al., 2003; Bruno et al., 2003; Zollo et al., 2008; Liberty et al.,
2015, among others). In this sense, seismic reflection is mainly used for
characterization of faults related to hydrothermal fluids transport and
other structures associated with the geothermic play, like fluids

accumulation, hydrothermal vents, intrusive bodies that work as heat
sources such as sills and dikes, and fronts of thermal alteration (MØller
Hansen, 2006; Kluesner, 2011; Lizarralde et al., 2011; Planke et al.,
2015; Sahakian et al., 2016; Gallegos-Castillo, 2019).
The seismic reflection method has represented a challenge when it is

applied in volcanic areas due to high attenuation of seismic energy in
depth, caused because the high-density of volcanic rocks generate that
most of the seismic energy is reflected towards the surface letting just a
small amount to be transmitted to greater depths, and, therefore, a low
quality of information beneath is received (Bruno et al., 2003; Liberty
et al., 2015). However, considering that many of the geothermal pro-
spects are located in volcanic zones, either near-surface or at a great
depth, techniques have been implemented to improve the quality of the
resulting images, as well as the integration of different geophysical
methods and borehole data that complement the seismic results (Planke
and Eldholm, 1999; Bruno and Castiello, 2009; Liberty et al., 2015).
On the other hand, Multichannel Analysis of Surface Waves (MASW)

is one of the most used methods in geotechnical characterization of
near-surface subsurface materials (Park, 2001). This technique allows
the generation of VS vs Z models (S- or shear-wave velocity vs depth),
from spectral analysis of surface waves. It is also used to identify
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tunnels or caves, to determine soil movement during large earthquakes,
soil amplification and liquefaction factor, in the characterization of
unconsolidated sediments, to map surface faults buried by sediments
and to delimit the top of the basement, as well as to complement in-
formation provided by other geophysical methodologies (Park et al.,
1998, 1999; Xia et al., 1999; Lin et al., 2004; Orfanos and
Apostolopoulos, 2012; Almalki and Munir, 2013; Roy and Jakka, 2017).
The MASW method is mainly used in areas of sedimentary environment
and has provided reliable S-wave values compared to borehole VS
measurements (Xia et al., 1999, 2000; Stephenson et al., 2005; Ismail
et al., 2014). Thus we can expect good responses when applied in
volcanic regions. Few studies report the resolution and effectiveness of
this method in volcanic environments near areas with geothermal po-
tential (Sena-Lozoya, 2019). Furthermore, Sáez Blázquez et al. (2018)
used the MASW (VS) and seismic refraction (VP) methods as support in
estimating thermal conductivity (k) of rocks from a geothermal zone of
low enthalpy, obtaining a good relationship between VS, VP y k.
The MASW method can usually achieve maximum depths of ∼

30m, considering a sled hammer as a seismic source, while seismic
reflection can visualize hundreds to thousands of meters, with a lack of
resolution in the first meters of depth. Therefore, complementing the
results of both techniques can be very useful in understanding both
superficial and in-depth information on the study area.
In this work, we carried out an acquisition of 4.8 km of MASW and

2.2 km of seismic reflection data southwest the La Reforma caldera,
close to the boundary with the Las Tres Vírgenes geothermal field, Baja
California Sur (BCS), Mexico. 2D seismic models were generated with

both methods (MASW and reflection). Also, two boreholes of 55m
depths were drilled (along of the seismic profile), and geological cores
were recovered to reconstruct the lithological profile for each well and
were used as geological referents of the subsurface to validate 2D
seismic models. The main objective of this work is for the first time to
understand the distribution of the shallow geological structures under
the La Reforma caldera and to identify seismic features related to low-
enthalpy thermal activity, for a new geothermal prospect.

2. Geological synthesis

Tres Virgenes volcanic complex is located in the northeastern part of
Baja California Sur, Mexico, about 35km NW from Santa Rosalía city
(Fig. 1). This complex is situated within the transtensional tectonic
domain (pull-apart) of the fault system with a right lateral displacement
that caused the separation of the Baja California peninsula from wes-
tern Mexico (Garduño-Monroy et al., 1993). The region comprises three
Quaternary volcanic structures (Garduño-Monroy et al., 1993; López-
Hernández et al., 1995; Macías Vázquez and Jiménez Salgado, 2013;
Avellán et al., 2018) that from older to younger are: La Reforma caldera
(LRC; 1.38 ± 0.03 Ma; García Sánchez et al., 2019; Schmitt et al.,
2006); El Aguajito caldera (EAC; 1.10 ± 0.8; Osorio-Ocampo et al.,
2019; Schmitt et al., 2006) and the Tres Vírgenes volcanic complex
(TVVC; Avellán et al., 2018; 2019). This complex is formed by a N-S
alignment fromed by La Virgen (LVV; 112 ± 21 ka; Avellán et al.,
2018), El Azufre (EAV; 146 ± 22 ka; Avellán et al., 2018) and El Viejo
volcanoes (EVV; 245 ± 39 ka; Avellán et al., 2018). These Quaternary

Fig. 1. a) Location of the Quaternary volcanoes in central Baja California, Mexico (red box). b) Main structures are: System of aligned volcanoes Las Tres Vírgenes
(TVVC): La Virgen (L.V.), El Azufre (E.A.) and El Viejo (E.V.); Las Tres Vírgenes geothermal field (LTVGF; yellow box); and El Aguajito and La Reforma calderas, both
limited by the Alamo Canyon. Main normal faults: RF (Reforma), CF (Campamento), CiF (Cimarrón), MzF (Mezquital). Regional faults and calderas boundaries were
taken from Avellán et al. (2018). DEM taken from INEGI (2019).
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volcanoes are situated on a granodioritic basement of Cretaceous age
(99.1 ± 0.8; Avellán et al., 2018), overlayed by a volcano-sedimentary
sequence known as the Comondú group, and shallow marine deposits of
the Santa Rosalía Basin (Wilson and Rocha, 1955).
LRC is the result of Quaternary volcanism ocurred between 1.4 to

1.2 Ma that formed a 10–12 km wide nested caldera with a central
resurgent dome (Garduño-Monroy et al., 1993; Schmitt et al., 2006;
García Sánchez et al., 2019). The LRC is a very complex structure
formed by three nested calderas and associated ignimbrites with lava
flows and domes located near the margins and within the caldera

Fig. 2. a) Location of the study area (black rectangle) located at a strategic location between the Quaternary volcanoes in the area. b) Zoom in of the study area
showing the MASW profile (yellow triangles), seismic reflection profile (hollow triangles) and wells 1 and 2 (W1 and W2, respectively, in red circles). S1 to S5 are the
segments in which the MASW seismic line was divided. Faults and calderas boundaries were taken from Avellán et al. (2018).

E.B. Sena-Lozoya, et al. Geothermics 84 (2020) 101743

3



(García-Sánchez et al., 2019). On the other hand, we can distinguish
two sequences, the granodoritic basement inside this caldera (Shmidt,
1975) and sedimentary rocks as suggested and better displayed by
García-Sánchez et al. (2019). Also, several studies have reported the
presence of surface spring waters in the LRC and in its limit with El
Alamo canyon (located at approximately 2 km from the shallow wells
drilled for this work) (e.g., Portugal et al., 2000; Prol-Ledesma et al.,
2016). From the chemical analysis of waters, Portugal et al. (2000)
propose the possible presence of a shallow magmatic chamber that
underlies caldera and intrusive bodies below it. The LRC is situated east
of the Tres Virgenes Volcanic Complex and the Las Tres Vírgenes geo-
thermal field (LTVGF), which is one of the four geothermal fields in
Mexico operated by Comisión Federal de Electricidad (CFE-Generación
VI) with a capacity production of 10MW (Gutiérrez-Negrin, 2019;
Romo-Jones et al., 2018).

3. Materials and method

3.1. Materials

An acquisition of MASW data and multichannel seismic reflection
profiling was performed in May 2017, at a strategic location near limits
between LRC and LTVGF (we cannot assure that is also at the limits
with the EAC; Fig. 2a). In this place the possible process of thermal
recovery under the caldera and the effect of the thermal anomalies from
geothermal field itself, could envisage with a possible geothermal po-
tential, principally for direct uses. The equipment used included an
impulsive seismic source GISCO ESS500 of accelerated weight drop (a
metallic plate of 220 kg falling at 5m/s of velocity) and 24 vertical
geophones with 4.5 Hz of natural frequency.

3.2. Data acquisition

3.2.1. MASW
In the field, MASW data were acquired using an aligned arrange-

ment of 24 vertical geophones with a spacing (gx) of 10m between
them. The seismic data acquisition was carried out in twenty con-
secutive profiles of 230m each along a total length of 4.8 km (Fig. 2b).
The energy source was used every 10m along the spread lines and 50m
away from both edges (moving-source configuration) obtaining 27 re-
cords per profile, with recording length (t) of 2000ms at 0.125ms
sample interval (dt). This acquisition was made along an enabled path,
according to the accessibility of the area; thus, the survey spread is not
a straight line (Fig. 2b).

3.2.2. Seismic reflection
The seismic reflection survey was started northeastern from the

MASW profile over the same path (Fig. 2b) with 2200m of spread
length, using a conventional linear arrangement with gx=5m and
offset= 50m, t =2000ms and dt =0.125ms.

3.2.3. Shallow wells
In the same area, two boreholes were drilled with the driller Drilling

2800HS (HT), able to drill 70m of depth, a property of CICESE-
CeMIEGeo. Both wells are 55m depth. Well 1 (W1) was performed NE
the seismic surveys (corresponding to the nearest available zone to La
Reforma caldera) at 502 masl, and geological cores were obtained at a
maximum depth of 50m. Well 2 (W2) is located 1400m SW from W1
(Fig. 2b) at 524 masl, with the recovery of cores up to 55m depth. The
lithological profiles from W1 and W2 were carried out and interpreted
with the support of CeMIE-Geo technical-staff.

3.3. Methods

3.3.1. MASW
The general method for construction of VS profiles, once the seismic

data has been acquired, consists of a) generation of dispersion image, b)
extraction of dispersion curve(s) and, c) inversion of dispersion curve
(s). Data processing was carried out in 1D and 2D using the SeisImager
software package (Geometrics) with the procedure described by
Hayashi (2003).
The 4.8 km line was divided into five segments, each with an ar-

rangement as linear as possible, composed by six or less seismic profiles
(Fig. 2b), and 2D models were generated in each of these segments.
Also, 1D models were made at the position of each well to correlate
with the corresponding lithological columns.

3.3.1.1. MASW 1D. Dispersion images were generated (Fig. 3a and b)
from the closest seismic records to each well (W1 and W2). Entry
parameters were minimum (fmin) and maximum (fmax) frequency
values of 5 and 30 Hz respectively, according to the natural frequency
of sensors and above which no information of interest is observed,
respectively, as well as maximum phase velocity (Vfasemax) of 2000m/s
according to the type of soil. To extract the corresponding dispersion
curves, we selected the fundamental-mode phase velocity in the higher
amplitude values (blue trends in Fig. 3a and b) within the range of
frequencies specified. From this, dispersion curves were generated in
diagrams of phase velocity - frequency (c - f) as shown in Fig. 3c and d.
Finally, an iterative inversion of each dispersion curve was carried out
by the nonlinear least squares method, with 15 iterations, starting from
an initial model of 10 layers and Vfasemin and Vfasemax values according
to the observed data. From this, a VS vs Z model was obtained, at the
center of each receiver spread (Xia et al., 1999).

3.3.1.2. MASW 2D. Fig. 2b shows the location of the five segments
processed separately to generate 2D models. The procedure is the
following. a) Selecting the set of seismic records corresponding to each
segment, b) assigning shot points and receivers geometry. c) Common
Mid-Point Cross-Correlation analysis described by Hayashi and Suzuki
(2004). d) The MASW method is applied to the CMPCC gathers, to
calculate phase velocities, using values of fmin =5 Hz, fmax= 30 Hz and
Vfasemax = 2000 m/s; after this process, we obtained the corresponding
set of dispersion curves (Fig. 4) instead of individual dispersion images.
e) Basic filtering was applied individually to each dispersion curve to
eliminate noise and higher modes; the information of interest was
concentrated, mostly, within 5–25Hz. f) A non-linear least squares
method was applied to the dispersion curves to reconstruct the 2D S-
wave velocity profile; an initial model is generated with ten layers, and
inversion with 15 iterations. g) Finally, we obtained one 2D S-wave
velocity model per segment.

3.4. Seismic reflection

Seismic reflection data were processed using Landmark’s ProMax®
software, and following a conventional processing sequence (Yilmaz,
2001) that included the following stages: a) Pre-stack: trace editing,
geometry, static correction, deconvolution, filter application (top-mute,
band-pass, and F-K); b) Stack: ordering by CDP, velocity analysis and
Normal Move-Out (NMO) correction; c) Post-stack: spherical diver-
gence correction, migration in time and migration in depth. Geological
interpretation included a study of the main seismic-stratigraphic and
structural characteristics observed in the seismic reflection section.

4. Results

4.1. MASW

4.1.1. 1D Models
Resulting 1D MASW models are presented in Fig. 5a and b for the

two wells. Both models show a gradual variation of seismic velocity
with depth. This variation can be grouped into three zones, where the
central zone (CZ) has lower VS values than the upper part (UZ), and this
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in turn smaller than the deepest one (LZ). The resulting model of W1
suggests an average value of VS in UZ ≈ 547m/s, CZ ≈ 474m/s and LZ
≈ 666m/s; and the W2 model in UZ ≈ 561m/s, CZ ≈ 458m/s y LZ ≈
655m/s. The RMS values of both profiles were less than 3%. Each
model represents the average S-wave velocity variation within subsur-
face structures beneath the center of the corresponding geophone
spread (Xia et al., 2000).
Borehole lithological data, presented in Fig. 6b, was correlated with

the corresponding S-wave velocity model (Fig. 7a and b). This com-
parison showed reasonable matching of the velocities zones from
MASW models and lithological limits from each borehole column;
therefore, it was possible to associate low-velocity zones (CZ) from both
profiles with the volcanic ash layer.

4.1.2. 2D Models
2D models of VS resulting from the five segments (Fig. 2b) are

shown in Fig. 8a-e. The five 2D MASW profiles reach an imaged depth
range from 1 to 55m. Low-velocity zones (green and blue) were iden-
tified in every section, with VS gradual variation in depth, and lateral
distribution semi-parallel to the surface. Also, velocity discontinuities
and anomalous VS areas were observed at depths higher than 30m that
may be related to geological structures such as faults. The region of
highest VS values was found within models S3 and S4, with values from
800 to 1200m/s.
The 2D model of S5 (Fig. 8e) contains the information between the

two wells, showing a semi-continuos VS lateral distribution, where we
identified a low-velocity zone within the depth range from 10 to 40m,
approximately. To complement this information, we correlated this
model with the corresponding lithological column of W1 and W2
(Fig. 9). This comparison allowed to relate favorably every type of rock
limit from borehole data with main changes of VS in depth. The low-
velocity zone, delimited by H1 and H2, is associated with volcanic ash
units, and beneath this, sequences of basalts and rhyolites. Besides, with
seismic velocity distribution, it was possible to corroborate the litho-
logical disposition of subsoil within the two wells, as well as between
them, and the effectiveness of this method applied in a volcanic region
near geothermal systems.
A complete VS image was generated along the 4.8 km. This model,

presented in Fig. 10, shows a semi-uniform distribution of VS in the first
30m depth, although the areas of low seismic velocity are pointed out
(yellow ellipses). Up to this depth level, the most prominent VS lateral
contrasts are shown and interpreted as possible superficial faults (black
dashed lines). Red dotted line delimits maximum VS values within the
whole model, related to a medium of higher density. Also, wells W1 and
W2 are positioned, volcanic ash horizon is delimited in white dotted

Fig. 3. a, b) Dispersion images resulting from time to frequency domain transformation of W1 and W2 seismic records, respectively. c, d) Dispersion curves extracted
from selection of the Rayleigh waves fundamental mode (maximum amplitude in blue) within the spectral images of W1 and W2, respectively.

Fig. 4. Set of dispersion curves obtained from 2D processing of segment 5
(seismic records contained between the two wells).
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lines, and the red box (Fig. 10c) encloses the MASW portion that
matches the seismic reflection profile. According to the VS distribution
(Fig. 10), we inferred that the lithology from W1 y W2 extends laterally
along the study area.

4.2. Seismic reflection model

The resulting seismic reflection section is presented in Fig. 11a,
which matches a portion of the MASW model (Fig. 2b, Fig. 10b, c), and
intersects the two wells. This section highlights a remarkable contrast of
high and low seismic amplitudes, delimited by horizon R1 in green
(Fig. 11b). Above R1, lies a zone with VP values of 2000–3000m/s,
possibly related to sequences of basalts and rhyolites (according to
borehole lithology). Below R1, there is a region of low amplitude that
migth be associated with ignimbrites, according to lithology from LV-2
(CFE internal report, 1993) and to the stratigraphics sequence reported
(Macías-Vázquez and Jimenez-Salgado, 2013; Avellán et al., 2018;
García-Sánchez et al., 2019). Even though the seismic profiles are lo-
cated in the boundary between Aguajito and Reforma calderas, the
seismic method does not allow us to identify the type of rock in depth,
or distingtuish whether the ignimbrites belong to Aguajito or Reforma
caldera. Also, wells W1 and W2 (55m in depth) did not cut any sample
of ignimbrite and did not reached the zone where we interpreted them
(200–400m) in depth. Thus, to determine the lithology of the se-
quences seen in the seismic section we would need geological cores
from depths of 200–400m.

5. Discussion

Vertical resolution reached in this seismic profile was approxi-
mately 500m, and "whitening" of the signal is observed, for the most
part, from 200 and 300m depth. Chaotic reflectors pattern may be due
to the dispersive nature of volcanic environments. However, it was
possible to identify several faults of different length and dip (yellow
line), whose abundance evidences intense fracturing of rocks beneath
the study area. This finding would explain the high loss of circulation
presented during the drilling of the wells.
The MASW model allowed us to characterize the subsurface

structures from the distribution of VS in the first 60m depth, con-
strained with lithology from W1 and W2. Reflection profile does not
resolve the small-scale structures (first 40m depth) imaged by MASW
models; therefore, this section (Fig. 11b) was complemented by over-
laying the corresponding MASW profile (Fig. 10c), as shown in Fig. 12c.
In this way, an entire seismic image was obtained, consisting of seismic
structures from 1 to 60m (MASW) at the shallowest portion, and from
60 to 500m (reflection) at the deepest part.
From this comparison (Fig. 12c), it was found that the variation of

both VS from MASW model and amplitudes from the reflection section
is consistent. Highest velocity values in the MASW profile are delimited
by the dotted red line and decreases laterally rightward. Likewise, in
the reflection section, the highest seismic amplitudes are below 2400 to
3300m distance, and the very low amplitude zones agree to underlie
the weaker VS portion.
The amplitude of seismic reflectors is related to the rocks velocity

and density. Kell (2014) and Sahakian et al. (2016) have reported
seismic images with similar features to the area below R1, where the
amplitude of seismic reflectors decreases drastically from one area to
another, occurring "obscuring" of stratigraphy. The seismic signal in-
terruption and the creation of vertical acoustic striping, are related to
fluid accumulation, indirect evidence of lateral fault deformation, po-
tential permeability pathways for fluids migration, presence of gas or
thermal alteration fronts, mainly in sites located near geothermal sys-
tems (Kell, 2014; Sahakian et al., 2016).
Although most of them were performed in sedimentary environ-

ments, the characteristics identified by these authors are comparable
with those observed in the present study, which reports favorable re-
sults of two seismic surveys conducted in a volcanic environment site
close to areas with geothermal potential
Further comparison between the results of the two seismic methods

showed a relationship between the structures observed in the MASW
profile (black lines) with some faults interpreted in the reflection sec-
tion (yellow).
The map showed in Fig. 12b integrates the surface projection of

these correlated faults (orange lines), and low-velocity seismic regions
(pink ellipses) cut at 200m in depth from the Fig. 11b, which are in-
terpreted as possible hydrothermal alteration fronts.

Fig. 5. 1D models of VS (shear- or S-wave velocity) corresponding to Wells 1 and 2 (a and b, respectively) generated with the MASW method. The end of dark gray
areas corresponds to the effective depth of investigation. Every step corresponds to one of the ten layers from initial model. The dotted lines separate the three distinct
velocity zones, according to its distribution: UZ=upper zone, CZ= central zone, LZ= lower zone.
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Fig. 6. a) Geological map of the study area (taken and modified from Antayhua-Vera, 2017) with the proyection of both wells (W1 and W2; red circles) and the
seismic lines (yellow and hollow triangles). b) Lithological columns generated from the geological data of volcanic rocks recovered from W1 and W2, in the study
area.
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Fig. 7. 1D models of VS and its correlation with lithological columns from (a) Well 1 and (b) Well 2. Zones: Upper (UZ), Central (CZ), and Lower (LZ), related to
pumice, volcanic ash, and basaltic layers, respectively.
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Fig. 8. 2D models of VS corresponding to seg-
ments a) S1, with 1190m in length; b) S2, of
950m; c) S3, of 690m long; d) S4, the smallest
line of 460m; e) S5, whose 1400m in length
corresponds to the information contained be-
tween Wells 1 and 2, which are represented
with black vertical lines. Color scales represent
minimum and maximum VS values from each
section. Blue colors are low-velocity values,
and red ones are the highest VS zones.

Fig. 9. 2D model of VS from segment 5 and its correlation with the lithological columns of wells W1 and W2. Horizons H1 and H2 delimit the low-velocity zone that
matches the volcanic ash layer.

Fig. 10. 2D model of VS from the 4.8 km long seismic line. a) Original. 'S1-S5′ indicates the location of segments 1 to 5, respectively. b) Interpretation showing: very
low-velocity zones (yellow ellipses); potential faults (black lines) interpreted from the most prominent lateral contrasts of VS; the region with maximum values of VS
(in red dotted line), W1 and W2 within the seismic profile; and the layer of volcanic ash (white dotted lines). The red box contains c) zoom to the portion of this
model that matches the seismic reflection profile. Fig. 12 shows a combination of both sections.
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Fig. 11. Resulting 2D seismic reflection section. a) Original. b) Interpreted. Horizon R1 (green line) points the limit between high and low seismic amplitude areas
(upper and lower, respectively). Yellow lines represent interpreted geological faults. The geological units associated with each region are indicated.

Fig. 12. MASW and seismic reflection profiles. a) Location map of seismic profiles and the two wells. b) Zoom to the study area. The white box contains the seismic
lines displayed in c) and the location at the surface of the low-velocity regions (cut at 200m depth) (green ellipses), as well as the faults correlated on both profiles
(MASW and reflection) (red lines). c) Overlay of the 2D MASW model (0–60m) and the seismic reflection section (60–550m). W1 and W2, wells. The zone with
maximum VS in the MASW model it is delimited with the dotted red line, and the volcanic ash layer in dotted white lines. Faults interpreted in the MASW model
(black lines) consistent with those (in yellow) of the reflection section. Green horizon: limit between high (upper) and low (lower) seismic amplitude areas.
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Seismic results of this work are consistent with the models and maps
of electrical resistivity reported by Antayhua-Vera (2017), where small
conductive anomalies, found within our study zone, agree in 500m of
depth with the location of our low velocity zones (pink ellipses).
Some authors (Manzella, 1973; Garduño-Monrroy et al., 1993;

López-Hernández et al., 1995; Romo-Jones et al., 2000; Flores, 2003)
relate the anomalies of high electrical conductivity occurring in regions
of fault junction to intense fracturing and hydrothermal fluids in the
subsurface. From seismic results of this work, we identify areas of
abundant fractures in depth. Furthermore, seismic regions of low ve-
locity, along with the zones of low electrical resistivity from Antayhua-
Vera (2017) allow suggesting possible hydrothermal alteration fronts
above 300m depth within the study area. This proposal is supported by
the proximity of the study area to the geothermal system in operation
(LTVGF), thermal springs (Prol-Ledesma et al., 2016), inferred super-
ficial faults around the study area (Garduño-Monroy et al., 1993; Romo-
Jones et al., 2000; Macías Vázquez and Jiménez Salgado, 2013), a
magma chamber under Tres Virgenes volcanic complex better described
by Avellán et al. (2018) and a possible magma chamber below the La
Reforma caldera proposed by Portugal et al. (2000).
The seismic results can be related to lithological sequences reported

by several authors around the study area (CFE internal report, 1993;
Macías Vázquez and Jiménez Salgado, 2013; Avellán et al., 2018; 2019;
García-Sanchez et al., 2019); however, to define the type of rocks, the
disposition of the volcanic sequences, and the precisely location where
the possible thermal fluids are hosted, it is necessary to prospect this
specific zone with more geophysical methods, that complement the
results of the present work, but also deeper exploratory boreholes with
recovery of core samples.
These results constitute a useful preliminary knowledge of the study

area and open up the need and possibility of carrying out temperature
measurements in the boreholes (W1 and W2), which are necessary to
estimate thermal gradient and heat flow, and hence, its thermal beha-
vior and its relationship with seismic structures of possible geothermal
interest, mainly for direct utilization.

6. Conclusions

The final results of this work represent the first seismic reports
within the La Reforma caldera (close to the boundary with the Tres
Vírgenes geothermal field); as well as the first lithological information
(first 55m depth) of the area. The seismic source of weight drop,
achieved a maximum depth range of 60m imaged in the 2D models of
MASW, higher than that usually obtained with a sled hammer. The
correlation between 1D and 2D models of VS with the lithological col-
umns from W1 and W2 yield a good relationship between the limits of
each type of rock and vertical changes of seismic velocity. From this, a
wide low-velocity zone was associated with the volcanic ash layer. The
semi-continuous distribution of seismic velocities along the MASW
profile suggested that lithological arrangement obtained from W1 and
W2 is the same in the first 50m depth throughout the study area.
Thereby, low-velocity seismic structures may be found anywhere. For
this reason, it is not advisable to use the seismic refraction method to
characterize the shallow subsurface of this region. Then, we re-
commend using the MASW method, because of its effectiveness, even in
volcanic environment areas. The comparison between the MASWmodel
and the seismic reflection section showed that the variation of S-wave
velocity (MASW) and amplitudes (reflection section) was consistent.
The lowest VS values (MASW) confirmed the presence of deeper low-
velocity zones (reflection). Seismic results of this work showed intense
fracturing in the subsurface of this area, as well as deep low-velocity
regions, consistent with low electrical resistivity anomalies. These facts
and the proximity with the geothermal field (LTVGF) allowed sug-
gesting possible hydrothermal alteration below 300m in depth. Future
works should involve more geophysical researches in this area that
complement the present work and that allow identifying with greater

precision the location of hydrothermal alteration at depth and estimate
the geothermal energy available. At present, we are developing thermal
analysis within the two boreholes to estimate shallow thermal gradient
and heat flow, that let us know the thermal behavior in the subsurface
of the area of interest.
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