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ARTICLE INFO ABSTRACT

Keywords: The Los Humeros volcanic complex is a geothermal field in Mexico that is now being further investigated
Super-hot geothermal system (SHGS) as a candidate for the development of a super-hot geothermal system, as it has a temperature of over 350
Volcanic caldera °C. The European Horizon 2020 project GEMex (2016-2020) worked in this context aiming to characterize

Active-seismic data
Velocity model
Deep structures imaging

the geological and geophysical aspects of the area to assess the feasibility of a super-hot geothermal system.
We describe the results of time and depth processing and interpretation of legacy 2D reflection seismic lines
acquired in 1998 to study the deep structures of the caldera in the Trans-Mexican Volcanic Belt. The study is
relevant for the geophysical characterization of the subsurface in this area, where no vertical seismic profiles
are available but only two short sonic well logs. The interpretation of selected seismic horizons in the seismic
depth profiles was first determined by the local geological model of the curved caldera and then calibrated
by the stratigraphy of the boreholes and the matching of the 2D seismic lines crossing points. The processing
outcomes are depth-migrated profiles, the corresponding P-wave velocities and the updated geological models.
The main results are the representation of the basement and the identification of the structural make-up of
the main units with some of the main faults of the collapsed caldera. Our results provide new insights into
the subsurface geometry of volcanic collapses and the geothermal field contained within them at the caldera

scale.

1. Introduction conditions, the fluids have a complex and aggressive geochemical com-

position that makes it more difficult to extract the geothermal resource

The Los Humeros volcanic complex (LHVC) is an important active (Calcagno et al., 2018).

geothermal field in the easternmost part of the Trans-Mexican Volcanic The H2020 European-Mexican collaboration project GEMex
Belt (TMVB) in central Mexico, which is the largest active caldera (GEMex, 2016) was carried out to create 2D and 3D geological, geo-
located in the northernmost part of the eastern sector of the Trans- physical and geochemical models to better define and improve the
Mexican volcanic belt (Carrasco-Ntfez et al., 2017a; Norini et al, characterization of this superhot geothermal reservoir (Calcagno et al.,

2015, 2019). Los Humeros is one of the oldest geothermal producing
fields in Mexico (Arzate et al., 2018), the second after Los Azufres
producing electricity in the area of the TMVB (Prol-Ledesma, 1998).
This geothermal field has been exploited since the 1990s (Carrasco-
Ntnez et al., 2015) and the geothermal power plant has an installed
capacity of about 90 MW (Gutiérrez-Negrin, 2019). Recently, new
interest has arisen in LHVC because it is now considered a poten-
tial candidate for the development of a super-hot geothermal system
(Calcagno et al., 2018). A geothermal system is typically defined as
super-hot when its temperature is higher than 350° C. Under these velocities from 2400 to 3200 m/s, the expected vertical resolution

2022) with additional information on the structures at depth, including
an enhanced understanding of the recharge mechanism, which is of
great importance for the exploitation of this superhot geothermal
reservoir. The results are available on GEMex website https://gemex.
igg.cnr.it/.

The active seismic can enhance the resolution typically obtained
with passive seismic methods (e.g., Toledo et al., 2020 and Granados-
Chavarria et al., 2022). Assuming a signal frequency of 20 Hz and
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of the seismic reflection data (cf. also Eq. (1) in Section 3.4.1) is of
the order of 30-40 m. For the same velocities, the lateral resolution
of the active seismic before migration ranges between 120-240 m,
considering a two-way time (t) of 0.2 and 0.45 s, respectively (Eq. (2)
in Section 3.4.1). The goal of migration is to collapse the spatial signal,
and to obtain a spatial resolution in the order of half the dominant
wavelength of the signal, which can be estimated to be of the order
of 50-100 m. Therefore, the additional use of active-seismic data
can be highly beneficial for the characterization of deep structures
(e.g. Berkhout and Verschuur, 2009 and Gashawbeza et al., 2005). In
this paper, we present the results of the processing of legacy active-
seismic data performed in the framework of the GEMex project to
investigate the deep structures of the Los-Humeros caldera.

Many different geological and geophysical data have been ac-
quired in the area (Arzate et al.,, 2018). About 60 wells have been
drilled (e.g. Carrasco-Nuiiez et al., 2017a), which supplied lithological,
geothermal, geochemical and well-log information. The latter is avail-
able for the wells H42, in the depth interval from 1287 to 2206 m, and
H43, in the depth interval from 1241 to 1638 m (Figs. 1 and 2). The
well data are provided by the Mexican Comisién Federal de Electricidad
(CFE).

In addition to the aforementioned geophysical and geological data,
legacy active-seismic dataset available for LHVC have been identified
and utilized in the framework of the GEMex project. These data consist
in four 2D reflection seismic lines (named L2, L3, L4 and L5), acquired
by the Compaiiia Mexicana de Exploraciones S.A. (COMESA) in 1998
with Vibroseis source (COMESA, 1998) for CFE. These sections form a
system of crossing lines in the central part of the caldera.

The quality of this active-seismic dataset is challenging due to
the irregular field shots coverage in some locations along the seismic
lines, to variable S/N in the recorded data and to the strong high-
cut frequency filtering of the recording source patterns and receiver
arrays. This determines the presence of important directional effects
especially in the processing of the shallower data. A relevant work
of pre-processing with signal-quality analysis was performed at the
National Institute of Oceanography and Applied Geophysics (OGS).

The quality-control analysis was supported by seismic elastic mod-
eling for the interpretation of the wavefields observed in the real shots.
This study included a revision of the available geological and geophys-
ical models. We started evaluating the petrophysical model used in
Farina et al. (2019), which was derived from the lithological model of
Gutiérrez-Negrin and Izquierdo-Montalvo (2010) and the V properties
derived from the rock cuts provided by the geothermal wells and based
on previous works (e.g., Viggiano-G. and Robles, 1988; Contreras et al.,
1990). To estimate the shear velocities, they assumed the reference
ratio Vp/Vg = 1.76 (Lermo et al., 2008). Farina et al. (2019) used a 1D
model to analyze the possible effects on the seismic properties of two
different heat-transport mechanisms. Afterwards, Poletto et al. (2019)
calculated full-waveform synthetic signals based on the 2D geological,
velocity and temperature models of Los Humeros (Figs 7, 8 and 9 in
Poletto et al., 2019) proposed by Verma et al. (1990).

In the following, we will illustrate the main features and results
of the processing of these legacy seismic lines. In the calculations
of the elastic signals we have not included temperature effects. The
aim is to provide an overview of the active-seismic information for
joint evaluation and data integration with other geological and geo-
physical data collected in the framework of the GEMex project. After
an initial processing in the time domain, with a preliminary time—
velocity analysis, including inversion of the shallow direct arrivals,
the compressional seismic signals have been processed and inverted
directly in the depth domain by 2D pre-stack depth migration (PSDM).
The initial P-waves depth-interval velocity model was set up utilizing
literature information and the results from the geological model of the
GEMex project (2016, work-package WP3), which includes relevant
information about geological formations and faults (Calcagno et al.,
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2018) (Fig. 2). The initial model was then updated by subsequent
velocity analysis based on seismic coherency methods.

These active-seismic data represent a unique dataset to characterize
the geological structures at depth, even at greater depths than those
of the wells, which is even more important in the absence of vertical
seismic profiles (VSP) in the area.

2. Geological setting

The LHVC is a collapse caldera hosting a geothermal field located in
the eastern sector of the TMVB, which is constituted by bimodal volcan-
ism with large stratovolcanoes, calderas, cinder cones, rhyolitic domes
and maars (Carrasco-Nuifez et al., 2017a and references within). LHVC
originated in the Pleistocene and it is mainly a basalt-andesite-rhyolite
caldera (Yéanez and Garcia, 1982; Carrasco-Nuifez et al., 2017a).

The present caldera complex originated from different eruptive
episodes, including two major caldera-forming events. As can be seen
in the maps of Fig. 1a and b, this caldera complex is characterized by
two partially-preserved ring structures. The external, bigger and older
one, the Los Humeros caldera, originated 164.0 + 4.2 ky ago (Carrasco-
Nifez et al., 2018) with the eruption of the 290 km? rhyolite Xaltipan
ignimbrite (Cavazos-Alvarez and Carrasco-Nuiiez, 2020). The inner
one, comprising Los Potreros caldera, formed 96 ky ago, is associated
with the eruption of the 15 km3 Zaragoza ignimbrite (Carrasco-Ntiiez
and Branney, 2005; Carrasco-Nufez et al., 2018), (Fig. 2).

Between these two main episodes and after them, various erup-
tive episodes of different eruptive styles (effusive and explosive erup-
tions) and chemical composition contributed to the evolution of the
LHVC (Ferriz and Mahood, 1984); Carrasco-Nuiiez. A reviewed lithos-
tratigraphic interpretation of the subsurface geology was proposed
by Carrasco-Ntfez et al. (2017a) for LHVC, subsequently recalled by
Calcagno et al. (2018) within the GEMex project. This interpretation
considers four principal groups reported in the geological cross section
of Fig. 2 and named as follow:

G1 = Post-caldera;

G2 = Caldera volcanism;

G3 = Pre-caldera andesitic volcanism;

G4 = Regional meta-sedimentary basement.

These groups are subdivided into nine lithostratigraphic units
(Carrasco-Ntfez et al.,, 2017a; Calcagno et al., 2018; Arzate et al.,
2018; Weydt et al., 2021). In the geological analysis of the seismic
models, we used both the nine lithostratigraphic units and the new
3D regional and local models provided by Calcagno et al. (2018), as
guidelines to interpret the 2D seismic lines and the velocity profiles.

3. Data processing

We focus on the geophysical and geological analysis on the superhot
geothermal system of the LHVC (GEMex, 2016). Many studies have
been done to characterize and understand the behavior of this geother-
mal reservoir in terms of geophysics and geology (e.g. Arzate et al.,
2018; Carrasco-Nunez et al.,, 2017a; Urban and Lermo, 2013, 2017;
Lermo et al., 2008; Weydt et al., 2021), petrology and volcanology
(e.g. (Ferriz and Mahood, 1984; Carrasco-Nuiez et al., 2012)), thermal
and pressure conditions (e.g., (Deb et al., 2021)). For our analysis, we
start from the simplified lithological model of Gutiérrez-Negrin and
Izquierdo-Montalvo (2010) and derive the solid and dry-rock properties
from literature in addition to the reported average porosity and density
(Aragbn-Aguilar et al., 2017; Garcia-Estrada, 1992).

The contribution of active seismic data is relevant to provide de-
tailed information on deep seismic structures, to be integrated with the
other geological and geophysical measurements in the local model of
Los Humeros (Calcagno et al., 2018). Below, we describe the work of
reprocessing of the legacy active-seismic data of Los Humeros.
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Fig. 1. Location map of the active seismic lines with (a) shot points and receiver positions marked by yellow bullets and crosses, respectively, and (b) CMP (blue bullets) positions
in the Los Humeros volcanic complex (LHVC). The location of the wells H42 and H43, for which sonic logs are available, are marked with red bullets. The LHVC fault system

is also shown (modified after Calcagno et al., 2018). In the bottom-left corner, the positio;
red lines (modified after Arzate et al., 2018). The black line AA’ in figure (a) represents th

n of the LHVC in the Trans-Mexican volcanic belt is shown by light blue, green and
e cross section shown in Fig. 2. The coordinate system is WGS84 Zone 14North. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Schematic geological cross section of the Los Potreros caldera, showing the subsurface geometry of the main stratigraphic units, volcanotectonic structures and geothermal
wells. Vertical axis shows elevation in meters above sea level, horizontal axis show distance in meters. The trace of the geological cross-sections is shown in Fig. 1.

Source: Modified from Carrasco-Nifez et al. (2017a).

3.1. Data collection and editing

The purpose of this step was to recover, restore and prepare the
relevant active-seismic dataset for the subsequent reprocessing. The
raw data have been supplied by Universidad Nacional Autonoma de
Mexico (UNAM), with the permission of CFE.

The initial preparation phase required data formatting to SEGY,
selection and editing. The legacy dataset consisted partly of already
correlated shot points (SP) (5 s length) and partly of non-correlated SPs
(21 s length), for the available SP with a variable number of repeated
vibrations for every shooting position of each line. Consequently, we
completed the process of crosscorrelation of the raw geophone traces
with the vibroseis-source sweep, and stacked the correlation results
(vertical stack) for each nominal shot point missing in the already-
correlated dataset, apart from a few superpositions. While the original
correlated and stacked SP files have been provided with an average
number of one or two repetitions for each SP position for all the lines
— with the only exception of one shooting position with higher number
of repetitions —, for the original uncorrelated traces we have from 10
to 12 vibrator-shooting repetitions for the same SP.

The legacy correlated SPs and the SPs were correlated starting from
the field signal show signal amplitude variability among the shots of a
same line. There was also large amplitude variability in the traces of
the individual shot gathers, so, before multichannel signal processing,
we balanced the traces within the single shots to mitigate undesired
amplitude variation effects.

3.2. Acquisition layout

The reflection-seismic survey consists in four 2D lines acquired in
Los Humeros Caldera with Vibroseis source by COMESA, for CFE in
1998:

- L2,
~ 13,
~ 14,
~ 15,

with total acquisition length 7145 m;
with total acquisition length 8293 m;
with total acquisition length 9444 m;
with total acquisition length 8695 m,

Fig. la shows the location of the seismic lines crossing in the
faulted caldera area, with the position of sources and receivers. Table 1
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Fig. 3. The two different patterns of vibrations (a) and (b), described in Table 1 (modified after seismic acquisition report; COMESA, 1998).

Table 1
Main acquisition parameters for the Los Humeros active seismic lines.

Parameter

Value

Line length
Source
Sample rate

Record length

Sweep frequency
Sweep parameters

Detection pattern

Receiver spacing
No. of channels

L2 = 7145 m, L3 = 8293 m, L4
= 9444 m, L5 = 8695 m
Vibroseis

2 ms

5 s correlated data, 21 s raw-field
data

12-64 Hz

4 Vibrators — 16.7 m - 10 sweeps
-5.5m (a)

3 Vibrators — 25 m — 13 sweeps —
4.16 m (b)

16 + 5 s sweep length

N =24 elements; X =4 m at
constant distance; L =92 m

50 m

96

Offset min = +300 m, Max = +2700 m

Spread Symmetrical split, gap 11 traces

Geo datum NAD-27 converted to WGS84
Zone 14N

Fold 4800%

summarizes the main acquisition parameters. The vibroseis source has
a sweep-frequency bandwidth between 12 and 64 Hz.

The acquisition report provides the specifications of two different
source patterns (COMESA, 1998). One pattern consists of 10 moving
positions X 4-vibrators-array spaced 16.7 m with a shift of 5.5 m
between each block (Fig. 3a), and another of 13 moving positions
X 3-vibrators-array, spaced 25 m with a shift of 4.2 m (Fig. 3b),
both with a total length of approximately 100 m. This total length is
comparable to the length of the receiver detection pattern. However,
there are no detailed indications about the distribution of the two
acquisition patterns of Fig. 3 within the survey layout. With both these
configurations, the pattern directivity effects at sources and receivers
are stronger for signals with shorter apparent wavelengths, i.e. higher
seismic frequencies and inclined incidence angles. The radiation and
directivity properties of the patterns of vibrator sources and response
of the geophone receiver array are discussed in detail in Appendix A.

The practical effect is a difficult interpretation of weak
high-frequency signals at shallow depths in the seismic data. In ad-
dition, the complexity and variability of near-surface conditions over
large arrays, although aimed at boosting the weaker reflection signals

emerging with vertical travelpaths from depth, can conversely lead to
obtaining weaker shallower signals where non-constructive grouping
and stacking is achieved. We observed that the source patterns, al-
though attenuating the surface waves, in general, generated poor S/N
especially for direct and refracted events at higher frequencies and
positions closer to the shot point (short offsets near the gaps).
Moreover, in the field shot records there is a gap of 11 receiver
traces (600 m = 2 x 300 m per side) around the central-nominal
shooting position to remove the traces with higher noise levels. This
gap also deletes information on the shallower layers conveyed by near-
offset waves (Barison et al., 2019), as in the raw-field correlated shot
shown before filtering and trace balancing in Fig. 4. Low-frequency
bandpass filters have been utilized to reduce the high-frequency noise
and to improve S/N for the recognition and boosting of deep reflections.

3.3. Time processing

The improvement of S/N in the seismic data is a key aspect in
active seismic processing. After having inspected the data shot-by-shot
for each line, with the analysis of the amplitude/frequency spectrum
transformed in the Fourier frequency domain, we time-processed the
data to obtain a starting stack velocity section (Yilmaz, 2001) by using
VISTA®2021 - Desktop seismic data processing software.

Fig. 5 shows a scheme of the (a) time- and (b) depth-processing
(Section 3.4) flow. In the latter, the yellow boxes evidence the depth-
tomography inversion phases (Section 3.4.2).

The four 2D lines have a maximum nominal fold of 4800%, with
theoretical 86 SPs for each line and symmetrical split (see the acquisi-
tion report shown in Table 1). The raw data we received satisfy these
indications only for the line L2. Line L3 has only 53 SP positions, line
L4 has 87 SPs, while line L5 has 101 SPs, however 11 of them are
off-end SPs. Since we do not have a detailed acquisition SP list (field
report) apart from trace header’s indications, we decided to use all the
records in our possession. Another aspect that influences the final fold
distribution is the non-regular distribution of the SP positions along
every line in the caldera (Fig. 1a). These variations can be observed
in Fig. 6, which shows the CMP fold for each line and highlights the
crossing points’ position. We note the average poor fold of line L3, of
about 30, while L5 fold reaches values of 60. The position map of the
CMPs is shown in Fig. 1b. After the calculation of the geometry and
of the CMP nominal fold for each line (Fig. 6), we edited the traces to
reduce or remove the noisier traces, and applied a 30 Hz Notch filter to
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Fig. 4. Example of raw data, crosscorrelated shot, in which the presence of high-amplitude noise at shorter offsets is evident. The horizontal axis shows the receiver numbers for

the SP, i.e. the active receivers for this SP are from 27 to 74 and from 86 to 133, with the central gap of eleven traces.

t-break travel-time tomography
The directional properties in the source and receiver patterns used

for the acquisition focalized the energy on the central traces and down-

Firs

3.4.1.

remove a constant harmonic noise present in all the shot gathers, which

masks in particular the signals at short

of the initial conventional time

shown in Appendix B.

medium times. More examples

processing parameters and results are

ward, so the shallow reflections at large offsets are weak and not easily

detectable in the noisy shallow data. This affected the stack velocity
analysis at shorter times and, consequently, the velocity models and

because the shallow reflections were not detectable.

Moreover, the applied 600 m central gap of short offset traces removes
information from direct arrivals in the shallower part potentially usable

for refraction signal analysis. Therefore, we decided to fill this lack

seismic sections,

3.4. Depth processing

We used the Cat3D software for the travel-time tomography (B6hm
et al.,, 2016) (Section 3.4.1) and GeoDepth tools from Paradigm®15

suite to perform the depth processing (par. Sections 3.4.2 and 3.4.3).

the inversion of the first arrivals (Bohm et al., 2019), which provides
precious seismic velocity information for the shallower part, at depths

in the shallow velocity information with the velocity resulting from
till 700~

With GeoDepth it is possible to run a residual depth moveout analysis

and a 2D grid-based tomography of depth migrated gathers to improve

900 m (Fig. 7).

the depth interval velocity section. This method is also known as the

Common Image Gather (CIG) migration analysis.

The 2D models we used for the first break tomography are defined
by a regular initial grid of 250 m in X and 60 m in Z. After applying

The main steps in the depth processing flow are the following

(Fig. 5b):

method (Vesnaver and Bohm, 2000), the discretiza-

tion becomes smaller (84 m laterally), while maintaining the same

the “stagger grid”
reliability of the grid.

— Initial interval depth velocity model;

Considering a dominant frequency of 20 Hz for the shallower sig-
nals with velocities from 2400 to 3200 m/s, the vertical resolution

calculated using the approximated value of 1/4, according to Ricker’s

— Initial Kirchhoff Pre-Stack Depth Migration (PSDM)

— CIG residual analysis;

— 2D grid-based tomography;

(Eq. (1)) was estimated to be from 30 to 40 m:

criterion,

— Calculation of the updated depth interval velocity model;

(€8]

— Kirchhoff Pre-Stack Depth Migration (PSDM): aperture 50 CMP

(1250 m);
- Stack by 0.5 power;

while the lateral resolution (r), using the Fresnel radius (Eq. (2)):

(2

— Frequency-space (FX) prediction on migrated sections: trace win-
dow 100 traces; time window 100 ms; filter length 9 traces.
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Fig. 6. CMP fold distribution for the four Los Humeros seismic lines, from top left to bottom right in order L2, L3, L4 and L5, respectively. For each fold panel the position of the
two crossing sections is indicated by red vertical lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

where v, ¢ and f are the velocity, the travel time and the dominant
signal frequency was calculated to be from 120 to 240 m for the
shallower signals at two-way time of 0.2 s and velocity of 2400 m/s
and at 0.45 s and velocity of 3200 m/s, respectively.

The knowledge of the near-surface properties both for the correction
of traces at the shot and receiver points is important for the subsequent
multichannel processing. We calculated the elevation static corrections
at the geophones and SP positions to correct the differences in the
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Fig. 7. 3D view of the shallower velocities obtained by the diving-waves travel-time tomography of the 4 active-seismic lines. The vertical scale indicates the elevation above sea
level and the maximum investigated depth is 0.7-0.9 km (modified after Bohm et al., 2019).

signal arrival times caused by variations in topography and near-surface
formation properties. We computed the elevation static corrections to
a floating datum, which approximate the topography using the velocity
models obtained from the tomographic inversion of the first-break
arrivals picked in the shot gathers for each line (Fig. 7).

To create a depth-interval velocity model for the PSDM of each
line, first, we depth-converted the time-stack velocity model, then, re-
placed the upper values with those resulting from first-break inversion
tomography.

3.4.2. CIG tomographic inversion

PSDM requires an accurate depth-interval velocity model to be
performed with reliable results, especially in such a complex geological
area. The depth-interval velocity models obtained in Section 3.4.1 were
used to create the initial PSDM CIGs and sections for each line. When
the velocity field is correct, the reflected events in the CIGs are flat in
the pre-stack depth domain (Accaino et al., 2005). The degree of non-
flatness is a measure of the error in the model. The CIGSs tomography
uses this measurement of non-flatness (residual moveout) as input and
attempts to find an optimal model, which minimizes the errors.

We used a 2D grid-based tomography consisting of a velocity up-
dating procedure to refine and improve the initial velocity section.
The output is an updated velocity model, i.e. the tomography updated
velocity section that is a grid-type representation of the model.

3.4.3. Iterative model interpretation

The application of the CIGs tomography velocity analysis requires
and is driven by the identification of a horizon-layers model on the
2D depth seismic sections. We performed a residual depth moveout
analysis on CIGs to create a residual depth moveout section. This sec-
tion and the CIGs are the input for the 2D grid-based tomography. The
output is an updated velocity section, that we used to run a new PSDM.
This interpretative processing was applied to all the four seismic lines
of Los Humeros. The analysis was performed separately for each line,
however with the constraints of the horizons at the crossing positions.
In the analysis of the interval seismic velocities we disregard possible
anisotropic effects, which nevertheless are evident in the results of the
tomographic inversions of shallower seismic data from the active shots,
especially in the positions affected by faults (Bohm et al., 2019). This
is a key step in the interpretative processing of the depth signals.

We applied a frequency-space (FX) prediction deconvolution
(Canales, 1984) on the PSDM stacked section to enhance the laterally-
coherent results, then we interpreted the PSDM section, considering as
much existing geological and geophysical information as possible. The

geologically-driven interpretation of seismic horizons, together with the
analysis of seismic results is described and discussed more in detail in
the next sections, with special attention to the identification of robust
markers.

Fig. 8 shows, for validation purposes, the comparison between the
Vp velocity profiles of the sonic log of the H43 well (available for a
limited depth range from 1245 to 1807 m) and of V, depth interval
velocity profiles of lines L2 and L4 obtained in the proximity of the
well (Pulido, 2008). In the original log (black line) we can observe a
gap with missing data from approximately 1634 m to 1696 m depth.
The smoothed log (red line) is calculated using a smoothing window of
30 m. The comparison shows a good agreement between the smoothed
log and the velocity curve of L4 (blue line). We observe an agreement
among the Vp-velocity trends, with some differences in the velocity
profiles of the lines L2 and L4, which cross each other in a faulted area
(see the map of Fig. 1, where the position of well H43 is marked by a
red spot).

An example of an output depth-velocity model of line L5 is shown in
Fig. 9. The shallower part of the model was corrected by the velocities
obtained from the shallow tomographic inversion of the diving waves
(Bohm et al., 2019), and by tuning the interpretation by comparison of
real shot-results and synthetic shots obtained by full-waveform model-
ing of seismic wavefields using a finite-difference code described in the
GEMex deliverable D5.3 (2019) and the input active-seismic model of
Fig. 9.

The result shown for a sample shot of line L5 in Fig. 10 demon-
strates the consistency of the full-waveform analysis, with appreciable
matching of the trends in relevant events in the real and simulated
shots. For example the arrows in Fig. 10 point to events, visible in (a)
and (b), that can be observed between 0.8 and 1.0 s, around 1.2 s and
between 1.2 and 1.4 s. In any case, some differences in the shallower
arrivals still persist due to not-yet solved near-surface conditions. The
synthetic signals of Fig. 10b were computed by calculating the response
of spatial shot- and receiver-arrays with repeated numerical simulations
by shifted sources, and stacking the partial results.

To obtain this result, we simulated the synthetic signals of Fig. 10b
by calculating the response of spatial shot- and receiver-arrays with
repeated numerical simulations by shifted sources, and stacking the
partial results. This step was required because the character of the
wavefields in the real and synthetic data is not comparable in the
absence of a suitable synthetic-pattern compensation. The synthetic
responses (signals) were computed using a 2D full-waveform finite
difference elastic code (modified after Levander, 1988).
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Fig. 8. Comparison of the V, velocity profiles extracted from the velocity-model of
lines L2 and L4 and the available sonic log-interval (from 1245 m to 1807 m depth) in
well H43 (ground level elevation 2795 m a.s.l.), located in the proximity of the lines
(see Fig. 1 for the line and well position).

We argue that, in the absence of VSP data in the area, this “seismic
field experiment” and synthetic model comparison method is an alter-
native, robust approach, in addition to tomographic velocity analysis,
to validate and confirm the depth model in this complex area from the
seismic point of view.

4. Interpretative-processing results

After the initial calibration run by the beforementioned iterative ap-
proach, we created a new horizon-based depth velocity section, which
was used to migrate and interpret again the data. The depth section of
the four lines before the interpretation are available as supplementary
material in the online version and at gemex.igg.cnr.it/layers/repoigg:
geonode:active_seismic_lines. The interpretation is performed on the
depth seismic sections, taking into account the geological setting.

4.1. Lithostratigraphic scheme and seismic results

We used the four main lithostratigraphic groups (G1, G2, G3 and
G4), listed in Section 2 and shown in the first column of Fig. 11 (from
Calcagno et al., 2018), as reference markers for the interpretation of the
seismic horizons in the PSDM sections. Whereas, we chose to use the
interval velocity of the units, obtained from the seismic data processing
and velocity analysis, to define the seismic units from Sul to Su9
(second column of Fig. 11) because these seismic units can be only
tentatively and locally associated with the lithostratigraphic units listed
by Calcagno et al. (2018), although with difficult interpretation along
the entire seismic sections.

To recognize the marker events in the PSDM sections, we inter-
preted the seismic results by taking into account the stratigraphic
information coming from the wells drilled in the area. In particular we
selected twenty wells closer to the lines (whose simplified stratigraphy
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are provided as supplementary material), to have more reliable infor-
mation about the local geological properties in the caldera, where a
complex system of faults is present.

The identification of depth of the basement, which is the lowermost
boundary of the geothermal reservoir, is the target of main interest, but
only eight of the selected wells encountered the basement at variable
depths (e.g. Fig. 2). These well constraints enabled us to calibrate this
horizon and to better define the faulted geometry of the basement
on the seismic lines. This horizon-marker information was of great
importance to calibrate the interpretation at depth along the individual
sections (GEMex deliverable D8.4, 2020), and subsequently also to
extend the joint-interpretation of the horizons to the other lines. Fig. 12
shows the 3D view of the four crossing lines, from the perspective of
the L3-L5 crossing position.

Below the basement and maximum well depths the structural in-
formation comes from the seismic data by means of the CIG analysis,
which provides a velocity model of the deep structures with images of
deeper layers below about 4 km from surface, where some horizons can
be tentatively interpreted.

The seismic section results and velocity models are shown in the
figures from Figs. 13 to 16, (a) and (b), respectively. The horizons
interpreted in the sections and in the velocity models correspond to the
bottom of the units. The interpreted depth-seismic sections of Figs. 13a,
14a, 15a and 16a also show the stratigraphic profiles of the wells used
for geological interpretation.

In this analysis, we defined as “on the line” the wells in the range of
50 m from the line (indicated by black arrows in the Figs. 13a, 14a, 15a
and 16a), and as “the wells in the proximity of the line” (indicated by
blank arrows in the same figures) those present in the range of 150 m
from the line. In the latter, the correspondence in depth between the
well stratigraphy and the seismic horizons fits only partially. However,
the well selection and choice for interpretation was made case by case,
depending on the local conditions and presence of faults, as for well
H43, located at 260 m from L2 and 490 m from L4, but relevant because
of the presence of the sonic log, and for well H20 and H63 at 220 m
and 560 m from the line L3, respectively, which have been considered
anyway because we did not have enough wells at shorter distances for
the interpretation of this line.

4.2. Main observations

This information together with the in-depth results of the four
seismic lines allowed us to obtain a reliable set of images of the LHVC
structure with the four main groups: the post-Caldera — G1 (subdivided
in Sul and Su2), the Caldera — G2 (subdivided in Su3, Su4 and
Su5), the pre-Caldera — G3 (subdivided in Su6, Su7 and Su8) and the
basement — G4 (corresponding to Su9).

As expected from literature (e.g. Ferriz and Mahood, 1984;
Carrasco-Ndiez et al., 2018), an overall observation of the four seismic
lines reveals a global deepening of all the horizons toward the center
of the caldera, where the basement reaches the minimum elevation of
100 m a.s.l. (Figs. 14a and 16a).

In general, the basement is shallower to the west and northwest. At
the north-western inner rim of the caldera, the basement rises to about
650-1100 m a.s.l., as seen in seismic lines L2 (CMP from 65 to 130),
(Fig. 13a) and L3 (CMP from 50 to 140) (Fig. 14a). On the western
outer rim of the caldera the basement is even higher, reaching 1700 m
a.s.l., as in well H22,which is in line with CMP 59 of L2 (Fig. 13a). Here,
the layers are thinner than in the other portions of the profiles, where
the caldera collapses allowed the deposition of a considerable volume
of pyroclastic, lava and volcanoclastic material. Within the caledera,
the pre-caldera group reaches a thickness of more than 1000 m in the
central portion of lines L4 (Fig. 15a) and L5 (Fig. 16a). With variable
thickness of the inner layers, the caldera group varies from 500-600 m
at the edges of the lines to about 900-1000 m in the middle of the
sections. Near line L5, well H28 is located in line with CMP 162 and has
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Fig. 9. Active seismic depth velocity model of line L5.
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Fig. 10. (a) Real seismic shot of L5 and (b) full-waveform synthetic signal for the active seismic model of line L5 of Fig. 9. The arrows show significant events, that are present

in both images.

a total depth of 2570 m from the surface and encounters the basement
at a depth of about 2540-2550 m, which corresponds to an elevation
of 200 m a.s.l. The well H26 is located in correspondence of the CMP
256 and has a total depth of 2540 m. This last well did not reach the
basement, but it was used to estimate the structural setting compared
to well H28. These two wells are 2300 m apart (see Fig. 1). This
separation allows to confirm the trend of the subsurface structures, and
the deepening of the basement towards the South-East, which finds a
correspondence in L5 PSDM profile (Fig. 16a).

At the top of this sequence we find the post-Caldera deposits, which
are much thinner (about 200 m or less) compared to the previous
ones. These deposits vary in thickness and consist mainly of incoherent
material. In particular, this characteristic is valid for Sul, a thin low

velocity (700 m/s) superficial layer that we have identified by diving-
wave traveltime tomographic inversion of direct arrivals (Fig. 7), with
an average thickness of about 100 m. This layer can be observed in the
velocity models of Figs. 13b, 14b, 15b, and 16b.

The overall data quality in terms of S/N is not sufficient for the
global reconstruction and imaging of detailed stratigraphic features,
including those related to the possible effects due to the presence
of fluids and temperature and small displacements along individual
fault surfaces. For this reason, we have not investigated in detail the
possible presence of specific intrusions. However, the reconstructed
fault geometries and associated displacement will be discussed within
the frame of the current knowledge, which includes the polyphased
caldera collapse development and the similarly polyphased history of
caldera resurgence, as discussed in the interpretative geological profiles
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Group Seismic Unit Interval velocity (m\s)
G1 Post-caldera Sul 790
Su2 2300
Su3 2600
3000
3500
4000
5000
5500
G4 Basement Su9 6000

Fig. 11. Illustrative scheme of the four main groups, the seismic units and related
interval velocities, used for the seismic processing and images interpretation (modified
after Calcagno et al., 2018).

of Carrasco-Nunez et al. (2017b), the GEMex Report D3.2 (GEMex,
2019-2020), and recent works by Norini et al. (2019), Lucci et al.
(2020), Urbani et al. (2020), Norini and Groppelli (2020), Bonini et al.
(2021).

5. Discussions and conclusions

Our study presents the seismic characterization of the inner part of
the Los Humeros caldera that we performed within EU H2020 GEMex
project through the processing of legacy active-seismic reflection data
acquired in 1998. First, we carried out a time processing to improve
S/N and obtain an accurate pre-stack seismic dataset together with an
initial velocity model. We then moved on to a depth imaging through
an iterative process to refine and improve the depth interval velocity
model and run the final PSDM. The results we obtained allowed defin-
ing the main stratigraphic groups of the Los Humeros caldera system,
and the related interval velocity (V) resulting from the depth inversion
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(Fig. 11). To better identify the geological structure, we calibrate the
seismic horizons with the punctual information from the stratigraphy
of the drilled wells (GEMex deliverable D5.3, 2019).

As reported in par. Section 3.4.3 there are only two well logs,
one of well H43, located close the crossing point between L2 and L4
(Figs. 1 and 8), with a depth range from 1245 to 1807 m, and one
of well H42 with a length of approximately of 1 km, but located at
the southern edge of L5 (Fig. 1) outside the CMP line and separated
by a fault from the line. So this well log was not considered. In
addition, there are no VSP data in the studied area, which could have
improved the interpretation and calibration with punctual check-shot
information. Due to this lack of borehole data, we could not perform
the standard procedure of seismic-well tie to boost our interpretation,
which has been driven by the wells stratigraphy and the seismic data.
The unavailability of standard well-tie data may produce a possible
flaw in our interpretation approach.

Moreover, the combination of the initial poor S/N ratio in the
seismic lines with the geological complexity of the faulted area makes
it difficult to achieve a detailed geological/structural interpretation of
local/small volcanic structures, faults and magmatic intrusions (Urbani
et al., 2020; Norini and Groppelli, 2020; Lucci et al., 2020; Bonini et al.,
2021; Urbani et al., 2021).

From a geophysical-geologically oriented point of view, this proce-
dure enabled us to design the inner structure of the LHVC, recognizing
the four main groups through the identification of the marker events
along the seismic profiles. The top of the meta-sedimentary basement
proved the most difficult marker to constrain because only few wells
intercept the basement. However, by combining the well data with the
information coming from the lines’ crossing points, we were able to
recognize the seismic horizon corresponding to the top of the basement.

We distinguished some subdivision inside these groups, based on the
variation of the interval velocity. Namely, there are the two seismic
units of the post-caldera deposits, with the very low velocity of the
first unit (Sul) estimated by shallow seismic data, and the caldera
volcanism subdivided in to three seismic units, that are fragmented by

T g

— Topography
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2 TN
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Fig. 12. Detail with 3D view of the Los Humeros 2D crossing lines, depth velocity model and interpretation. The color interpretation of the horizons refers to Fig. 11.
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Fig. 13. (a) L2 interpreted depth seismic section with stratigraphic profiles of the used wells. The black arrows indicate wells on the line, the blank arrows indicate wells in the
proximity of the line. For the color legend of the horizons and the well stratigraphy see the column “Group” in Fig. 11. (b) 2D depth interval velocity field for line L2. The color
legend of the horizons lines is shown in the column “Seismic unit” in Fig. 11. Both in (a) and (b), the green vertical lines indicate the crossing positions with the other lines, the
vertical scale is in meters above sea level. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the collapse of the caldera itself. Similar consideration can be made
for the three pre-caldera seismic units, which are extended by lateral
seismic interpretation to obtain the domains used for depth-seismic
inversion purposes.

All lines L2, L3, L4 and L5 (Figs. 13a, 14a, 15a and 16a, and the
corresponding velocity sections Figs. 13b, 14b, 15b and 16b) show
inversions of fault displacement along their inferred traces, which can
bear some volcanological significance. For example, line L2 (Fig. 13a)
suggest the presence of normal faults likely associated with caldera

11

faults, which displace the basement by hundreds of meters with their
shallow sections related to minor but consistent reverse displacement
of the post-caldera sequence. These may be associated with shallow
intrusions, above or within the caldera sequence. Lines L3, L4 and L5
(Figs. 14a, 15a and 16a, respectively) indicate, by contrast, reverse
displacement of the basement and normal displacement along the
shallow traces of the same faults, suggesting that resurgence associated
with deeper intrusions may have waned or ceased over time in some
sectors of the caldera.
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Fig. 14. (a) L3 interpreted depth seismic section with stratigraphic profiles of the used wells. The blank arrows indicate wells in the proximity of the line. For the color legend of
the horizons and the well stratigraphy see the column “Group” in Fig. 11. (b) 2D depth interval velocity field for line L3. The color legend of the horizons lines is shown in the
column “Seismic unit” in Fig. 11. Both in (a) and (b), the green vertical lines indicate the crossing positions with the other lines, the vertical scale is in meters above sea level.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

From a methodological point of view, the comprehensive study
performed by different approaches, demonstrates and confirms the
importance of active-seismic data for a detailed at-seismic-scale geo-
physical recognition of the deep structures in volcanic areas. A direct
comparison of the active seismic results with those of the passive
seismic methods used in this area is confirmed on average but without
details, because of the different resolutions of these methods.

Notwithstanding the complexity of the investigation in the area, the
study demonstrates and confirms the importance of active-seismic data
for geophysical recognition of the deep structures in volcanic areas and
for the stratigraphic interpretation of the geothermal system. This is
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even more true in the absence of VSP and with limited log information
as in the study area.

The reconstruction of the 3D deep geometry of the volcanotectonic
faults that accommodated both the caldera collapse episodes and the
resurgence episodes is essential in the framework of geothermal explo-
ration as such structures provide the main pathways for the circulation
of geothermal fluids. This is specifically true at Los Humeros, where so
far the main productive volumes are well known to be controlled by
faults (Norini et al., 2019).

Our considerations are that further updates, by iterative interpreta-
tion with the integration of results from other geophysical methods and
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Fig. 15. (a) L4 interpreted depth seismic section with stratigraphic profiles of the used wells. The black arrows indicate wells on the line, the blank arrows indicate wells in the
proximity of the line. For the color legend of the horizons and the well stratigraphy see the column “Group” in Fig. 11. (b) 2D depth interval velocity field for line L4. The color
legend of the horizons lines is shown in the column “Seismic unit” in Fig. 11. Both in (a) and (b), the green vertical lines indicate the crossing positions with the other lines, the
vertical scale is in meters above sea level. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

from other geological information, will be beneficial for a revision of
the structural setting of the area.

This study is intended as a contribution for the development and
exploitation of the geothermal high-enthalpy reservoir. A future con-
firmation of this preliminary interpretative hypothesis could be an
important outcome. Further seismic-depth model calibration could be
reached and verified through new geophysical prospecting based on
VSP and well sonic and geological logs, for having more detailed and
reliable velocity information both to gain better seismic images and
to calibrate their interpretation to reduce the potential flaw discussed
before in further studies. However, this task is limited by the depth
of the wells and by the availability of suitable technology enabling
to perform borehole measurements with high-temperature conditions,
such as seismic while drilling (e.g., Bakulin et al., 2020) and fiber optic
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distributed acoustic sensing (DAS) for its high temperature tolerance
(Willis, 2022). Extensive use of a large number of surface seismic
wireless point-sensors and sources with adaptable 2D and 3D geometry
is envisaged as a future technological development (Bakulin et al.,
2018). This solution would enable to achieve improved signal focusing,
to boost S/N by supergrouping, and overcome the limitations off the
dataset analyzed in this paper, where the strong directional effects of
the source and receiver arrays introduce limitations for the imaging of
complex dipping structures Appendix A.

The analysis provides data that can be revised jointly with and in the
light of any new depth information collected for the site development.
By this we intend mainly calibration well seismic and sonic data, as
well as new surface seismic campaigns performed with large number of
point sensors enabling to steer the signal directionally in the complex
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Fig. 16. (a) L5 interpreted depth seismic section with stratigraphic profiles of the used wells. The black arrows indicate wells on the line, the blank arrows indicate wells in the
proximity of the line. (b) 2D depth interval velocity field for line L5. The color legend of the horizons is shown in the column “Seismic unit” in Fig. 11. Both in (a) and (b), the
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legend, the reader is referred to the web version of this article.)

area, in 2D or better 3D. This development is beyond of the scopes of
this paper focused on the recovery of legacy data.

CRediT authorship contribution statement

Erika Barison: Conceptualization, Methodology, Formal analysis,
Methodology, Writing — original draft, Writing — review & editing ,
Visualization. Flavio Poletto: Conceptualization, Methodology, Formal
analysis, Methodology, Resources, Writing — original draft, Writing — re-
view & editing, Project administration, Supervision. Gualtiero B6hm:
Formal analysis, Methodology, Review & editing. Biancamaria Farina:
Formal analysis, Methodology, Visualization, Investigation, Review &
editing. Gerardo Carrasco-Nuiiez: Investigation, Writing — review &
editing. Gianluca Norini: Investigation, Writing — review & editing.

14

Guido Giordano: Investigation, Writing — review & editing. Giorgia
Pinna: Data curation, Investigation.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

In case of request of the data, authors have to ask permission to the
data owner, because this is a legacy dataset.



E. Barison et al.

Acknowledgments

This project has received funding from GEMex (Mexico-European
Union consortium) under the European Union’s Horizon 2020 research
and innovation programme (grant agreement No. 727550 for Europe)
and Mexican Energy 326 Sustainability Fund CONACYT-SENER (grant
agreement No. 268074 for Mexico). We thank CFE (Comisién Federal
de Electricidad) for the permission to use the legacy active seismic
data, in particular Cecilia Lorenzo Pulido for the fruitful discussions
and UNAM for providing the active-seismic data, in particular Marco
Calo and Claudia Arango for their collaborative support.

The authors acknowledge Paradigm® and Schlumberger® that
provided the academic Geodepth® and Vista® software licenses to
OGS.

Appendix A. Array response analysis

We assume plane waves in the far-field approximation for the
calculation of the array responses for both the receiver and source
configurations, invoking reciprocity. The geometry with a harmonic
plane waves sampled by the arrays is shown in Fig. A.1. An incoming
(or outcoming) wave with wavefront W is sampled along the array
at the surface. N is the number of the sampling points, receivers
or sources, in the array, and Ax is the receiver (or source) spacing.
The wave is incident (or radiated) with angle «, which is the angle
between the wavefront and the surface, equal to the angle between
the ray normal to the wavefront and the vertical axis. The angle a =
0 corresponds to vertical wave propagation; f and V are the wave
frequency and propagation velocity, respectively. At the surface, the
signal with apparent wavelength 4, = (V/f)sina~! is sampled along the
array. For the calculation of the array responses obtained with sampling
points with variable positive weights w(i) (function of the array index
i=1,...,N), as those obtained by multiple vibrations repeated in the
same shot point, we use a numerical approach.

The numerical response at the center of an array is calculated by
the summation of the phase-shifted harmonic signals as

N
R= w(i) cos[2m(Ax /A )i —i.)], (A.1)

i=1
where the phase shifts are calculated for incremental point positions
and i, is the central-point index. Eq. (A.1) can be reformulated as

N
R =) w(i)cos[n(i —i,)],

i=1

(A.2)
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where = 2xAx(f/V)sina. From Eq. (A.2) we obtain the normalized
numerical response

R
max(R)

Examples of response and radiation curves are shown by normalized
plots in Fig. A.2. The numerical curves are calculated by the weighted
sum of harmonic components (Eq. (A.2)), using the layout of the
geophone array (Table 1), and those of the vibrators arrays shown
in Fig. 3. For the geophone array we used unit weights w(i) = 1
for i = 1,...,N. The weights of the vibrator arrays were calculated
from the superposition schemes of Fig. 3, neglecting possible mutual
impedance effects between vibrators of the same blocks (e.g., Cassand
and Lavergne, 1971; Brune et al., 2013) used with these configurations.
These calculations do not take into account the directional properties
of the source (vertical vibrators) and of the single receiver (geophone
vertical component).

In the schematic examples of Fig. A.2 the numerical response/
radiation curves are analyzed for harmonic components of different
frequencies. The array shifts at the sampling positions i for different
ray (incidence and emission) angles are calculated assuming a homo-
geneous 2000 m/s velocity model. To test the numerical results, we
compare the response of a linear geophone array calculated using the
analytic function (e.g., Geldart and Sheriff, 2004)

RA = sin(Nn/2)_

N sin(n/2)
Fig. A.2a compares the normalized responses represented by polar plots
in 2D of the geophone and vibrators patterns associated with the vibra-
tor arrays (a) and (b) of Fig. 3 at a harmonic frequency of 24 Hz. The
curves of the vibrator arrays labeled VIB A (Fig. 3a) and VIB B (Fig. 3b)
are similar, with minimal differences for their different secondary lobes
and smoothing properties. These curves show a moderate difference
with the curve of the geophone array at frequency 24 Hz. Fig. A.2b
shows the geophone polar diagrams calculated at different frequencies,
which confirm the different attenuation effects for non-near-vertical
signals at seismic frequencies of 12 (low), 24 (medium) and 48 Hz
(higher attenuation). Fig. A.2c shows the numerical radiation curves
versus angles for the signals of Fig. A.2a, compared to the analytic
geophone curve calculated with the theoretical analytic Eq. (A.4). The
numerical response closely matches the analytical one. These effects are
important both for receivers and sources.

Finally, in the source-receiver acquisition geometry, we note that
the recorded seismic signals are filtered by the composed responses of
both the source and receiver arrays. Assuming equal source emission
and receiver incidence angles as an approximation, Fig. A.2d compares

. (A.3)

RN=‘

(A4

Fig. A.1. Scheme of the plane harmonic wave with wavefront W, frequency f, propagation velocity V', wavelength 1 = V/f, ray angle a. The signal with apparent wavelength
A, = A/sina is sampled with weights w(i) (i = 1,..., N) by the array disposed with regular spacing Ax and central point i..
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The arrows show the improvement in the seismic signal.

the composition of the geophone and vibrator curves for the signals
with 12, 24, and 48 Hz frequencies. In Fig. A.2d the receiver and

source signals are composed assuming equal emission and emergence
ray angles, respectively. The notch at 60 deg for the signal of frequency
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24 Hz can be observed also in figures (a), (b) and (c). The plots
confirm the importance of the evaluation of the directional effects of
the acquisition layout for seismic waves also at relatively low frequency
in the context of this survey. Even more evident, in this example we
can observe the significant directional effect of the source-receiver
acquisition layout.

Appendix B. Time processing parameters

Taking into account the source patterns/geophones arrays direc-
tional filtering action, explained in Section 3.2, which mask the high-
frequency source-induced noise, we applied a restricted zero-phase
pass-band filter 4-8-30-35 Hz, to remove high frequency noise at-
tributed to the arrays of operating vibrator sources. Then we applied a
spiking deconvolution with operator length 800 ms, and pre-whitening
noise 5%. The main purpose of deconvolution was to reduce overall
signal ringing, with presence of colored components, and improve the
subsequent velocity analysis in this complex area, where the pres-
ence of coherent refracted, scattered and converted events sometimes
makes it difficult to focus on the reflection events. Fig. B.1 shows
the improvement in the signal amplitude and in the amplitude vs fre-
quency distribution in the selected bandwidth operated by the spiking
deconvolution.

The next step was the constant velocity stack analysis that we
calculated through the combined iteration of the constant velocity stack
(CVS) panel, offset sort record and semblance analysis, calculated about
every 10 common depth point (CDP), i.e. 250 m, along the seismic
lines, as shown in the example of Fig. B.2.
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