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Abstract Located in the heart of the Bolivian orocline, the Cochabamba department and its two million
inhabitants are exposed to frequent seismic activity. However, the tectonic structures causing these earth-
quakes remain poorly identified. Indeed, Bolivia’s national seismological network does not optimally cover
the area and the hypocentral locations of local earthquakes are therefore associated to large uncertainties,
which hinder their association with specific faults. We established a regional network consisting of 11 broad-
band and short-period seismic stations, spaced approximately 20 km apart. This study highlights the initial
6-month seismic report, which involved an automated deep neural network-based seismic phase picking uti-
lizing a pre-trained model. A thorough comparison with a manual catalog by seismic analysts is conducted
for validation. Focalmechanisms of significant earthquakes are determined from full waveform inversion and
polarities. The seismic activity appears to be concentrated in theMain Thrust fault shear zone, and in its hang-
ing wall, a stack of tectonic slivers affected by transverse faults. The depth of the events beneath the network
is shallower thanwaspreviously thought. Seismic clusters in theMain Thrust Systembelow the toe of the high
topography are likely caused by strain and stress build-up on the frontal decollement. These results therefore
provide new insights and hypotheses into the seismogenic behavior and potential of the fault system across
the Bolivian orocline.

Non-technical summary The intraplate seismic events in Bolivia predominantly occur in the cen-
tral part of the country. However, a comprehensive study of these earthquakes is still lacking due to the lim-
ited availability of seismic stations and geological studies, among others. This dearth of informationmakes it
challenging to correlate these seismic eventswith specific geological fault systems. Consequently, conducting
seismic hazard assessments in this region remains a formidable task, but necessary given the exposure of the
2 million inhabitants population. The present study aims to address this gap by providing valuable insights
into the seismic activity of the area to improve understanding of shallow seismic events and the potential for
significant earthquakes.

1 Introduction
The Andes mountain range is a prominent geologi-
cal feature on Earth formed by the subduction of the
Nazca oceanic plate beneath the South American con-
tinent. The system currently experiences a shortening
rate of approximately 7 to 8 cm/yr (e.g., Jarrin et al.,
2022; Pardo-Casas and Molnar, 1987). While the major-
ity of the shortening is absorbed at the Nazca trench,
about 1 cm/yr of shortening is transmitted eastward
and absorbedby continental subductionof theBrazilian
(BS) shield beneath the Eastern Cordillera (EC), as illus-
trated in Figure 1 (e.g., Brooks et al., 2011; Isacks, 1988;
Mercier et al., 1992; Weiss et al., 2016). These geody-
namic conditions result in frequent earthquakes, some
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of them large and devastating, well documented histor-
ically and instrumentally along the oceanic subduction
trough (e.g., Beck et al., 1998; Campos et al., 2002; De-
vlin et al., 2012; Madariaga et al., 2010; Sempere et al.,
1990; Vega and Buforn, 1991; Ruiz et al., 2016) . In con-
trast, a few intermediate and strong earthquakes (M>6)
occur along the eastern edge of the Altiplano (AP) be-
neath the Eastern Cordillera (EC), InterAndean (IA) and
SubAndean (SA) (e.g., Fernandez et al., 2019; Funning
et al., 2005; Rivadeneyra-Vera et al., 2016).

The Observatorio San Calixto (OSC) has been moni-
toring this seismic activity using Bolivia’s national seis-
mic network (RS-OSC) since 1913. The network cur-
rently consists of 13 permanent seismic stations and 3
strong-motion sensors. These seismic stations are re-
ported on Figure 1 (Nieto et al., 2021).
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Figure 1 Distribution of seismic activity in the central part of the Central Andes (Bolivia), Observatorio San Calixto seismic
catalog from1913 to 2021. Depth of the earthquakes (circles) are indicated by the colored scale. Black triangles represent the
national seismic network operated by the OSC. The white arrow shows the motion of the oceanic Nazca plate with respect
to South America, with the associated value of convergence. The depths of the subducting slab (Slab2, Hayes et al., 2018)
modeled in the region are illustrated on the upper right panel.

Seismic activity recorded by theOSC to thewest of the
Bolivian territory beneath the Western Cordillera (WC)
is mainly associated with the subduction of the Nazca
plate beneath the South American plate. Earthquakes
occur here at depths ranging from0 to 200 km. Adeeper
seismic activity, still connected to the subduction pro-
cess, is observed beneath the AP zone (Figure 1), ex-
tending further eastward below the EC and Chaco Basin
Plains (CBP) zones, with depths occasionally exceeding
500 km (e.g., Jimenez et al., 2014; Lavenu, 2006; Silver
et al., 1995; Zhan et al., 2014). Shallower seismic activ-
ity is concentrated along the eastern margin of the AP
Zone, from the EC Zone to the front of the mountain

range. Most of this historical and instrumental seismic
activity has been located in the center of the Bolivian
Orocline (BO).
The Bolivian Orocline (BO) is segmented andmade of

twomain limbs: aNorthern limb that trends northwest-
southeast and a Southern limb that trends north-
south. The axis of the bending is located within the
Cochabamba department. Various studies have identi-
fied a complex active fault system in the area, includ-
ing normal fault segments bounding the Cochabamba,
Sacaba and Punata basins and the active strike slip fault
systems of the Tunari-Cochabamba Fault (CF) and the
Rio Novillero Fault (RNF) (Baby et al., 1992; Eichel-
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Figure 2 (Top) Distribution of shallow earthquakes 1990-2022 within the central region of the Bolivian Orocline recorded
by the permanent national seismic network (black triangles). Two geological fault systems, namely the Cochabamba Fault
(TCF) and the Rio Novillero Fault (RNF), are indicated with double black arrows showing their sense of motion. CAP and CFP
respectively for Main Andean Thrust and Main Frontal Thrust. (Bottom) Location of the stations of the temporary seismic
network. Green and blue triangles stand respectively for short-period (Sercel L22) and broadband seismic stations (Trillium
120 and Güralp 6 TD).
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berger and McQuarrie, 2015; Funning et al., 2005; Kley,
1999; Lamb, 2000; Weiss et al., 2016).
Significant seismic events have been documented

within the region. The latest destructive earthquake
occurred near Aiquile at about 100 km to the south of
Cochabamba on May 22, 1998 (Figure 2a). This de-
structiveMw 6.6 shallow earthquake activated the right-
lateral Rio Novillero fault (Funning et al., 2005), at-
testing for the high seismogenic potential of the sec-
ondary faults in the area. Other destructive earth-
quakes, less documented, happened also within or in
the vicinity of the Cochabamba basin, on May 12, 1972
in Cochabamba, as well as on July 23, 1909 in Sipe Sipe,
20 km west of the city center (Vega, 1996). In addition
to these earthquakes, every year, the national network
records a fewdozen local earthquakes (M>3.0), the loca-
tion of which is subjected to a large uncertainty - some-
times more than a dozen kilometres - and which there-
fore cannot be directly associated with any particular
segment of the fault systems. The hypocentral depth
of these earthquakes remains poorly constrained (due
to the scattered seismic stations in Bolivia). This limits
the capacity to associate a seismogenic potential to the
faults responsible for the regional seismic hazard.
This study introduces theProyectoOroclinoBoliviano

Network (POBnet), which is the first earthquake moni-
toring system in the central region of the Bolivian oro-
cline, encompassing the Cochabamba, Punata, Sacaba,
and Chapare regions (Figure 2b). The network, estab-
lished in 2022, comprises 11 seismic stations. Its princi-
pal objectives are to enhance the local earthquake de-
tection capacity, improve the accuracy of earthquake
location, determine new focal mechanisms, and asso-
ciate earthquakes to the fault system surveyed by geolo-
gists. This study describes an ”automatedworkflow” us-
ing a supervised Deep Neural Network (DNN) approach
called PhaseNet (Zhu and Beroza, 2018) and a manual
“analyst workflow” led by expert seismologists in order
to estimate and to validate the capacity of the automated
workflow. This study examines the effect of the veloc-
itymodel on the earthquake locations and also explores
the potential of moment tensor inversion for moderate
to small earthquakes (Mw 2.5 and 4.1). Finally, it com-
pares the earthquake catalogwith a geological balanced
cross-section in order to draw seismotectonic implica-
tions.

2 Methodology

2.1 Network Deployment

The POBnet seismic network was deployed and be-
came operational in April 2022. It consists of 6 Sercel-
L22 short period instruments, 4 Trillium-compact-120s
broadband instruments, and 1 Güralp 6TD-30s medium
band instrument. The 32-bit digitizers (STANEO DDB6-
Mob and Guralp-EAM) operate at a rate of 100 samples
per second, and all instruments are synchronized by
GPS (Table S1). The distribution of POB seismic stations
is shown in Figure 2b.
To understand the anthropogenic noise behavior at

each seismic station and ensure the data’s suitability for

this research, we performed probabilistic power spec-
tral density computations to assess the potential im-
pact of cultural noise on our data, following McNamara
(2004). Our results indicate that the noise spectra are
closer to the low noise model than the high noise of
Peterson (1993) for most stations, while a few specific
stations - deployed in the vicinity of the cities- are ex-
posed to cultural noise and showmore intermediate sig-
natures (Figure S1 presents one short period and one
broadband data examples).

2.2 Workflow
For the purposes of this study, a workflow has been de-
veloped that combines manual picking and fully auto-
mated deep-learning methods followed by quality con-
trol approaches (see Figure S2). The aim of this ap-
proach is to make the most of the temporary network’s
efficiency in detecting and locating small earthquakes
in the study area, while also ensuring the homogene-
ity and accuracy of the phase picking process (Savvaidis
et al., 2019; Walter et al., 2019) . This is a crucial step
in obtaining valuable seismic locations, even for small
earthquakes (ML 3.5).
The workflow used in this study is illustrated in Fig-

ure 3. Seismic waveforms are manually processed
through Seisan for P and S phase picking, phase asso-
ciation, amplitude measurements, and hypocentral lo-
cationswithHypo71 (Havskov et al., 2020; Lee andLahr,
1975). Simultaneously, the automatic detectionof earth-
quakes on the continuousminiseedfiles and the seismic
phase picking process is done with the deep learning-
based method PhaseNet (Zhu and Beroza, 2018). The P
and S picks are then associated and located with REAL
- the Rapid Earthquake Association and Location algo-
rithm (Zhang et al., 2019).
Analysts at OSC then compare the automated catalog

with the manual catalog to ensure that no events are
missing from the automated catalog. They also review
the signals associated with the events detected by the
automated workflow to avoid false positive detections
and to check the quality of the phase picks.

2.3 Automatic Phase Picking and Association
The PhaseNet picking method (Zhu and Beroza, 2018)
is an entirely automated approach consisting of a su-
pervised deep neural network (DNN), trained on a
dataset of nearly 800.000 three-component recordings
from the Northern California Earthquake Data Center
(NCEDC, 2014). This method identifies and picks the re-
gional P and S wave arrivals automatically from three-
component 30(s) windowed seismic signals.
PhaseNet has beenused successfully for thedetection

and identification of seismic phase arrivals in a vari-
ety of seismic environments including volcanic settings
and mountain belts (e.g., Ammirati et al., 2022; Derode
et al., 2023; Retailleau et al., 2023) .
In this study, we applied the PhaseNet probabilities

thresholds of 0.5 and 0.55 for P and S wave arrivals.
These thresholds are intentionally set high (compare to
the 0.3 threshold now currently use to ensure a better
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Figure 3 Sketch of the global workflow used to detect and pick seismic phases using both manual and automatic algo-
rithms. Results are merged in a seismic bulletin after being validated by the analysts of the OSC.

recall) to guarantee, after association and location pro-
cesses, high precision, recall and F1-score (e.g., Glas-
gow et al., 2021; Jiang et al., 2021; Tan et al., 2021; Zhang
et al., 2022). Table S2 presents the computation of Pre-
cision, Recall and F1 metrics.
Despite the availability of new seismic phase associa-

tion algorithms, such as GENIE (McBrearty and Beroza,
2023) or GAMMA (Zhu et al., 2022), we have chosen to
use the REAL algorithm (Zhang et al., 2019). In fact,
this algorithm, which has been accessible to the public
for over four years, has been subjected to rigorous test-
ing in a multitude of studies (e.g., Ammirati et al., 2022;
Derode et al., 2023), thereby substantiating its potential
and reliability for the specific instrumental network in
question. REAL combines the advantages of pick-based
and waveform-based detection and location methods.
Unlike waveform-based methods that use continuous
seismic data to search for events in 3D space, REAL
focuses on a smaller area around the station with the
current initiating phase and seismic picks. We used a
coarse grid (0.02° x 0.02° x 2 km) to generate travel time
tables for each source station pair, based on the Ryan
et al. (2016) velocity model (Table S3a).
In order to ensure a good quality of the detected

events based on the multiple picks of the PhaseNet de-
tections, we imposed a minimum of 4 P and 2 S on 4
different stations to consider an event detection. Then
6 phases (with PhaseNet probabilities higher than 0.5)
on 4 different stations are needed to associate and pre-
locate an event with REAL.We then use theHypo71 rou-
tines (Lee and Lahr, 1975) to obtain the absolute earth-
quake location.

2.4 Velocity Model

The 1D velocity model extracted for the Cochabamba
region from Ryan et al. (2016) exhibits comparable Vp
and Vs velocities to those documented in the literature
for the eastern front of the Andes in northwestern Ar-
gentina (e.g., Ammirati et al., 2015; Venerdini et al.,
2020). The regional velocity model derived from the re-
ceiver function study by Ryan et al. (2016) suggests that
the velocity model covering the Altiplano to Brazilian
craton is more likely to be 2D in relation to the geologi-
cal anisotropy found in the area. The use of a 1D model
could result in the biasing of earthquake locations. This
is to be expected at a large scale, but could also be sen-

sitive at the smaller scale of our network.
Two approaches were considered in order to validate

the velocity model proposed.

1. Vp/Vs derived from Wadati plot: The Wadati dia-
grams were determined for each seismic station
(Figure S3). The Vp/Vs ratio estimated from this di-
agram is then comparedwith theVp/Vs ratios deter-
mined by Ryan et al. (2016). We then assessed the
potential impact of the local Vp/Vs on the seismic
locations.

2. A joint relocation and inversion of the 1D velocity
model was conducted. We used the joint hypocen-
ter, velocity model, and station coefficient deter-
mination using VELEST (Kissling et al., 1994) and
the Joint Hypocenter Determination method (Pu-
jol, 1992). In order to conduct this analysis, a set
of relatively well-constrained earthquakes was se-
lected from the initial catalog, comprising approx-
imately 439 mid-crustal events. These events were
then tested against the velocity model proposed by
Ryan et al. (2016) in order to evaluate any discrep-
ancies and refine the parameters of our model.

2.5 Focal Mechanism from Near source seis-
mological records (FMNEAR)

The FMNEAR method was first introduced in Delouis
(2014). Full waveforms in displacement at local to re-
gional distance are invertedusing anon linear approach
combining a grid search and simulated annealing. The
option to invert P-wave polarities in conjunction with
the waveforms has been recently added and may be es-
pecially helpful to constrain the solution of small earth-
quakes (M < 3). The parameters to be determined are
the strike, dip, rake parameters of the double couple fo-
cal mechanism, the moment rate source time function,
hence the seismic moment and themoment magnitude
Mw, and the source depth.
Pre-processing steps include trend and offset re-

moval, integration of the broadband records, deconvo-
lution of the short period records by their instrumen-
tal response, P-wave manual picking with polarity in-
formation. Synthetic seismograms are computed by
the wavenumber integrationmethod of Bouchon (1981)
adopting a 1D velocitymodel based on Ryan et al. (2016)
(Table S3a). The user can adjust the filtering band for
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Figure 4 (a) Scatter plot of the magnitude of the earthquakes recorded from May to end of October 2022 in the region of
interest. Gray shaded areas delimitate the period of the two seismic clusters in Chapare and Sipesipe zones, the black dashed
line indicates the completeness magnitude (Mc), and the red solid line represents the cumulative number of earthquakes in
the automatic catalogue. (b) Frequency – Magnitude Distribution for the automatic seismic catalog, the light blue dashed
line is the Mc value computed by the Maximum Curvature Method (MAXC), white dots are the number of events per bin and
red dots represents the cumulative value.

each station and component individually and explore
source depth with a user-defined depth step.

3 Results

3.1 Detection and location

The main results from the first six months of seis-
mic monitoring in the Cochabamba region indicate the
presence of an intense microseismic activity below the
network. Specifically, 439 earthquakes associated with
magnitudes greater than ML 0.2 were detected during
this period (Figure 4a). The completeness magnitude
Mc of the automatic catalog is estimated to be approxi-
mately ML0.83 using the Maximum Curvature Method,

also known as MAXC, (Figure 4b), indicating the net-
work’s capability to detect and locate very small earth-
quakes within the region (Wiemer andWyss, 2000).

In order to evaluate the precision of the picks ob-
tained through our procedure, we conducted a compar-
ison between the outcomes frommanual and PhaseNet
techniques across the entire dataset. This entailed the
calculation of time differences between the analysts’
and the automatic picks. The methods yielded compa-
rable arrival times for P and S, with standard deviations
of the differences lower than 0.26 seconds (0.20s and
0.26s for P and S waves, respectively, Figure 5c-e). Con-
sidering a theoretical maximum P velocity of 6 km/s,
these statistical differences should not involve earth-
quake location differences higher than 1.5-2 km. This is
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Figure5 Results from the automatic picking and locations procedures. (a)Example of a small event (ML ~ 0.2) only detected
and picked with the automatic PhaseNet method. (b) Example of a moderate event (ML ~ 2.1) detected and picked by both
analysts and PhaseNet. (c) to (e) Histograms of the time differences between PhaseNet and reference analyst picks. (f) to
(h) Histograms of the location differences between the PhaseNet+REAL and the manual analysts procedures.

corroborated by the histograms presented in Figure 5f-
h, indicating that the majority of the hypocentral loca-
tion differences between manual and automated meth-
ods are less than 2 km.
The magnitude was computed using the original

Richter (1935) formula for Southern California, with im-
provements fromHutton and Boore (1987) values of the
three constants associated to the formula, i.e. associ-
ated to the geometric spreading, the attenuation and a
correction. To obtain the ML magnitude, a simulation
of the Wood-Anderson seismometer was applied to the
multicomponent signal. These traces are then filtered
using a 2 Hz high-pass 2-pole Butterworth filter. The
equation used for the magnitude calculation is:
ML = log10(Amp)+1.11 log10(dist)+0.00189∗dist−2.09

(1)

WhereAmp is themaximumamplitude in nmand dist
(distance) in km.

3.2 Local uncertainties.
3.2.1 Pick Precision

We present the precision, recall, and F1-score metrics
for P and S phases after phase association were com-
puted for the two catalogs (manual and automatic). The

results for P-wave picks, the precision, recall, and F1-
score values were 0.987, 0.995, and 0.991, respectively,
while for S-wave picks, these values were 0.988, 0.991,
and 0.990, respectively (Table S2). The evaluation also
documented the number of true positives (NTP), false
positives (NFP), and false negatives (NFN), which were
2550, 33, and 14 for P-wave picks, and 1700, 20, and
15 for S-wave picks. These metrics underline the ro-
bustness of the PhaseNet technique and its capability
to achieve near-human performance in phase picking,
further validating its use in seismic event detection and
location workflows (refer to Figure S6).

3.2.2 Testing the implications of the velocity
model.

In order to estimate the implications of the velocity
model, we first plotted the Wadati diagrams for each
seismic station (Figure S3). With the exception of
SODC8 and 7, the VP/VS ratio measured for every sta-
tion is close to the 1.75 considered in the initial velocity
model. Given the values and average distance between
events and stations in our network (~30 km), it can be
reasonably assumed that potential velocity model dif-
ferences would likely result in location differences of
less than 3 km.
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(a) (b)

(c) (d)

Figure 6 Depth estimation sensitivity test for “Chapare Norte” cluster. (a). For 62 events of this cluster, the measured S-P
delays at the closest station SODC7 are represented according to their epicentral distance and their catalog depth (colored
dots). The theoretical S-P delays according to distance & depth (colored font) are estimated from the velocity model used
in this study (with a VP/VS ratio around 1.75). New depth estimation can be estimated from the measured S-P delays on
SODC7 only (filled black dots), when fixing the epicenter obtained from the localization procedure. The 2 vertical black lines
represent the distance range where are located 68% (1 standard deviation) of the clustered events. Thick black contour line
represents the depth estimated for the mean of the observed S-P delays, for each epicentral distance. Light black contour
line are computed respectively for the mean of the observed S-P delays +/- one standard deviation. (b) Histograms of depth
estimations for the original catalog depths (green) and for the depth estimations derived fromSODC7 S-P delays (black). The
measured SODC7 S-P delays clearly point to a cluster around 12-13km depth (In this velocity model, a shallower cluster, less
than 10 km, is very unlikely: A cluster at 10 km depth would have to be located at more than 12 km, instead of 3-4km, from
SODC7 to explain the observed S-P delays). (c) & (d) Same as (a) & (b) but for a different velocity model: with the same P-
wave velocities, and layers, butwith a different VP/VS ratio, at 1.69 (the ratiowhich is locallymeasured on the station SODC7).
The measured SODC7 S-P delays are here in favor of a slightly deeper cluster, around 15 km.

Moreover, to ascertain potential additional biases
coming from the 1D velocity model, we conducted the
joint hypocenter, velocity model and station coefficient
determination of VELEST (Kissling et al., 1994), and the
Joint Hypocenter Determination (Pujol, 1992). In order
to achieve this, a set of relativelywell-constrained earth-
quakes was selected from the initial catalog of events.
This dataset was then filtered to include only earth-
quakes exhibiting an azimuthal gap of less than 180 de-
grees. Following this preselection, a subset of 138 earth-
quakeswas obtained. The velocitymodel based onRyan
et al. (2016), Table S3, was then injected into VELEST as
an initial model.

The best model derived from VELEST, falls within

less than 10% of allmodels aforementioned (Table S3d).
The P and S time corrections calculated for each sta-
tion do not exceed +/- 1.5 seconds. The seismic station
that presents the largest delays is SODC8, around +1.5
s while the other seismic stations show negative val-
ues smaller than -1.3 s. The distribution of the delays
are consistent with the first order geological variations,
SODC8 being on the eastern flank of the orogen, above
shallow unconsolidated sedimentary units overthrust-
ing the Chaco basin, while the stations to the west of
thenetwork lay onhigher velocities and thicker tectonic
units. (Figures S4a to c).

The epicenter localization uncertainties depend
mostly on the seismic network coverage (primary

8 SEISMICA | volume 4.1 | 2025



SEISMICA | INSTRUMENT DEPLOYMENT REPORT | Unveiling midcrustal seismic activity at the front of the Bolivian altiplano, Cochabamba region

No
rm

al
ize

d 
RM

S 
m

isfi
t

Depth (km)

(a) Temporary 
broadbands

Temporary short periods

Permanent broadbands

(b)

: model
: observedBandpass filtered displacement 

waveforms 
Amplitudes in cm         Time in s

(e)(c)

(d)
2022/05/18 19:20:26 UTC Mw 4.0

Figure 7 FMNEAR waveform and polarity inversion of the 2022/05/18 19:20:26 UTC Mw 4.0 event. (a)Map showing seismic
stations (triangles, in green for thosewhosewaveforms are used) and the best focalmechanism found. (b)Polarities (+ for up,
opencircles fordown), nodalplanes, andPandTaxes.(c)Explorationof thesourcedepth. Thebest focalmechanismobtained
for each depth value tested is plotted at the corresponding value of the normalized RMS misfit function. (d)Waveform fit of
the bandpass filtered 3-component (N, E, Z) records in displacement, separated by network and/or sensor type. (e) Motion
of the upper block (hangingwall) shown by the red arrow, assuming that the low angle dipping nodal plane is the fault plane.
In the Figure, stations letter names are modified with respect to Figure 2 but numbers (0, 1, …X) are the same.

and secondary azimuthal gaps, distance to the closest
station, number of stations, Bondár et al., 2004), and
are quite insensitive to velocity model errors (Laporte
et al., 2024; Bondár et al., 2004; Bondár and Storchak,
2011). The VELEST inversion provides horizontal
uncertainties around 2-3 km, and can be considered
significantly lower than 5km.
However, depth estimation is typically less well con-

strained. The accuracy of depth estimation is contin-
gent upon the epicentral distance to the closest stations
and the accuracy of the velocity model (e.g., Gomberg
et al., 1990; Bondár et al., 2004; Bondár and Storchak,
2011; Laporte et al., 2021; Letort et al., 2014; Harde-
beck and Husen, 2010). Furthermore, the depth param-
eter may be subject to a trade-off with the estimation of
the origin time during the localization procedure (e.g.,
Letort et al., 2014; Hardebeck and Husen, 2010).
In order to overcome the issue of the time origin

and depth trade-off, it is possible to rely on observed
S-P delays on nearby stations (e.g., Derode et al., 2023;
Gomberg et al., 1990; Koirala et al., 2023). For the “Cha-
pare Norte” cluster (May 18, 2022), 62 pairs of P & S ar-
rivals are picked on SODC7, the closest station, located
at less than 5km from the cluster, all with very similar S-
P delays (2 +/- 0.1 seconds). These S-P delays depend on
the epicentral distances, on the velocity model, and on
the focal depth. First assuming the epicenters and the
velocity model are correct, these S-P delays can there-

fore provide an estimation of the earthquake depths.
Derived from S-P delays, the average cluster depth is
thus found at 13.2 +-1 km (Figure 6a - b), close to the
average original catalog depth (12.5 km).
The VP/VS ratio used for this study is around 1.75,

but locally, around SODC7, this value is lower, around
1.69, estimated from theWadati diagram (Figure S3). On
the basis of this local VP/VS ratio, with the same P-wave
velocities, and assuming that the epicentral location is
correct, the S-P delays are consistent with a deeper clus-
ter at 14.9 +/- .1 km (Figure 6 c – d). Further analysis
hasbeenconducted, and the results arepresented in the
supplementary data material (Figure S5).

3.3 Focal mechanisms
We performed the first waveform inversions incorpo-
rating stations from the temporary network (POBnet),
using the FMNEAR method (Delouis, 2014), this al-
gorithm proved its efficiency in Andean and Mediter-
ranean context and its ability to provide reliable infor-
mation on small-to-moderate magnitude earthquakes
when the event is recorded with adequate azimuthal
coverage (e.g., Derode et al., 2019; Menager, 2023). In
the present casewe invert jointly thewaveforms and the
first motion data (P-wave polarities).
During the period of this study we recorded a ML 4.3

event that occurred on May 18, 2022 (19h20 UTC, 15h20
local time, epicenter -17.224°N and -65.843°E), hereafter
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Figure 8 Result of the joint inversion of first motion and waveform data for the 2022/08/14 08:05:06 UTC Mw 2.5 event,
keeping only the four closest stations for the waveform part.

called “ChapareNorte”, and another ofML 2.8 onAugust
14, 2022 (08h05UTC, epicenter -17.355°N and -66.153°E),
hereafter called “Cochabamba Centro”, both inside the
temporary network.
The bandpass filter applied is adapted to each station

and component but it is overall between 0.02 and 0.25
Hz for the broadband records and between 0.15 and 0.3
Hz for the short period records in the case of the largest
ML 4.3 Chapare Norte event. In the case of the smaller
ML 2.5 Cochabamba Centro event, the filtering domain
lies between 0.35 and 1.0 Hz.
In both cases, the analysis of all the solutions tested

by the nonlinear exploration of the source parameters,
the quality of the modeling of the waveforms and the
compatibility of the polarity data with the focal mecha-
nism make it possible to establish that the solution is
well constrained. The FMNEAR inversion results are
synthesized in Figures 7 and 8.
For the “Chapare Norte” earthquake, the focal mech-

anism exhibits a low dipping nodal plane (strike 65°,
dip 10°, rake 29°) associated with a motion of the upper
block (hanging wall) towards the NE (Figure 7e). From
Figure 7c source depth can be considered as 14 +/- 3 km.
The moment magnitude of the event is Mw 4.0. The az-

imuth of a nodal plane becomes more difficult to deter-
mine when its dip is very low as is the case here. In any
case, the focal mechanism can be described as a thrust
towards NE on a sub-horizontal decollement.

The “Cochabamba Centro” earthquake exhibits a fo-
cal mechanism (strike 120°, dip 15°, rake 55°) similar
to the previous one. Given the low magnitude of the
event, only the waveforms of the four nearest stations
are used. From Figure 8c source depth can be consid-
ered as 17 +/- 1 km. The moment magnitude is Mw 2.5.
The reverse mechanism can be interpreted in a similar
way as for the “Chapare Norte” earthquake, mostly co-
herent with another hanging wall thrusting to the NE
of a decollement system that may be associated with a
main system branch (further details in Figure 9).

For both earthquakes, the waveforms of the broad-
band and/or short-period stations could bemodeled sat-
isfactorily (Figures 7d and 8d), with a focal mechanism
solution compatible with the first motion data. Addi-
tionally, the fact that the FMNEARmethod is based on a
non-linear exploration of the space of possible solutions
allows us to calculate a confidence indexmeasuring the
uniqueness of the solution, ranging from 0 (highly non-
unique) to 100% (unique) (Delouis, 2014). This confi-
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dence index is higher than 87% for both events, indicat-
ing that their focal mechanisms are well constrained.
In supplementary material we show how the focal

mechanism of the small Cochabamba Centro earth-
quake, unconstrained by polarities data alone (Figures
S7 and S8), is correctly constrained by the joint inver-
sion of polarities and waveforms (Figure S9).

3.4 Lateral variations of seismicity

In this study, we examine a seismic cluster that devel-
oped in the Corani-Chapare region at the foot of the
mountain front (Figure 9), following the May 18, 2022
earthquake of ML 4.3 / Mw 4.1 analyzed in the previous
section. This seismic event was widely felt throughout
the Cochabamba basin. Its effects were recorded from
Sipesipe to Punata, as detailed in amacroseismic report
by the Observatorio San Calixto (OSC), 2022. This earth-
quake is the largest earthquake recorded by the net-
work in the period under review (as illustrated in Fig-
ure 4a). Furthermore, we observed a second cluster of
seismic activity located less than 10 km from the village
of Sipesipe. This village experienced substantial devas-
tation due to an earthquake in 1909, situated at thewest-
ern extremity of the Cochabamba basin (Vega, 1996).
The seismic activity spans the entire region, from

Villa Tunari (SODC8 station) and the front of the thrust
fault system in the east, to the western end of the
Cochabamba basin (SODC0, SODC6 and SODC10 sta-
tions). While it impacts all tectonic units in the region,
its effects are not uniform; specifically, the subandean
and interandean tectonic zones belong to the Eastern
Cordillera Forethrust Belt and the Eastern Cordillera
Backthrust Belt. During the examined period, seis-
mic activity was more concentrated near SODC10 and
SODC7 stations, which are adjacent to the villages of
Sipesipe and Corani-Chapare, and developed in clusters
that were not seen before and which warrants further
analysis.

3.5 Seismicity and its relation with struc-
tures at depth

Ryan et al. (2016) determined the Moho position be-
neath the region covered by the POB temporary net-
work. As previously mentioned, the earthquakes
recorded during the initial months of the experiment
happened at midcrustal depths, primarily between 10
and 20 km. This places the hypocenters about 25-30
km above theMoho. Balanced structural cross-sections
documented in the area show that seismicity occurs
above theBrazilian shieldbasement, in the sedimentary
cover detached and thrusted over the basement. This
sedimentary cover is made of several imbricated thrust
sheets and numerous folds (Buford Parks and McQuar-
rie, 2019; McQuarrie, 2002).
In the studied area, the prevailing structural orienta-

tion of tectonic slivers and folds is predominantly NNW-
SSE (N140-N150). The balanced cross-sections oriented
NE-SW (approximately N050), as delineated byMcQuar-
rie (2002) across the geological formations, indicate that
the Chapare seismic cluster is situated near the basal

detachment of the thrust system, as illustrated in Fig-
ure 9. This discovery is particularly noteworthy consid-
ering that since the last significant study by Vega and
Buforn (1991), there has been no tectonic interpretation
provided for earthquakes ofmoderatemagnitude in this
region.
Whether the mainshock and its aftershocks are as-

sociated with the activation of the main structure or
a thrust located less than 5 km higher in its hanging
wall is uncertain, and falls either in the uncertainty of
the hypocentral location or tectonic model. However,
the shallowly dipping fault plane observed in the fo-
cal mechanism recorded on May 18th, 2022 (see Fig-
ure 7), aligns with the characteristics typically asso-
ciated with decollement activation (e.g., Devlin et al.,
2012). This seismicity could therefore be a consequence
of the partial or full locking of this thrust segment, 50
km downdip the frontal fault system, and therefore the
partial or full unlocking of the thrust system updip dur-
ing large earthquakes.
The seismic cluster located west of Cochabamba,

near Sipesipe, lies at a slightly shallower depth. It de-
velops within or on the margin of a more internal tec-
tonic sliver. It could be associated either with (1) the
activation of a fault segment on the contact of the main
internal sliver (in gray and white in Figure 9), (2) at the
base of tectonic slivers affecting the sedimentary cover,
in theEasternCordillera backthrust zone, or (3)with an-
other fault parallel or oblique to the cross section trace
and therefore not reported on the balanced cross sec-
tion (such as a NW-SE strike-slip fault).
Seismic events below 10-15 km are scarce in the area,

possibly due to a smaller seismogenic thickness com-
pared to regions further east. However, earthquakes
in this area are infrequent, with magnitudes below ML
2.0. These events are too small to determine focal
mechanisms. The tectonic interpretation of this seis-
mic cluster will therefore require additional data (with
larger earthquakes for determiningwell-constrained fo-
cal mechanisms) and/or further effort using a larger set
of methods (e.g. including double difference reloca-
tions).
The observed seismic activity distribution, when

mapped onto the balanced cross-section, exhibits sim-
ilarities to the seismic patterns found in the far west-
ern region of Nepal, at close distance from the Main
Himalayan Thrust (Laporte et al., 2021; Hoste-Colomer
et al., 2018). Within the confines of this principal thrust
shear zone, a significantmid-crustal seismic cluster can
bediscernedat thedowndip limit of the locked fault seg-
ment. Concurrently, additional seismic clusters emerge
at the junctures between tectonic slivers. These slivers
undergo either reactivation within the hanging wall of
the Main Himalayan Thrust or experience fluid injec-
tions.

3.6 Discussion

The seismic stations of the POBnet experiment are
located above the mid-crustal seismic clusters of the
Cochabamba region within the Bolivian orocline to bet-
ter resolve the relationship between regional seismicity
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and geological structures. During the first six months
of seismic monitoring in the Cochabamba region, 439
earthquakes with magnitudes exceeding ML 0.2 were
detected and located (Figure 4a). The completeness
magnitude of the resulting seismic catalog is approx-
imately ML 0.9 (Figure 4b), illustrating the network’s
ability to detect and locate very small earthquakes in the
region. The hypocentral locations of these earthquakes
are deemed reliable given the test we made with VE-
LEST and S-P analysis sensibility, their relative uncer-
tainties and the geometry of the instrumental network.

The results confirm the presence of mid-crustal clus-
ters of earthquakes (located in the western and eastern
part of POBnet), with most events occurring within the

first 20 km, amidst the basal decollement of the thrust
system and the surface. This result suggests that the
local earthquakes are much shallower than what was
previously presented in the national catalog, in which
a spread of earthquakes associated with a distribution
of earthquakes within the first 50 km (Figure 2) is prob-
ably related to a trade-off between hypocentral depth
and epicentral location due to the large distances and
azimuthal gap associated with these earthquakes in the
national bulletin (also shown in Figure 2). This provides
further evidence in favor of continuing the experiment
and ultimately establishing permanent stations in the
region.

We interpret that part of this seismicity is a conse-
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quence of the activity of the main thrust system, as pre-
viously suspected in southern Bolivia and in Argentina
(e.g., Isacks, 1988; Brooks et al., 2011; Weiss et al., 2016;
McFarland et al., 2017; Figueroa et al., 2020; Ammirati
et al., 2022). This is confirmed by the focal mechanism
of the largest shock recorded during the first 6 months
of the experiment, a ML 4.3 that occurred on May 18th
2022. The hypocenters projected on the balanced cross
section are close to themain thrust system or even shal-
lower in its hanging wall. The earthquakes that occur
in the hanging wall (e.g. in the vicinity of Sipesipe) ap-
pear to fall at the contact between tectonic slivers. How-
ever, note that strike-slip faults similar in orientation
to the Cochabamba fault develop on both sides of the
basin. They are not shown on the cross section as they
are slightly oblique to it. Further documentation of this
persistent cluster is therefore required to constrain its
mechanism and to confirm the association of the seis-
micity at the contact between the mid-crustal duplex
tectonic slivers (the largest earthquakes were too small
for tying properly focal mechanisms).
Finally, evidence of reverse faulting activity is ob-

served atmid-crustal depths, approximately 50 km from
the surface trace of the most frontal thrusts beneath
the toe of the high topography in the Chapare region
(Figure 9). We interpret this cluster as indicative of the
down-dip extension of a 50 km-large partially or fully
locked fault segments of the main active thrust system.
This distance is less than that of the fully locked fault
zone proposed further south along the southern branch
of the orocline on the basis of the GPS velocity field
(Brooks et al., 2011; Weiss et al., 2016). In our region of
interest, the Chapare cluster may be the result of per-
sistent stress build-up at the downdip-end of a shorter
locked fault zone, specific to the core of the orocline.
Furthermonitoring is required to determine the perma-
nency of this seismicity. Geodetic measurements are
also needed to document the mechanical coupling be-
tween the twowalls of the thrust in this region, which is
probably capable of generating large earthquakes.
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