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Abstract The Valle de la Trinidad region in northern
Baja California is situated within a seismically active
zone at the boundary between the Pacific and North
American plates, characterized by complex fault inter-
actions and significant crustal deformation. We inves-
tigate the seismicity of this region between 2010 and
2024 to better characterize active structures and earth-
quake interactions. Using waveform-based double-
difference relocation, we refine the hypocentral loca-
tions of 4010 earthquakes with magnitudes ranging
from ML 0.3 to 5.1 recorded by the Seismic Network
of Northwest Mexico (RESNOM), significantly reduc-
ing epicentral and depth uncertainties. The relocated
seismicity reveals clear alignment with the San Miguel
fault and a previously unmapped intersecting structure,
indicating that both faults are actively accommodat-
ing regional strain. Moment tensor inversions of the
eventswithML≥ 4 showconsistent right-lateral strike-
slip mechanisms, with nodal planes aligned with both
structures, although ambiguity remains regarding the
exact fault that ruptured. The August 17, 2020 seismic
sequence, initiated by an ML 4.7 foreshock and an
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ML 5.1mainshock, demonstrates that triggering across
intersecting faults may control rupture evolution. Tem-
poral changes in focal mechanisms, from strike-slip to
normal faulting, suggest stress field variations during
the sequence. These results highlight the seismotec-
tonic complexity of fault intersections in the Penin-
sular Ranges and emphasize the need to reassess seis-
mic hazardmodels to incorporate the role of previously
unmapped structures.
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1 Introduction

The Baja California Peninsula lies along the tectonic
boundary between the Pacific and North American
plates and hosts a complex network of active faults that
accommodate the relative plate motion. Faults are pre-
dominantly oriented northwest-southeast and exhibit a
range of faulting types, including strike-slip, dip-slip,
and oblique-slip displacements (Angelier et al. 1981).
This structural fabric reflects the long-term evolution
of the plate boundary from a convergent to a transform
regime following the cessation of subduction along
the western margin of North America during the late
Miocene (Atwater 1970).

To the north, the Southern California Shear Zone
(SCSZ) accommodates approximately 20-25% of the
total Pacific-North America plate boundary motion
(Dixon et al. 2000; Dokka and Travis 1990a, b; Miller
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et al. 2001; Sauber et al. 1986, 1994; Savage et al.
1990; Thatcher et al. 2016). This broad, diffuse zone
of dextral shear, approximately 125 km wide, encom-
passing a complex system of faults that extend across
oceanic crust, coastal ranges, and inland domains.
These faults exhibit a wide range of displacement rates
and slip behaviors, including both locked and creep-
ing segments, and contribute significantly to regional
seismic hazard (Sauber et al. 1986; Savage et al. 1990).

Southward, the SCSZ transitions into the Baja Cal-
ifornia microplate (Dixon et al. 2000; Plattner et al.
2007), a tectonic block moving semi-independently
between the Pacific and North American plates. The
northern boundary of the microplate is delineated by
several active fault systems, among which the San
Miguel-Vallecitos fault system is particularly active
(Bennett et al. 1996; Johnson et al. 1976; Shor and
Roberts 1958). The San Miguel and Vallecitos faults
— the northwestern and southeastern segments of this
fault system —, accommodate right-lateral strike-slip
motion, extending southeastward for approximately
160 km from the U.S.-Mexico border to their intersec-
tion with the Agua Blanca, Sierra de Juárez, and San
PedroMártir faults. These intersections represent zones
of structural complexity and are critical for understand-
ing the dynamics of strain transfer across the boundary.

The San Miguel Fault exhibits an estimated slip
rate of 3 ± 3 mm/yr (Bennett et al. 1996) and has
been associated with at least six strong earthquakes
(M ≥ 6) between 1954 and 1956, with rupture lengths
of approximately 20 km (Hirabayashi et al. 1996).
In contrast, the Vallecitos Fault has not been clearly
associated with recent large-magnitude seismic events,
although the Mw 5.7 Guadalupe earthquake of 1949
may have occurred on this structure (Reyes et al. 1975).
Due to its spatial proximity and similar structural ori-
entation, the Tres Hermanos Fault is considered part of
this broader fault system. Toward the south, the Agua
Blanca and San Pedro Mártir faults define the southern
margin of the system and the edge of the Baja Cali-
fornia microplate. These faults exhibit slightly higher
slip rates compared to faults to the north and play an
important role in accommodating microplate motion
(Bennett et al. 1996).

On August 17, 2020, a ML 5.1 earthquake occurred
near the junction of these major fault systems in the
Valle de la Trinidad, initiating a seismic sequence that
persists to the present. The distribution of epicenters
delineates linear trends that alignwith themapped trace

of the San Miguel Fault and a cross-cutting geologi-
cal structure, suggesting active deformation along both
the primary fault and a secondary, intersecting zone of
structural weakness (Fig. 1). Notably, the location of
the 2020 mainshock closely corresponds with the epi-
central area of a Mw 6.3 earthquake that occurred in
1956, which was part of a sequence of three M ≥ 6
events linked to a cross fault between the San Miguel
and Sierra Juarez fault zones (Doser 1992). This inter-
pretation is supported by relocations conducted using
the bootstrap relocation routine of Petroy and Wiens
(1989), which Doser (1992) used in her analysis. The
similarity in sourcemechanisms,magnitudes, and loca-
tions suggests that the 2020 sequence may represent
reactivation of the San Miguel Fault system, with trig-
gered rupture along a cross-cutting structure.

In addition to the 1956 sequence, the Valle de la
Trinidad region has experienced several other mod-
erate events, including earthquakes in 1975 (M 5.1),
1985 (M 5.4), 1988 (M 5.3), 1991 (M 5.4), and 1994
(M 5.3), as well as lower-magnitude events in 1994
and 1996 (M 4.1-4.3; Vidal et al. 2010). The clustering
of these events underscores the persistent seismogenic
activity in this structurally complex zone and reinforces
its potential for future damaging earthquakes.

It is noteworthy that not all large earthquakes in the
Valle de la Trinidad region have been associated with
sustained aftershock activity. For example, the ML 5.1
earthquake in 2015 produced only a brief aftershock
sequence, followed by nearly two years of relative seis-
mic quiescence before seismicity resumed at elevated
rates. This variability in post-seismic behavior high-
lights the complexity of fault interaction and stress
redistribution processes in the region.

During the ongoing seismic sequence initiated in
2020, a total of 2862 earthquakes were recorded up to
the end of 2024, with magnitudes ranging fromML 0.3
to 5.1. In this study,weanalyze the seismicity of the past
15 years in northern Baja California by precisely relo-
cating earthquake hypocenters and correlating them
withmapped geologic faults. This approach enables the
identification of active, potentially seismogenic struc-
tures and offers critical insight into fault interaction
processes, rupture dynamics, and the region’s seismic
hazard, including the potential for future large earth-
quakes.

The seismicity observed to the south and southeast
of the study area suggests the possible existence of
blind or previously unrecognized fault structures. In
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Fig. 1 Geologic setting of the Valle de la Trinidad at the junc-
tion of the Agua Blanca (AB), Tres Hermanos (TH), San Miguel
(SM), San PedroMártir (SPM), and Sierra Juárez (SJ) faults. The
map shows the focal mechanisms of nine historical earthquakes
from 1956 until 1996 with magnitudes M≥ 4 (Vidal et al. 2010),

as well as the hypocenters of digitally recorded events since 1976
in the RESNOM catalog. Focal mechanisms for earthquakes in
2013, 2015, 2019, and 2020 — as determined by the United
States Geological Survey (USGS) — are displayed

particular, the spatial distribution of epicenters indi-
cates a coherent seismic cluster in this region, similar
to what is observed in the Valle de la Trinidad. Notably,
the hypocentral depths within this cluster appear to
increase from southwest to northeast, hinting at under-
lying geological features such as dipping fault planes
that remain poorly characterized. These observations
highlight the need for further structural investigations
in this part of the region.

2 Data

Seismicity in the Valle de la Trinidad forms a distinct
cluster that is geographically separated from earth-
quake epicenters associated with other fault systems

in the region. As such, this study focuses on a rect-
angular area bounded between 31.33 and 31.82◦ lati-
tude and -115.33 and −116.00◦ longitude, centered at
the intersection of the Sierra Juárez (SJ), San Miguel
(SM), Agua Blanca (AB), and San PedroMártir (SPM)
faults (Fig. 1). Earthquake data were obtained from the
catalogs of the Seismic Network of Northwest Mex-
ico (RESNOM) and the Northwest Mexico Accelero-
graph Network (RANM, Vidal-Villegas et al. 2018),
both operated by the Center for Scientific Research
and Higher Education at Ensenada (CICESE). These
networks were designed to detect, record, and catalog
seismic activity throughout northwestern Mexico, par-
ticularly in northern Baja California and northwestern
Sonora. TheRESNOMnetwork currently comprises 29
seismic stations, while RANM has 19. Following the
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2010 El Mayor-Cucapah earthquake, coverage in the
study area was significantly improved by the installa-
tion of additional stations, enhancing the sensitivity and
spatial resolution of the networks.

In addition to RESNOM and RANM, seismic sta-
tions from the Broadband Seismological Network of
the Gulf of California (RESBAN, Castro et al. 2018),
the Southern California Seismic Network (SCSN, Hut-
ton et al. 2006), and the Mexican National Seismo-
logical Service (SSN, Pérez-Campos et al. 2018) were
used to supplement earthquake locations in the study
(Fig. 2).

Seismic waveforms are initially analyzed using
a short-term average/long-term average (STA/LTA)
algorithm, which automatically detects events by com-
paring the signal’s average amplitude over a short win-
dow (STA) to that over a longer window (LTA). When
the STA/LTA ratio exceeds a threshold, a potential
seismic event is flagged for further analysis. An ini-
tial hypocentral location is estimated by triangulating
the earthquake’s position based on the P- and S-wave
arrival time differences at each station. This estimate is
then refined by an analyst who manually reviews and
adjusts the P- and S-wave picks. Localmagnitude (ML)

Fig. 2 Study area and station locations of the RESNOM (red),
RANM (yellow), SSN (blue), and SCSN (black) seismic net-
works used to detect and locate the earthquakes analyzed in this
study. Station coordinates are listed in Table 1. Not shown are

stations PIX (RESNOM), NE80 and PPXB (RESBAN) to the
east, PLIB (RESBAN) and HSIG (SSN) to the southeast, and
SLGB (RESBAN) to the south
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is determined from the S-wave amplitude, corrected for
geometrical spreading.

Between January 1, 2010, and December 31, 2024,
the RESNOM catalog includes 4010 earthquakes within

the study area detected by the stations shown in Fig. 2
and listed inTable 1,withmagnitudes ranging fromML
0.3 to 5.1, along with their corresponding waveform
data.

Table 1 Seismic stations used for earthquake location

Station Name Lat Lon Station Name Lat Lon

AGSX 32.2658 -115.1605 RAC 32.0203 -116.3012

ALAMX 32.0075 -115.7082 RDX 31.9282 -115.9422

BAR 32.68 -116.6722 RHX 32.135 -115.2843

CBX 32.3132 -116.6637 RITX 32.164 -114.9603

CCX 31.8678 -116.6645 RMX 32.5535 -116.0288

CHX 31.472 -115.052 RSL 32.116 -115.8407

CNAEN 31.891 -116.603 SAL 33.28 -115.9858

CORX 32.4153 -117.2482 SDR 32.7357 -116.9423

CPO 32.6427 -116.4852 SFX 31.0375 -114.851

CPX 32.4195 -115.305 SGL 32.6493 -115.7263

CRR 32.8868 -115.9692 SIV 31.8708 -115.816

DOCTX 31.9595 -114.745 SJX 32.0048 -115.948

DPP 32.9987 -116.9415 SLGB 29.83 -114.404

DRE 32.8053 -115.4468 SLH 33.1927 -116.254

ECX 31.657 -116.5978 SLRX 32.4588 -114.706

EML 32.8908 -116.8457 SPIG 31.0458 -115.466

EMS 32.7392 -114.9852 SPX 31.045 -115.466

EMX 31.9882 -115.2417 SQX 30.5762 -115.8758

GLA 33.0515 -114.827 SV2X 31.3398 -116.2385

GUVIX 32.3028 -115.076 SVX 31.327 -116.251

HSIG 29.0197 -110.9492 SWS 32.945 -115.7998

IBP 32.661 -116.0928 TJIG 32.4338 -116.6745

IKP 32.6502 -116.1095 TJX 32.5102 -117.0543

JARAX 32.5378 -115.5815 TKX 32.5687 -116.6075

MBIG 32.407 -115.198 TL2X 32.4482 -115.109

MONP2 32.892 -116.4223 UABX 32.6315 -115.4447

MTG 33.1992 -116.6472 VTX 31.3913 -115.784

NE80 30.5 -112.32 WES 32.759 -115.7315

OJONX 31.8572 -116.099 WMD 33.0382 -115.5818

OJOX 31.8573 -116.0985 YMD 32.554 -114.5535

OLP 32.6078 -116.9303 YUC2X 32.6055 -115.094

PBX 31.742 -116.7255 YUH 32.6473 -115.9225

PESCX 32.4338 -114.965 YUH2 32.6475 -115.9222

PIX 31.5628 -113.4598 YUX 32.0277 -115.199

PLIB 29.9157 -112.6947 ZAX 31.5137 -116.273

PPXB 31.3355 -113.633
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3 Methodology

To obtain more precise hypocentral locations, we relo-
cate the earthquakes using thewaveform-based double-
difference method (Waldhauser and Ellsworth 2000),
which reduces errors caused by unmodeled lateral het-
erogeneities in the seismic velocity structure that are
not represented in the Earth model used for initial
hypocentral determination. By focusing on differential
measurements between nearby event pairs, the method
substantially reduces systematic errors associated with
inaccuracies in the assumed Earth model.

The double-difference algorithm is formulated as
an iterative least-squares procedure that relates the
residuals between observed and predicted differential
P- and S-wave arrival times for pairs of earthquakes i
and j recorded at the same station k. The residual is
expressed as

dri jk =
(
t ik − t jk

)obs −
(
t ik − t jk

)cal
, (1)

where
(
t ik − t jk

)obs
is the observed travel time differ-

ence and
(
t ik − t jk

)cal
is the predicted travel time dif-

ference based on the initial hypocentral locations. The
relationship between these residuals and corrections to
the earthquake locations is linearized as

∂t ik
∂m

�mi − ∂t ik
∂m

�m j = dri jk , (2)

where �mi = (�xi ,�yi ,�zi ,�τ i ) represents the
corrections to the initial source parameters m =
(x, y, z, τ ) for event i , with τ denoting origin time.
By solving this system iteratively for many event pairs
simultaneously, the method achieves a network of
hypocenters with improved relative location accuracy,
particularly for tightly clustered seismicity.

To relocate the events from the RESNOM catalog,
we computed P- and S-wave travel time differences
based on the SJ18 velocity model (Table 2) developed
by Ramírez Ramos et al. (2019), which best represents
the seismic velocity structure of the Peninsular Ranges
of Baja California. The use of an appropriate velocity
model further improves the reliability of the reloca-
tion, although the double-difference method remains
relatively insensitive to large-scale velocity anomalies.

Table 2 SJ18 Model used for relocation of earthquakes

Depth [km] P-Wave Velocity [km/s]

0–4.5 5.6

4.5–9.5 6.8

9.5–18.2 7.3

18.2– 7.9

Recognizing that earthquakes with similar hypocen-
tral locations produce highly similar waveforms —
assuming similar rupture processes along the fault—
when recorded at the same station, we enhanced the
differential timemeasurements by cross-correlating the
waveforms of event pairs. Cross-correlation allows for
the determination of relative arrival times with sub-
sample precision, reducing random picking errors and
further improving the relative locations. For each event
pair, we performed waveform cross-correlation on a
windowed segment around the P- and S-wave arrivals
at each station, accepting measurements only when the
correlation coefficient exceeded a specified threshold,
which we set to 0.1, thereby ensuring the quality of the
differential time dataset.

The resulting relocation dataset provides high-
resolution images of the active fault structures in the
Valle de la Trinidad region, allowing for the identi-
fication of previously unrecognized fault strands and
improving the understanding of fault interaction and
rupture processes in this complex tectonic setting.

Moment tensor inversion was performed for all
earthquakes with M ≥ 4 in the study region using
the ISOLA software package (Sokos and Zahradnik
2008, 2013), which implements a full-waveform inver-
sion approach in the time domain. This methodology
exploits the linear relationship between observed seis-
mograms and Green’s functions, wherein the observed
groundmotion u(t) at a station ismodeled as the sumof
Green’s functions Gi j (t) weighted by the correspond-
ing moment tensor elements mi j ,

u(t) =
3∑

i=1

3∑
j=i

Gi j (t)mi j . (3)

The inversion procedure aims to determine the
moment tensor elements that best reproduce the observed
seismograms. ISOLA achieves this by minimizing
the misfit between observed and synthetic waveforms
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through a least-squares approach.Crucially, themethod
allows for minor phase shifts between observed and
synthetic signals to account for unmodeled lateral het-
erogeneities and velocity anomalies within the Earth
structure, enhancing the robustness of the inversion.

Mathematically, the vectorm containing themoment
tensor elements is derived by solving the overdeter-
mined system

m = (GTG)−1GTu, (4)

whereG is the matrix containing time series of Green’s
functions for each source-receiver pair and u is the vec-
tor of observedwaveform data. Synthetic Green’s func-
tions were generated assuming a Dirac delta source
using the SJ18 velocity model (Ramírez Ramos et al.
2019), consistent with the model used in the relocation
stage. A frequency band of 0.02-0.09Hzwas employed
in the inversion to maximize the signal-to-noise ratio
while preserving sufficient resolution appropriate for
moderate-magnitude events.

In tectonic environments, isotropic components in
moment tensors of small earthquakes are expected
to be negligible (Dziewonski and Woodhouse 1983;
Julian et al. 1998). Moreover, in full moment tensor
inversions, the isotropic and compensated linear vector
dipole (CLVD) components are linearly dependent and
share the same polarity; their ratio is governed by the
local vP/vS velocity ratio and thus remains approxi-
mately constant (Vavryčuk 2011, 2001). To reduce spu-
rious non-double-couple (NDC) components, we con-
strained the isotropic component during the inversion,
thereby yielding deviatoric moment tensors.

The quality of each inversion was assessed by cal-
culating the variance reduction (VR), defined as

VR = 1 −
∑

(dobs − dsyn)2∑
(dobs)2

, (5)

where dobs and dsyn represent the observed and syn-
thetic waveforms, respectively, summed over all time
samples, components, and stations involved. A high
variance reduction indicates a close match between
observed and synthetic data, implying a reliable inver-
sion result.

Additionally, the size of the CLVD component
serves as a complementary indicator of inversion qual-
ity. SincemostCLVDcomponents in small earthquakes
are artifacts without geologic meaning (Rösler and

Stein 2022), inversions yielding small CLVD percent-
ages can be considered more reliable. The robustness
of the moment tensor solutions is also dependent on
the azimuthal coverage and number of seismic stations
included in the inversion. A wide and uniform station
distribution enhances the resolutionof the sourcemech-
anism, while inversions based on sparse or azimuthally
biased station networks are more prone to instabil-
ity. Together, these measures serve as indicators of the
reliability of the inversion and the likelihood that the
derivedmoment tensors accurately represent the source
processes of earthquakes in the Valle de la Trinidad
region.

4 Results

Following the 1956 earthquake sequence, the Valle de
la Trinidad experienced a quiescence of earthquakes
with ML ≥ 5 lasting more than 50 years. The largest
instrumentally recorded event in the area occurred on
April 4, 2010, in the El Mayor-Cucapah mountains,
with a magnitude of Mw 7.2. However, the margin
of the Baja California microplate remained largely
quiet until the ML 5.1 earthquake on February 9,
2015 (Fig. 3a). Despite its magnitude, the aftershock
sequence of this event became indistinguishable from
background seismicity within weeks, when the number
of earthquakes returned to values observed prior to the
earthquake. In contrast, a similarly sized earthquake on
August 17, 2020, initiated an ongoing seismic sequence
that continues to the present day, including six events
exceedingMw 4 and aMw 4.7 foreshock, and a total of
2862 events to date. The number of earthquakes since
the initial event of the sequence is significantly higher
than prior to the sequence. Additionally, the b-value
(Gutenberg and Richter 1944) decreases markedly at
the onset of the sequence, from 1.14 to 0.91 (Fig. 4),
indicating a relative increase in larger-magnitude earth-
quakes. This change suggests a possible transition in
the frictional properties along the San Miguel fault —
where most of the seismicity is concentrated — from
a locked state to one that allows the fault to slip more
freely. Consistent with this, the a-value increased at
the start of the sequence, reflecting the surge in seis-
micity following its onset. This alternating pattern of
sustained and absent seismic sequences in the Valle
de la Trinidad significantly deviates from the conven-
tional mainshock-aftershock sequence. Notably, this
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Fig. 3 (a) Temporal distribution of seismicity in the Valle de la
Trinidad. (b) Number of active seismic stations over time. The
ML 5.1 earthquake on February 9, 2015, was followed by a brief
aftershock sequence anddid not lead to sustained seismic activity.
In contrast, a similarly-sized event on August 17, 2020, initiated
a prolonged seismic sequence that continues to the present, with

a total of 2862 events recorded in the Valle de la Trinidad. The
number of active seismic stations (b) remained relatively stable
throughout the study period, with a slight decrease following the
onset of the 2020 sequence, suggesting that the observed increase
in seismicity is not attributable to changes in network sensitivity

Fig. 4 b-values for
earthquakes that occurred
before, and on or after,
August 17, 2020, in the
Valle de la Trinidad. A
significant decrease is
observed at the start of the
sequence, indicating a
relative increase in
larger-magnitude
earthquakes, which may
suggest a change in the
frictional properties along
the fault. The minimum and
maximum completeness
magnitudes are estimated
based on deviations from
the linear trend
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difference is not attributable to changes in network
sensitivity; the number of operational seismic stations
has slightly decreased since the onset of the current
sequence (Fig. 3b).

Relocating the hypocenters of the RESNOM cat-
alog using the double-difference method significantly
reduces uncertainties in both epicentral anddepthdeter-
minations. While the original catalog reports average
horizontal and vertical uncertainties of 1618.2 m and
3931.4 m, respectively, for 4,010 events, relocation
reduces these to 314.6 m and 337.5 m for the 3,197
events successfully relocated. The relocated epicen-
ters show strong alignment with mapped faults in the
region, particularly the San Miguel fault, as delineated
by the National Institute of Statistics and Geography
(Instituto Nacional de Estadística y Geografía 1982a;
Instituto Nacional de Estadística y Geografía 1982b,
Fig. 5a). Notably, the relocated events no longer form
the diffuse cloud seen in the original RESNOM cata-
log (Fig. 1), but instead exhibit a clear trend along the
fault trace. However, the epicenters also show a clear
trend along a structure that intersects the fault. East
of the fault, the epicenters cluster into discrete groups
without linear alignment (Fig. 5a).

The reduction in uncertainty is particularly signif-
icant for hypocentral depths, which are often fixed in

standard catalogs when depth resolution is poor - com-
monly due to limited station coverage or strong lat-
eral heterogeneities in the Earth’s crust. The relocated
depths show no pronounced clustering in depth in the
projection onto the fault (Fig. 5c), consistent with a
spatially random distribution of seismicity along a fault
zone without abrupt structural discontinuities. Interest-
ingly, the relocated events reveal distinct temporal clus-
tering. A small group of earthquakes in the southeast
of the Valle de la Trinidad, possibly due to stress trans-
fer after the February 9, 2015 earthquake, 2054 days
after January 1, 2010 (Fig. 5b). In contrast, most of the
seismicity along the San Miguel Fault initiated follow-
ing the three larger earthquakes of August 2020, at day
3881. Immediately after this onset, seismic activitywas
observed on both sides of the intersection of the fault
with the intersecting structure (located at 17 km along
the profile in Fig. 5b), with focal depths ranging from 1
to 9 km. By August 2021 (around day 4300), seismic-
ity had migrated to the northwest segment of the fault,
forming a narrow band of hypocenters with a width of
about 5 km, before shifting abruptly to the southeast in
September 2023 (around day 5000). The hypocentral
areas during different stages of seismicity do not over-
lap, consistent with progressive stress release along the
fault following each earthquake.

Fig. 5 Map view (a) and cross-sections (b and c) of relocated
seismicity from 2010 to 2024. Earthquake locations are clearly
aligned with the San Miguel Fault and an intersecting structure.
The projection of hypocenters along the SanMiguel Fault (A-A’)

reveals a pattern of seismic migration, with activity initiating and
ceasing on either side of the intersection with the unnamed fault.
Seismicity along the intersecting fault (B-B’) is observed both
before and after the onset of the 2020 sequence
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Events along the intersecting structure predomi-
nantly occurred at greater depths - between 7 and 11
km - prior to the onset of the 2020 sequence at its inter-
section with the San Miguel fault (Fig. 5c). During the
sequence, seismicity forms a narrow band around the
intersection,with focal depths similar to those observed
along the San Miguel fault. Farther north along the
intersecting structure, hypocenters of seismicity unre-
lated to the 2020 sequence are scattered at comparable
depths, suggesting the presence of another seismically
active zone along this structure.

The results of the moment tensor inversion are con-
sistent with the dynamics along the San Miguel fault,
particularly during the seismic sequence that began in
2020 (Table 3). On August 17, 2020, five events with
ML ≥ 4 occurred in close proximity in the Valle de la
Trinidad (Events 4-9, Fig. 6), initiating a sequence that
continues to the present day. The Mw 4.7 foreshock
(Event 4), which occurred at 15:09:07 UTC, exhibited
a right-lateral strike-slip mechanism. Its fault plane,
striking at 298◦, aligns closely with the trace of the
San Miguel Fault (Table 4). The steep dip of 75◦ is
typical for strike-slip earthquakes and is reflected in a
rake of −177◦. Given the earthquake’s magnitude and
the preceding seismic quiescence, the certainty of the
moment tensor solution is high: the variance reduction

reaches 54%, indicating a strong similarity between
observed and synthetic waveforms computed for the
derived moment tensor. A small CLVD component of
-7.2% further confirms the quality of the inversion,
which was based on seismograms from nine stations.
Nevertheless, the polarity of the small NDCcomponent
may hint at the transtensional stress regime character-
istic of the Baja California Peninsula, a pattern also
reflected in the moment tensors of other regional earth-
quakes.

The mainshock of the sequence occurred slightly
more than 21 minutes after the foreshock (Event 5), at
15:30:33 UTC, and exhibited a nearly identical focal
mechanism, with a strike of 305◦, a dip of 75◦, and
a rake of 168◦. However, its magnitude was Mw 5.3,
releasing approximately eight times more energy than
the Mw 4.7 foreshock. Similar to the foreshock, the
mainshock achieved a variance reduction of 55% in
the moment tensor inversion, based on recordings from
nine stations. Its CLVD component is -4.6%, indicating
minor dilatational forces along the B-axis.

Two aftershocks with ML ≥ 4 occurred in the coda
of the mainshock, at 15:31:41 and 15:32:44 (Events
6 and 7, Fig. 7). Due to the superposition of seismic
waves from multiple events, moment tensor inversion
was successful only for the aftershock at 15:32:44 with

Table 3 Moment tensor solutions for earthquakes with ML ≥ 4 between 2010 and 2024

All data are derived from moment tensor inversion, except for Event 6, for which inversion was unsuccessful due to overlap with the
coda of the larger Event 5, which occurred slightly more than a minute earlier. Consequently, the data for Event 6 are taken from the
RESNOM catalog. The colors of the stereographic projections indicate different faulting styles
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Fig. 6 Map showing the locations and focal mechanisms of the
relocated seismic events. Epicenters aligned along a structure that
intersects the SanMiguel Fault correspond to a feature classified
as a fracture by the National Institute of Statistics and Geog-
raphy (INEGI). Note that the locations derived from moment
tensor inversion do not necessarily coincide with those obtained

through the relocation process. Focal mechanisms are linked to
their respective epicenters as determined by the moment tensor
inversion. Stereographic projections are color-coded by faulting
style: reverse-faulting earthquakes in red, strike-slip in green,
normal-faulting in blue, and oblique-faulting in purple

ML 4.5 (Event 7). However, its variance reduction of
22% was considerably lower than that of the foreshock
andmainshock, and only eight stations could be used in
the inversion. As a result, the CLVD component is rel-
atively large at -59.8%, despite a fault plane geometry
that fits regional geology, with a strike of 118◦, a dip of
84◦, and a rake of −134◦. Interestingly, the polarity of
the NDC component is consistent with the extensional
component commonly observed along strike-slip faults
in the region.

A slightly smaller earthquake occurred at 16:29:54
UTC with a moment magnitude of 4.0 (Event 8).
Despite a comparable variance reduction of 22% and
the use of 8 stations in the inversion, its CLVD

component is notably lower at -27.7% due to a better
signal-to-noise ratio. The fault geometry is consistent
with other events in the sequence, with a strike of 299◦,
a dip of 64◦, and a rake of −157◦.

The following three earthquakes in the sequence
withML≥ 4 (Events 9-11) had focalmechanisms simi-
lar to those of the events on August 17, 2020. On April
26, 2021, an Mw 3.9 earthquake (Event 9) occurred
in the immediate vicinity of the August 17, 2020 epi-
centers (Fig. 6), displaying a nearly identical focal
mechanism. Its strike of 134◦, dip of 83◦, and rake of
170◦ closely match those of the earlier large events and
align well with the orientation of the San Miguel fault.
The slightly larger CLVD component (-19.7%) may
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Fig. 7 Vertical-component seismogram recorded at stationCHX
on August 17, 2020, after removal of the instrument response.
Two aftershocks (Events 6 and 7) followed shortly after themain-
shock that initiated the ongoing seismic sequence. The proximity

in time of the events affected the moment tensor inversion for the
aftershocks: no solution could be obtained for event 6, and the
solution for event 7 is subject to large uncertainties. In contrast,
the moment tensor of event 5 is well constrained

reflect increased noise levels associated with the ele-
vated seismicity during the ongoing sequence, consis-
tent with the lower variance reduction of 21%, despite
the use of 12 seismic stations in the inversion. Never-
theless, the polarity of theCLVDcomponentmay again
indicate a minor normal-faulting contribution, reflect-
ing the transtensional nature of the regional tectonic
regime.

Nearly exactly one year later, on April 17, 2022,
an earthquake of similar size (Mw 3.9) occurred in the
Valle de la Trinidad (Event 10), slightly south of the San
Miguel fault, within a cluster of events located north-
west of the earlier earthquakes in the sequence (Fig. 6).
Nevertheless, its focal mechanism closely resembles
those of the previous events in the sequence, with a
strike of 138◦, a dip of 76◦, and a rake of −155◦, con-
sistent with the dynamics of the SanMiguel fault. Inter-
estingly, the CLVD component of this earthquake is
similar in size but opposite in polarity to that of most
other events, making it the only one among the seven
earthquakeswith determinedmoment tensors in the two
years following August 17, 2020 to exhibit a compres-
sional component along theB-axis. The variance reduc-
tion for the inversion is high at 52%, but the solution is
based on data from only five stations, which may indi-
cate a less well-constrained moment tensor compared
to other earthquakes in the sequence - an expected out-
come for smaller magnitude events (Rösler et al. 2021).

The epicenter of theMw 4.3 earthquake that occurred
seven months later on November 7, 2022 (Event 11), is

located a few kilometers to the northwest of the earth-
quakes that marked the start of the sequence on August
17, 2020 (Fig. 6), with most seismicity in the sequence
occurring in between. It is therefore unsurprising that
its focal mechanism closely resembles the those of the
events early in the sequence, with a strike of 285◦, a
dip of 75◦, and a rake of 173◦. The variance reduction
of the moment tensor inversion is high at 55%, and
data from 14 stations were used, resulting in a well-
constrained solution. The small CLVD component of
-3.8% is consistent with the polarity of the NDC com-
ponents observed in most earthquakes of the sequence.

The seismic sequence continued into 2023 with
earthquakes exhibiting different focal mechanisms,
notably three normal-faulting events on July 13, 2023,
and May 27 and 28, 2024 (Events 12-14). Their dip-
slip mechanisms suggest that the CLVD components
observed in previous large earthquakes of the sequence
may reflect real geological processes, with a normal-
faulting component accommodating partial dilatational
motion along the SanMiguel fault. The variance reduc-
tion for thefirst event is lowat 31%, but increases for the
later events, reaching 58% and 69%, respectively. All
three inversions used a large number of stations (12, 12
and 11, respectively). The resulting CLVD components
of 11.9%, 7.9% and -12.2% are therefore interpreted
as expected deviations expected deviations from a pure
double-couple source due to uncertainties in the Earth
model used for the generation of the Green’s func-
tions used for the inversion (Rösler et al. 2024) without
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geologic significance. Interestingly, these three events
occurred to the northwest and the southeast of the main
cluster of epicenters of the sequence (Fig. 6), possibly
indicating stress transfer from earlier earthquakes in
the sequence and the accommodation of extensional
stresses at the edges of the tectonically active structure

The focal mechanisms of earthquakes prior to the
2020 sequence (Events 1-3), despite the magnitudes of
the events, are much less well constrained and deviate
significantly from a pure double-couple source mech-
anism. The earliest earthquake with ML ≥ 4 in our
dataset occurred on February 9, 2015 (Event 1), located
between the epicenters of the August 17, 2020, and
November 7, 2022, events (Fig. 6). Although clearly
associated with seismicity along the San Miguel fault,
its oblique-slip focal mechanism with components of
reverse and strike-slip faulting, exhibits a large CLVD
component of 49.3%, indicating a compressional con-
tribution along the B-axis, and thus differing frommost
other source mechanisms in the sequence. While it
cannot be excluded that this NDC component reflects
actual geological processes, it is also possible that
CLVD components of this magnitude are artifacts of
the inversion process (Rösler et al. 2023). The best-
fitting double-couple solution for this earthquake yields
a strike of 115◦, a dip of 61◦, and a rake of 133◦.
Although the fault geometry does not significantly dif-
fer from that of the other strike-slip earthquakes in the
sequence, the variance reduction is low (8%), and only
seven stations were used in the inversion, indicating a
high degree of uncertainty in its focal mechanism.

The two other earthquakes that occurred prior to
the onset of the sequence, on July 29, 2017 (Event 2),
and August 1, 2018 (Event 3), exhibit dip-slip mech-
anisms. Located to the southeast and northwest of the
Valle de la Trinidad (Fig. 6), respectively, their pri-
marily normal-faulting focal mechanisms could reflect
variations in the stress regime at the periphery of the
area with seismicity during the seismic sequence, sug-
gesting a transition from strike-slip to dip-slip faulting
to accommodate the dilatational motion inferred from
the CLVD components of the strike-slip earthquakes.
However, the variance reductions for these events are
low (27% and 18%), and their inversions used only
nine and six stations, respectively, indicating less well-
constrainedmoment tensors. Their CLVDcomponents,
at 5.6% and 42.1%, further reflect these uncertainties.
Additionally, the fault geometries of these two events
differ significantly from the dominant fault orientations

in the region, further reducing confidence in the robust-
ness of their focal mechanism solutions.

5 Discussion

Relocating hypocenters of earthquakes detected with
the RESNOM seismic network using waveform-based
double-difference method reveals that the hypocenters
are well-aligned with mapped faults in the Valle de la
Trinidad, which lies at the convergence of the Agua
Blanca (AB), Tres Hermanos (TH), San Miguel (SM),
San Pedro Mártir (SPM) and Sierra Juárez (SJ) faults.
From 2010 to 2024, seismicity is primarily associated
with the San Miguel fault, but also with a cross-cutting
structure that intersects it, previously classified as a
fracture by theNational Institute of Statistics andGeog-
raphy (INEGI, Fig. 6) and thus thought to be seismi-
cally inactive. Although seismically much less active
than the San Miguel fault, relocation of hypocenters
reveals that seismicity is associated with this structure,
making it necessary to classify it as a fault with poten-
tial to host a larger earthquake.

Seismicity on this structure occurs both before the
ML 5.1 earthquake of February 9, 2015 and the start of
the seismic sequence on August 17, 2020, with epicen-
ters separated from the intersection to the San Miguel
fault. Therefore, seismicity on the structure is not trig-
gered by any of the larger earthquakes but rather occurs
due to the accommodation of stresses along the struc-
ture. However, it seems likely that seismicity is caused
by stress transfer from the numerous nearby faults.

Relocation places the epicenter of theMw 5.1 main-
shock of the seismic sequence on August 17, 2020,
approximately 4 km south of the intersection between
the previously unmapped fault and the San Miguel
fault, in close proximity to its Mw 4.7 foreshock ear-
lier the same day. Both earthquakes exhibit strike-slip
focal mechanisms, with one nodal plane aligned with
the SanMiguel fault and the other with the intersecting
structure, making it possible - though unlikely - that
rupture occurred along the intersecting structure dur-
ing these events. The nearly identical epicenter of the
February 14, 1956, ML 6.3 earthquake could support
this hypothesis; however, the location of the 1956 event
is highly uncertain due to the absence of digital seis-
mograms. Therefore, we consider it most likely that
rupture during these three earthquakes involved both
the San Miguel Fault and the intersecting structure,
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consistent with the observation that the largest events
occurred precisely at their intersection. Nevertheless,
moment tensor inversion cannot distinguishwhich fault
plane accommodated slip in the case of conjugate
faults, as their radiation patterns are identical. Simul-
taneous rupture on both faults would also be consis-
tent with the low CLVD components observed in the
moment tensor solutions, as the conjugate geometry of
the fault planes would mask a complex rupture as a
simple focal mechanism.

Simultaneous rupture on conjugate faults has been
reported in several tectonic settings along the western
margin of the North American plate. In the San Jacinto
Fault Zone, Ross et al. (2017) documented interlaced
strike-slip and normal faults, along with fault struc-
tures nearly orthogonal to the trend of the San Jacinto
fault. Similarly, during the 2019 Ridgecrest earthquake
sequence, seismicity illuminated two nearly orthogo-
nal fault systems: Shelly (2020) and Li et al. (2020)
both identified crosscutting northwest- and southwest-
striking alignments, confirming the complex conju-
gate faulting pattern. On the Baja California peninsula,
Doser (1992) suggested that the rupture processes of
the 1956 M≥6 events associated with the San Miguel
Fault were influenced by cross faults intersecting its
main trace. More recently, Vidal et al. (2010) ana-
lyzed rupture processes of earthquakes with magni-
tudes 4.1 ≤ ML ≤ 5.3 in the Peninsular Ranges of
Baja California and found that the ML 5.3 earthquake
of December 3, 1991, had a focal mechanism with a
nodal plane nearly perpendicular to the San Miguel
and Sierra Juárez faults. However, they noted that no
surface trace could be associated with this intersect-
ing plane, preventing an unambiguous identification of
the fault that ruptured during the event. In the Valle
de la Trinidad seismic sequence, the mainshock was
followed by a series of aftershocks along the intersect-
ing structure, suggesting that rupture either occurred
on or extended onto the intersecting structure during
the mainshock.

Foreshocks of smaller magnitude may dynamically
or statically trigger the rupture of a subsequent larger
mainshock in complex fault systems, particularly when
the events occur on intersecting or orthogonal fault
systems. This phenomenon was observed during the
2019 Ridgecrest earthquake sequence, where aMw 6.4
foreshock preceded the Mw 7.1 mainshock by approx-
imately 34 hours (Hauksson and Jones 2020). Seismic
and geodetic analyses revealed that the Mw 6.4 event

ruptured a southwest-striking fault, while the subse-
quent Mw 7.1 event occurred on a nearly orthogonal
northwest-striking fault, highlighting the complexity
of stress transfer and fault interaction in fault networks
with conjugate geometries.

To investigate whether a similar interaction between
intersecting faults occurred during the August 17, 2020
mainshock (event 5), we correlated its waveforms with
those of all other events with successful moment ten-
sor inversions, as well as event 6 (Table 3). Using TauP
(Crotwell et al. 1999) to calculate P-wave arrival times,
we normalized the seismograms, allowed for time
shifts, and computed the highest correlations across all
stations and components, testing multiple frequency
bands. In the frequency band used for the inversion
(0.02–0.09 Hz), event 5 most closely matches its fore-
shock (event 4, Fig. 8), event 1, and events 8 and
9. Other frequency bands yield consistent patterns of
similarity, albeit with lower correlation coefficients, as
expected for higher frequencies. While similarity with
the foreshock is expected, the focalmechanismof event
1 differs markedly from those of events 8 and 9: event
1 contains a compressional NDC component, whereas
events 8 and 9 exhibit extensional NDC components
consistent with the regional transtensional regime — a
contrast that further supports the interpretation that the
NDC component of event 1 is an artifact of the moment
tensor inversion (Rösler and Stein 2022). Both events 8
and 9 occurred near the intersection of the San Miguel
Fault with the cross-cutting structure, suggesting that
both faults may have been involved in the rupture of
event 5, though definitive proof remains absent without
a large event on the intersecting structure for comparison.

The waveform correlations and focal mechanism
patterns for the August 2020 sequence point to possible
rupture across intersecting faults.Within this sequence,
theML 4.7 earthquake preceded theML5.1mainshock
by approximately 21 minutes. Both events occurred
near the intersection of the San Miguel fault and the
intersecting structure. Although available data do not
allow for a definitive determination of whether the ML
4.7 foreshock actively triggered theML5.1mainshock,
the spatial and temporal proximity of the events sug-
gests a potential causal relationship. The orientation of
the foreshock’s nodal planes, one of which aligns with
the intersecting structure, further supports the plausi-
bility of stress transfer between adjacent faults.

Recognizing the possibility of foreshock-triggered
mainshocks is critical for understanding seismic hazard,
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Fig. 8 Results of the waveform similarity analysis to determine which fault ruptured during the August 17, 2020 mainshock (event 5)

particularly in regions like the Peninsular Ranges
of Baja California where complex fault interactions
appear to be common. Triggering can modify the stress
field in a localized area, promoting rupture on neigh-
boring faults that may not have been critically stressed
prior to the foreshock. This dynamic interaction chal-
lenges traditional models that consider mainshocks as
isolated phenomena.

Although the observed sequence of moment tensors
could be purely coincidental, it is noteworthy that dip-
slip earthquakes in our dataset occur both before the

onset of the seismic sequence in theValle de la Trinidad
on August 17, 2020, and again in its later stages in
2024. In contrast, the foreshock,mainshock, and subse-
quent aftershocks through 2022 all exhibit right-lateral
strike-slip mechanisms, consistent with the dynamics
along the San Miguel Fault. Normal-faulting earth-
quakes with ML ≥ 4 were recorded in 2017, 2018, and
again in 2024, suggesting that the extensional motion -
inferred from the NDC components of many strike-slip
earthquakes - may be accommodated at different times
than lateral motion, possibly indicating an alternating
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pattern between strike-slip and dip-slip faulting styles.
However, confirming this hypothesis would require a
longer seismic record, which is currently not available
for the study area.

6 Conclusions

In this study, we investigated the seismicity and active
structures of the Valle de la Trinidad region in north-
ern Baja California between 2010 and 2024. Using
waveform-based double-difference relocation of earth-
quakes recorded by the RESNOM seismic network, we
significantly reduced the uncertainties in both epicen-
tral and depth determinations. The relocated hypocen-
ters reveal strong alignment with the San Miguel fault
as well as an intersecting structure, previously clas-
sified as a fracture. Our results demonstrate that this
intersecting structure is seismically active and should
be reclassified as a fault capable of hosting moderate
to large earthquakes.

The August 17, 2020 seismic sequence, initiated by
an ML 4.7 foreshock followed by an ML 5.1 main-
shock, illuminated the complex interaction between
the San Miguel fault and the intersecting structure.
Moment tensor analysis shows that both events exhibit
right-lateral strike-slip mechanisms, with nodal planes
aligned with both structures. Although moment tensor
inversion cannot unambiguously resolve the fault plane

due to the conjugate orientation of the faults, the spatial
distribution of aftershocks suggests that rupture either
occurred on or extended onto the intersecting structure.
The low CLVD components observed in the moment
tensors support a simple rupture geometry consistent
including slip on conjugate faults.

Throughout the 2020-2024 sequence, seismicity
migrated spatially along both the San Miguel fault and
the intersecting structure, with later stages showing
a transition to dip-slip focal mechanisms. This alter-
nating pattern between strike-slip and normal fault-
ing may reflect temporal variations in the local stress
field, although longer-term seismic records are needed
to confirm this behavior.

The findings of this study underscore the importance
of fault intersections in controlling seismic hazard in
the Peninsular Ranges of Baja California. Recognizing
the activity of the intersecting structure and its potential
involvement in large earthquakes improves our under-
standing of the regional stress regime and highlights
the need for updated fault mapping in northern Baja
California. Future work integrating geodetic data and
dynamic rupture modeling will be essential to fully
resolve the role of fault interactions in this seismically
complex region.

Appendix

Table 4 Moment tensor components and fault parameters for earthquakes with ML ≥ 4 between 2010 and 2024

Origin Time M0 Mrr Mθθ Mφφ Mrθ Mrφ Mθφ Strike Dip Rake

2015-02-09 01:45:03.00 4.809e + 16 2.973 -5.179 2.206 0.971 -1.218 -0.663 115◦ 61◦ 133◦

2017-07-29 00:42:25.00 2.134e + 15 -1.548 0.481 1.067 -0.580 -0.854 -1.267 349◦ 57◦ −53◦

2018-01-07 19:30:21.00 6.160e + 15 -4.235 1.949 2.286 4.482 1.849 0.983 38◦ 20◦ −112◦

2020-08-17 15:09:07.00 1.134e + 16 -0.695 -8.574 9.269 1.701 2.365 -6.342 298◦ 75◦ −177◦

2020-08-17 15:30:33.00 1.158e + 17 0.101 -1.095 0.994 -0.014 0.374 -0.321 305◦ 75◦ 168◦

2020-08-17 15:31:41.00 – moment tensor inversion unsuccessful

2020-08-17 15:32:44.00 8.028e + 15 -1.730 -2.724 4.454 -3.949 3.696 -4.479 118◦ 84◦ −134◦

2020-08-17 16:29:54.00 1.083e + 15 -4.091 -4.958 9.049 3.272 2.207 -6.331 299◦ 64◦ −157◦

2021-04-26 05:12:05.00 8.816e + 14 -0.488 -8.319 8.807 0.219 -2.041 -0.087 134◦ 83◦ 170◦

2022-04-17 05:38:25.00 7.022e + 14 -0.983 -5.614 6.597 -3.268 0.794 0.021 138◦ 76◦ −155◦

2022-11-07 04:59:03.00 2.842e + 15 0.133 -1.520 1.387 -0.119 0.810 -2.298 285◦ 75◦ 173◦

2023-07-13 01:42:53.00 1.808e + 16 -0.715 0.851 -0.136 -1.221 -1.066 0.119 287◦ 18◦ −38◦

2024-05-27 11:05:45.00 5.175e + 15 -5.218 0.151 5.067 0.559 -0.043 -0.068 353◦ 46◦ −98◦

2024-05-28 07:47:34.00 3.745e + 15 -3.571 -0.172 3.743 0.278 -0.502 -0.552 349◦ 49◦ −95◦
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Data and resources

Both waveform data and the earthquake catalog used
in this study was downloaded from the Seismic Net-
work of Northwest Mexico (RESNOM), operated by
the Center for Scientific Research and Higher Educa-
tion at Ensenada (CICESE). Waveform-based double-
difference relocation was carried out using HypoDD
(Waldhauser and Ellsworth 2000), and moment ten-
sors were obtained through ISOLA (Sokos and Zahrad-
nik 2008, 2013), both using the SJ18 model by
Ramírez Ramos et al. (2019) for the Peninsular Ranges
of Baja California.
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