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Abstract We estimated Moho depths from data recorded by permanent and temporary broadband
seismic stations deployed in northern Baja California, Mexico, using the receiver function technique.
This region is composed of two subregions of contrasting geological and topographical characteristics:
the Peninsular Ranges of Baja California (PRBC), a batholith with high elevations (up to 2,600 m); and
the Mexicali Valley (MV) region, a sedimentary environment close to sea level. Crustal thickness derived
from the P-to-S converted phases at 29 seismic stations were analyzed in three profiles: Two that cross
the two subregions, in ∼W-E direction, and the third one that runs over the PRBC in a N-S direction. For
the PRBC, Moho depths vary from 35 to 45 km, from 33°N to 32°N; and from 30 to 46 km depth from
32°N to 30.5°N. From a profile that crosses the subregions in the W-E direction; Moho depths vary from
45 to ∼34 km under western and eastern PRBC, respectively; with an abrupt change of depth under the
Main Gulf Escarpment (30°), from ∼32 to 30 km; and depths of 17–20 km under the MV. Moho depths
of the profile in an ∼ W-E direction at ∼31.5°N are from ∼30 to 40 km, under topography that increases
from 0 to 2,600 m; and became shallower (16 km depth) as the profile reaches the Gulf of California.
These results show that deeper Moho is related to higher elevations with an abrupt change under the
Main Gulf Escarpment, except for western PRBC where the Moho depth is not simply reflecting isostatic
compensation.
1. Introduction
The relative motion between the Pacific and North American plates in the northern Baja California (nBC),
Mexico, region is dominated by the transtensional plate boundary that generates normal and strike-slip
faults (Stock et al., 1991). This plate boundary generates significant earthquakes in nBC that have reached
magnitudes of 7.2 (the 2010 El Mayor-Cucapah earthquake). This significant seismicity is recorded by the
Southern California Seismic Network, on the USA side of the border, and by the Northwest Mexico Seismic
Network (RESNOM; Centro de Investigación Científica y de Educación Superior de Ensenada, Baja California [CICESE, 1980]), in the nBC region.
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Northern Baja California is composed, mainly, of two contrasting geological subregions divided by the
Main Gulf Escarpment (MGE; Figure 1): the sedimentary environment of the Mexicali Valley (MV) and the
granitic environment of the Peninsular Ranges of Baja California (PRBC). The PRBC is a Mesozoic batholith composed of two belts separated by a magnetite-ilmenite boundary (Gastil et al., 1991): the western batholith with more mafic composition, ages from 140 to 105 Ma, and elevations from 0 to ∼900 meters above
mean sea level (SL); and the eastern batholith, formed between 105 and 80 Ma, characterized by more silicic
intrusions and metasedimentary rocks, with elevations from ∼900 to 1980 m in the Sierra Juárez mountain
range (around 32°N) and up to 3095 m in the San Pedro Mártir mountain range (∼31°N). Active faults
within the PRBC include the strike-slip San Miguel-Vallecitos fault system (e.g., Hirabayashi et al., 1996),
the strike-slip Tres Hermanos fault system (e.g., Frez et al., 2000) and the strike-slip Agua Blanca fault (e.g.,
Wetmore et al., 2019). Faults at the eastern boundary of the PRBC include the Sierra Juárez and San Pedro
Mártir fault, which has Holocene scarps but does not currently have significant seismicity (Cid-Villegas
et al., 2017).
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The MV region, the northwestern part of the Gulf Extensional Province (Suárez-Vidal et al., 2008; inset Figure 1), is composed primarily of two major basins divided by the Cucapah and El Mayor mountain ranges:
the Mexicali Valley and the Laguna Salada basins (Figure 1). The Laguna Salada Basin is a tectonic depression 20 km wide by 100 km long (García-Abdeslem et al., 2001), and is delimited by the MGE to the west and
by the Cucapah and El Mayor mountain ranges to the east. The sedimentation in this basin began when the
Cucapah and El Mayor mountain ranges uplifted during the Pleistocene (Martín-Barajas et al., 2001). The
Mexicali Valley Basin, located east of the Cucapah and El Mayor mountain ranges, has a depth of 5–6 km
and was filled by Neogene sediments transported by the Colorado River (Pelayo et al., 1991). The Cerro
Prieto basin is a pull-apart basin within the Mexicali valley controlled by the slip between the Cerro Prieto
and Imperial faults (Suárez-Vidal et al., 2008). These faults are considered the main boundary between the
North America and Pacific tectonic plates. The Cerro Prieto basin is also identified as a spreading center
(Quintanilla-Montoya and Suárez-Vidal, 1996; González et al., 2001). It is a zone of extensional deformation
caused by the right lateral movement of the faults mentioned above (Lomnitz et al., 1970). West of the MV
(Figure 1b), there is a fault system comprised of the Laguna Salada, Cucapah, and Indiviso faults, the last
one is a previously unknown fault that ruptured during the April 4, 2010 MW 7.2 El Mayor-Cucapah Earthquake (Gonzalez-Ortega et al., 2014). We analyzed the earthquakes in nBC in the time interval 2000 to 2020
(from the RESNOM catalog), by accounting for epicenters inside a polygon that surrounds the above-mentioned faults, and estimate that these two fault systems generate ∼50% of the seismicity in nBC. In the
context of the high seismicity of the northern Baja California region, the use of an appropriate velocity
structure model, in which the Moho depth is well marked out, will allow improvements in the locations of
the earthquakes of the region; by using the proper crustal thickness across the nBC region, e.g., constraining
Moho depths of crustal velocity models derived from refraction studies done through the nBC region (Nava
& Brune, 1982; Ramirez et al., 2019 and Ramirez-Ramos et al., 2015).
Under this complex tectonic environment, receiver function studies have been carried out to provide a
better understanding of the crustal thickness and its relationship with the surface elevation and the extensional processes of the region (Lewis et al., 2001). North of the U.S.A.-Mexico border (southernmost California), in the Mesozoic Peninsular Ranges batholith, Ichinose et al. (1996) and Lewis et al. (2000) performed
receiver function studies at latitudes ∼33.5°N and 33°N, respectively (Figure 1). Moho depths proposed by
these two authors are similar: 37–36 km at the western part of the batholith to 25–27 km depth at the eastern side of the batholith. Persaud et al. (2007) used receiver functions (RFs) to determine the Moho depth at
17 stations south of 34°N in Southern California, reporting depths from 38 to 25 km. More recently Ozakin
and Ben-Zion (2015) analyzed receiver functions at a series of broadband seismometers in southern California in the area from 32.5°N to 34.75°N (profiles E-G, Figure 1) and reported Moho depth ranges from 35 to
40 km (beneath part of the Peninsular Ranges) to 10 km (beneath the Salton Sea).
At present, three studies provide Moho depth estimates based on receiver functions in nBC: those done by
Lewis et al. (2001) and Persaud et al. (2007), which used P-to-S converted phases from teleseismic records;
and Reyes et al. (2001), using Pg-Pn travel times from regional events (Figure 1). These studies used seismic
stations from the North Baja Transect installed during 1997 and 1998 at latitude ∼31°N (Astiz et al., 1998).
The profile used by Lewis et al. (2001) starts at the Pacific coast, crosses the PRBC, and ends at the Gulf of
California coast of Sonora, Mexico, using a station in the Gulf of California itself, while Reyes et al. (2001)
used only data from stations in the Peninsular Ranges. Their results for the Moho are similar for the PRBC
section, depths of: about 31–33 km near the Pacific coast; 40–42 km beneath the western part of the PRBC;
and 19–20 km toward the Gulf of California. These studies have been carried out using profiles that cross
Figure 1. Map of the northern Baja California region. (a) The northern Baja California (Mexico) and southern California (USA) map show the main faults
(thin black lines) and the broadband seismic stations used in this study: orange triangles (Electronic Supplement 1). Cyan triangles are the stations used by
Persaud et al. (2007) from the NARS-Baja Project (Clayton et al., 2004). The thick straight lines indicate the profiles used in previous receiver function studies:
blue, A-A' (Lewis et al., 2000); red, B-B' (Ichinose et al., 1996); green, C-C' (Lewis et al., 2001); black, D-D' (Reyes et al., 2001); yellow, profiles E-G (Ozakin
& Ben-Zion, 2015); pink, H-H' (Ramírez-Ramos et al., 2015). The thick dashed black line represents the MGE (Martín-Barajas et al., 2001) that divides the
Peninsular Ranges of Baja California and the Mexicali Valley (PRBC and MV, respectively). White star indicates the epicenter of the April 4, 2010 El MayorCucapah earthquake. Abbreviations: CM, Cucapah Mountains; EMM, El Mayor Mountains; LS, Laguna Salada; SFM, San Felipe Mountains; SJM, Sierra
Juárez Mountains; SPM, San Pedro Mártir Mountains. Fault abbreviations: ABF, Agua Blanca fault; CF, Cucapah fault; CPF, Cerro Prieto fault; IF, Imperial
fault; InF, Indiviso fault; LSF, Laguna Salada fault; SJF, Sierra Juárez fault; SMF, San Miguel fault; THF, Tres Hermanos fault; VF, Vallecitos fault. Inset of (a):
The interaction between North America and the Pacific plates is shown with black arrows; the gray area shows the Gulf Extensional Province (Suárez-Vidal
et al., 2008). (b) Zoomed map of (a) showing details of the MV region with same labels as (a).
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the PRBC approximately in a west-east direction with seismic stations installed outside the MV region. Note
that Persaud et al. (2007) obtained a Moho depth for three additional sites in the northern PRBC, NE71,
NE72 and NE73 (cyan triangles of Figure 1), as part of a regional study using RFs from NARS-Baja seismometers surrounding the Gulf of California (Clayton et al., 2004).

The seismically active region of nBC between ∼32°N and 33°N has a gap of receiver function studies. To
perform a receiver function study in nBC, we used stations belonging to RESNOM (Figure 1) that were updated from short-period to three-component broadband seismic stations as a consequence of the occurrence
of the April 4, 2010 MW 7.2 El Mayor-Cucapah earthquake (Vidal-Villegas et al., 2018). To increase station
coverage in the SW-NE direction (that crosses the PRBC, the MGE, and the MV), we installed temporary
broadband stations (Figure 1 and Electronic Supplement 1). Receiver functions from both permanent and
temporary stations were calculated using the P-to-S converted phases from teleseismic earthquakes and
then modeled to obtain a Moho depth at each station. Estimating the Moho depth of nBC will provide
parameters to characterize the crustal structure related to the PRBC and the MV regions and the tectonic
evolution, especially for the MV where the Cerro Prieto Spreading Center is located, as part of the San Andreas-Gulf of California rift system.

2. Data
2.1. Instrumentation
To estimate the Moho depth in nBC, we used 29 broadband seismic stations. These 29 stations comprised of
24 permanent RESNOM stations and five temporary stations (Figure 1 and Electronic Supplement 1). The
instrumentation of the permanent seismic stations, at present, includes: two stations with Güralp CMG-40T
with Reftek 71A-07 recorder, and CMG-40TD with Reftek 130 recorder (flat response from 30 and 120 s
to 50 Hz, respectively); nine stations equipped with Güralp CMG-3ESPC and Reftek 130 (120 s–50 Hz);
13 stations instrumented with Nanometrics Trillium Compact (NTC) with Reftek 130 (120 s–50 Hz). The
temporary seismic stations were instrumented as follows: Four stations with NTC and Nanometrics Taurus
(120 s–50 Hz); one station equipped with Geotech KS-2000 and Reftek 130 (120 s–50 Hz).
Ramirez et al. (2019) described the installation facilities of permanent broadband stations. Temporary stations were powered by four deep-cycle batteries (interchangeable every 3 months) and had the following
shelters: for stations ALAM, OJSN, and VM1, a concrete base with metal lid was constructed; station VST
used a former accelerometer station shelter; station LSOM was buried and covered with plastic boxes under
sand over wood. Temporary stations operated differently: ALAM, 3 years; OJSN, 3 years; VM1, 3 years; VST,
1 year; LSOM, 3 months.

2.2. Teleseismic Earthquakes
A preliminary earthquake selection, performed searching in the United States Geological Survey (USGS)
Earthquake Catalog (see Data and Resources) for M ≥ 6.5 earthquakes (from January 1, 2014, to July 1,
2016), resulted in 133 earthquakes. We selected 90 teleseismic earthquakes at epicentral distances between
30° and 95° from the central point of the array at 32.1°N, 115.7°W.
The 90 teleseismic earthquakes, requested from RESNOM (see Data and Resources), were incorporated
with records from the temporary stations. Then, we performed two steps of quality control: (i) Checking
that the seismic signal was good: Presence of electronic noise due to the absence of seismic signal; (ii) selecting only the events where the P-arrival was clear enough above the ambient noise (STA/LTA ratio above
1.5 of the 0.1–1.0 Hz band-pass filtered signal). The seismic ambient noise is higher in stations located in the
MV region than in the PRBC (Ramírez et al., 2019, Figure 2 shows this issue). After these steps, 66 teleseismic earthquakes were selected for the receiver function computation (Electronic Supplement 2).
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Figure 2. Teleseismic earthquakes used in this study. (a) Global distribution of the earthquakes used (circles filled in black and white). Red dashed lines
indicate the 30 and 95° distances from the center of the study area (black rectangle). The white filled circle indicates the position of the April 16, 2016 Muisne,
Ecuador earthquake Mw 7.8. (b) Backazimuth distribution of earthquakes used at each station. (c) Three-component raw records of the selected earthquake of
stations OJNX and CPX, located in the PRBC and the MV region, respectively. (d) Number of receiver functions calculated at each station. MV, Mexicali Valley;
PRBC, Peninsular Ranges of Baja California.

3. Methodology
Moho estimation was performed using the 66 earthquakes selected (Figure 2 and Electronic Supplement 2).
In order to compute the RFs of each broadband seismic station in nBC, we first preprocessed the records
following these three main steps: (1) Create a SAC-format (Goldstein & Snoke, 2005; see Data and Resources) database following the structure used for data gathering using the Standing Order for Data (Owens
et al., 2004); (2) Remove the instrument response of the seismographs using ObsPy (Beyreuther et al., 2010;
see Data and Resources) under Spyder (The Scientific Python Development Environment; see Data and
Resources), we eliminated the long period noise below 0.05–0.1 Hz, and the high frequency above 10–20 Hz
for stations in the PRBC and 10–15 Hz in the MV region, the high corner frequencies used are related to the
presence of the seismic noise levels each region: low and high for the PRBC and MV, respectively (Ramirez
et al., 2019); (3) Add the theoretical first P-wave arrival to the SAC files of each teleseismic earthquake using
TauP (see Data and Resources) and visually inspect the arrivals automated picks.
We rotated the north and east components to radial and tangential components (ZRT coordinates). Then a
source normalization method is applied, deconvolving the vertical component from the radial component
(Figures 3a and 3b). The iterative, time-domain deconvolution to estimate the receiver function was carried
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Figure 3. (a) and (b) Data sample for stations SQX and SFX, located in the PRBC and MV regions, respectively. The
upper panel shows, from top to bottom, the vertical, radial, and transversal rotated components and the Radial and
Transversal components of the RFs. (c) and (d) are the examples of the H-κ domain stacking of the stacked receiver
functions SQX and SFX, respectively. The white dot marks the maximum determined by 200 bootstrap resamplings of
the RFs; the curves represent the phases used in the H-κ stacking process.

out using the code developed by Ligorria and Ammon (1999); the authors tested the technique with data
including short and intermediate-period signals, with their share of noisy data.
To estimate the Moho depth, we converted Ps-P times to depth by using the Matlab toolbox FuncLab (Eagar
& Fouch, 2012; Porritt & Miller, 2018). This estimation was obtained using two methods: The FuncLab-implemented Common Conversion Point (CCP; Eagar et al., 2011), and H-κ stacking (Zhu et al., 2006; Zhu
& Kanamori, 2000). The CCP is a back-projection method where the amplitudes of each receiver function
are placed in the respective raypath of the teleseismic earthquake. In this stacking, where the signal is enhanced, the amplitudes and depths are connected based on the position of the ray piercing point. Then the
IASP91 (Kennett & Engdahl, 1991) one dimensional velocity model is used to compute the one dimensional
RAMÍREZ ET AL.
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ray tracing and the time-to-depth conversion. The starting stacking parameters were: Bootstrap resamples 200 (number of times to resample)
and bootstrap percentage of 150 (the percentage of data to resample);
minimum and maximum bin width of 0.5° and 2.0°, respectively; minimum and maximum ray parameter of 0.04 and 0.08, respectively; bin
spacing of 50 km; maximum depth of 60 km (Figures 3c and 3d).
The H-κ stacking is a technique used to determine average crustal properties based on RFs (Zhu & Kanamori, 2000). This method considers a homogeneous, horizontal, and isotropic layer (crust) over a half-space (upper mantle). With the H-κ stacking, the Moho depth (H), the P to S-wave
velocity ratio (Vp/Vs of κ), and the Poisson's ratio are estimated by measuring the Ps-P time from the RFs. The H-κ parameters used for computations were: Ps-weight of 0.7, PpPs-weight of 0.2, and PpSs + PsPs-weight
of 0.1; κ-min and κ-max of 1.6 and 2.1, respectively; H and κ delta of 0.01.
Depth range and Vp are different for stations located in the PRBC and the
MV region: H-min = 22.5 km, H-max = 45 km, and Vp = 6.4 km/s for stations in the PRBC; H-min = 15 km, H-max = 25 km, and Vp = 6.1 km/s
for stations in the MV. It is important to mention that for the H-κ analysis, we did not separate stations deployed in the MV basin for the Moho
estimations.

4. Results
4.1. Receiver Functions of nBC
The RFs were computed from 66 earthquakes, with good azimuthal coverage, especially along the Peru-Chile Trench; in the Tonga-Hikurangi Trench, from the Solomon Sea to New Zealand; and in the Aleutian
Trench, from the Gulf of Alaska to Japan (Figure 2).

Figure 4. Map of selected stations of nBC and the Sonora Desert and the
elevation at each station (top panel). The stacked RFs (thick red lines) of
the radial RFs (thin black lines) computed at each of the selected stations
are shown in the plots, from station CCX to PIX, from top to bottom, in a
west to east direction. The legend at the top-right of each stacked receiver
function plot indicates the number of earthquakes used, the station code,
and the component code (R-RF; radial RF). The interpreted Ps arrivals are
indicated at the right-top of the phase. nBC, northern Baja California; RF,
Receiver Functions.

The stacked RFs of the PRBC show the Ps conversion around 4.1 s. As
examples, we selected stations CCX, and SJX, located at the Pacific Coast
and at the eastern side of the PRBC (top of the MGE), respectively. For
the MV region, we identified the Ps conversions around 2.0 s. As examples, we show RFs stacks for stations ALAM, RHX, SFX, and PIX (Figure 4), located at the eastern base of the PRBC (at the bottom of the MGE,
inside Laguna Salada), in the Mexicali Basin (east of El Mayor Mountain), at the Gulf of California coast, and in the Sonora Desert (now in
the North American Plate), respectively. In Electronic Supplement 3 are
all the rotated seismograms used in the analysis of all the stations and the
corresponding RFs.
4.2. Back-Projection Receiver Functions

The back-projection results of the RFs were manually selected from the
maxima of the most coherent phase from three profiles (Figure 5a): A1A1', from the PRBC, crossing the MGE into the MV; A2-A2', which crosses the BC peninsula, around San Pedro Mártir mountain, and ends at the
Sonora desert; A3-A3', an almost N-S profile that runs through the PRBC.
The A1-A1' profile (upper panel of Figure 5b) presents positive RFs with high amplitudes (RF ray parameter
amplitudes of ∼0.1) at depths of around 30 km, for stations close to the Pacific coast of the peninsula (CCX,
VST, and CBX); from 30 to 42 km for stations located around the Sierra Juárez mountains (VTX and SJX);
25–30 km for stations located in the transition segment between the PRBC and MV (ALAM and RMX);
17–25 km for stations located in the MV region (JARAX–SLRX). The back-projected RF ray parameter amplitudes of the A3-A3' profile present positive high values (amplitudes of ∼0.1) at the following depths
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Figure 5. (a) Map of estimated depths from the H-κ analysis at each seismic station. Black thick lines indicate the analyzed profiles. The thin dotted line
indicates the MGE (Martín-Barajas et al., 2001). Plots (b), (c), and (d) show the back-projected RFs ray parameter amplitude of the profiles A1-A1', A2-A2', and
A3-A3', respectively; the dashed thick black line indicates the suggested Moho from the interpreted ray paths. The lower figure in panel (b), (c), and (d) of the
A1-A1', A2-A2', and A2-A2', respectively, shows: the results of Moho depth estimation with error bars from the H-κ procedure (Table 1); the elevation calculated
along each profile, black line; mean sea level, thin black line; location of each station alongside the profile, black triangles; the location at which the A3-A3'
crosses the profile, dashed line; the location at which A1-A1' and A2-A2' cross the profile, dotted lines. MGE, Main Gulf Escarpment.
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Table 1
Receiver Function Results and Moho Estimations of Each Station
Station code
ALAM

Elevation (m)
315

RFs used

Ps-P time (s)

H (km)

VP/VS, κ

Poisson's ratio

39

3.2

20.8 ± 0.2

1.84 ± 0.02

0.292 ± 0.005

CBX

1,250

46

4.5

41.0 ± 0.4

1.96 ± 0.01

0.324 ± 0.004

CCX

33

54

3.6

44.9 ± 0.6

1.97 ± 0.02

0.327 ± 0.004

CHX

49

3

2.5

18.4 ± 0.9

1.74 ± 0.06

0.252 ± 0.024

CPX

179

54

3.2

14.9 ± 0.2

1.95 ± 0.02

0.321 ± 0.005

DOCX

13

15

1.4

10.9 ± 0.2

1.95 ± 0.03

0.208 ± 0.015

GUVIX

14

37

3.3

18.2 ± 3.0

1.87 ± 0.10

0.299 ± 0.026

JARAX

5

14

2.5

LSOM

5

2

17.0 ± 0.1

1.85 ± 0.01

0.292 ± 0.004

22.9 ± 0.4

1.55 ± 0.02

0.140 ± 0.012

PESCX

23

9

1.8

25.6 ± 0.3

1.72 ± 0.01

0.246 ± 0.005

PIX

72

54

2.2

16.7 ± 0.2

1.81 ± 0.02

0.280 ± 0.005

RHX

16

42

2.5

19.3 ± 0.3

1.75 ± 0.02

0.260 ± 0.008

RITX

14

23

1.8

20.0 ± 0.2

1.54 ± 0.01

0.137 ± 0.008

RMX

1,265

54

4.7

34.2 ± 0.2

1.61 ± 0.01

0.186 ± 0.005

SFX

48

56

2.6

16.4 ± 0.2

1.97 ± 0.02

0.327 ± 0.004

SJX

1,609

39

4.8

33.4 ± 0.5

1.57 ± 0.01

0.158 ± 0.008

SLRCX

49

24

1.2

24.5 ± 0.3

1.75 ± 0.02

0.256 ± 0.008

2790

37

4.9

42.7 ± 0.9

2.04 ± 0.03

0.341 ± 0.006

SQX

101

39

3.4

45.9 ± 0.5

1.96 ± 0.01

0.323 ± 0.003

SVX

111

7

4.1

29.6 ± 0.7

1.82 ± 0.03

0.282 ± 0.010

SPX

TJX

198

55

3.9

36.3 ± 0.9

1.62 ± 0.02

0.194 ± 0.012

TKX

535

42

3.3

35.1 ± 1.6

1.90 ± 0.04

0.309 ± 0.011

TLX

17

54

2.0

19.9 ± 0.2

1.95 ± 0.02

0.321 ± 0.004

5

48

3.5

19.3 ± 0.1

1.49 ± 0.01

0.090 ± 0.001

UABX
VM1

10

43

2.2

19.2 ± 0.2

1.64 ± 0.02

0.204 ± 0.009

VST

163

6

3.7

36.3 ± 1.9

1.65 ± 0.04

0.209 ± 0.0.21

VTX

746

39

4.1

39.8 ± 0.5

1.92 ± 0.02

0.315 ± 0.005

21

3

1.9

15.2 ± 0.4

2.06 ± 0.04

0.346 ± 0.008

YACAX

(upper panel of Figure 5c): 35–42 km for stations south 31°N (SPX and SQX); 32–46 km for stations located
between 31°N and 32°N (VTX, SVX, VTS, and SJX; except for stations ALAM and CCX located at the east
and west limits of the PRBC, respectively, at around sea level); and 35–40 km for stations between 32°N and
33°N (CBX, RMX, TKX, and TJX). The amplitudes of the back-projected RFs ray parameters of the A2-A2'
profile (upper panel of Figure 5d) present high positive values at depths of ∼35 km for stations located near
the Pacific coast (VST and SVT); 35–40 km for stations around the San Pedro Mártir mountains (VTX and
SPX); ∼23 km for stations near the Gulf of California coast (CHX and SFX); and ∼20 km for the station
located in the Sonora Desert (PIX).
4.3. H-κ Computations
The results of computations from the H-κ analysis (Figures 3c and 3d) are shown in Table 1 and Figure 5
(divided into the three profiles). From this analysis we estimate a Moho depth of ∼38 km, for stations deployed in the PRBC, and ∼19 km, for stations located in the MV region (Table 1). Like in the back-projection
analysis, results of Moho depth from the H-κ computation (Table 1) are analyzed in the same A-A' profiles.
Stations projected into the A1-A1' profile (lower panel of Figure 5b) show that Moho depths under stations
RAMÍREZ ET AL.
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located on the Pacific coast of the Peninsula (CCX, VST, and CBX) vary
from 35 to 45 km. Moho depths from stations deployed in the Sierra
Juárez mountains region (VTX, SJX, and RMX) range from 35 to 40 km.
The Moho depths of stations in the MV region range from 15 to 25 km.
The A3-A3' profile (lower panel of Figure 5c) has the following Moho
depths: From ∼35 km dipping to a maximum of 45 km, in the northsouth direction, for profile section from 33°N to 32°N; from ∼32 km dipping into 46 km depth, in the north-south direction, for the profile section
between latitudes 32°N and ∼30.5°N. The profile A2-A2' (lower panel of
Figure 5d) presents Moho depths of (Table 1): About ∼30 and 36 km for
stations near the Pacific coast (SVT and VST); 40–42 km for stations at
the center of the Peninsula (VTX and SPX); 16–19 km for stations near
the Gulf of California (SFX and CHX); and ∼17 km for the station located in Sonora, Mexico (PIX). All of the H-κ stackings for all the analyzed
stations are shown in the Electronic Supplement 3.
Moho depths from previous studies (Ichinose et al., 1996; Lewis
et al., 2000, 2001; Ozakin and Ben-Zion, 2015; Persaud et al., 2007;
Ramírez-Ramos et al., 2015) were compared to the results from our H-κ
computations. The interpretation of Moho in northern Baja California,
alongside the topography, is shown in Figure 6.

5. Analysis

Figure 6. Moho dephts for northern Baja California. (a) Local topography,
main geological regions, color dots represent the Moho estimations of the
regional studies indicated in the upper right-handed legend box. (b) Moho
estimations by seismic studies in northern Baja California; Colorbars to
the right of the maps indicate elevation and Moho depth Black dashed line
in (b) represents the MGE (Martín-Barajas et al., 2001). MGE, Main Gulf
Escarpment.

These results now allow us to examine the variations of the Mojo depth
across the region and how these are related to the regional geology and
tectonic provinces of northern Baja California and the Pacific-North
America plate boundary. Recall that we have two different types of results
for each station because of the two different methods used. In general,
results from the back-projection of the RFs are similar to those resulting
from the H-κ computations (Figures 5b–5d). We discuss the Moho depth
analysis using the results from the H-κ computations. The individual site
results from the profiles in Figure 5, as well as previously published values, are colored in Moho depth to show how the Moho depth varies in
map view (Figure 6).

Along the A1-A1' profile (Figures 5a and 5b), shows that the Moho depth
become shallower eastward, starting at 45 km depth at the western part
of the profile, reaching ∼34 km depth below stations near the top of the
MGE, following the high elevations of the Sierra Juárez mountain range.
The deepest Moho depths are at the Pacific coast. Thus, the Moho depth is
not simply reflecting isostatic compensation of the batholith. The Moho
depth changes abruptly when the profile enters the MV region: from ∼32 km below the PRBC to a 20 km
depth at the lower part of the MGE (at Laguna Salada basin). This abrupt change is quite steep (∼30°dip)
but it does not correlate with the strongest topographic gradient. Rather, it is most tightly constrained in
map view between stations SJX and ALMX (aligned in the profile A1-A1' and separated ∼22 km; Figure 5a),
west of the Main Gulf Escarpment. This local dip represents an uncertainty of ∼2.5 km for a 35 km-thick
crust, representing ∼7% of the total crustal thickness; close to the ∼2 km and 6% for a 30 km-thick crust
estimated by Lewis et al. (2001). Like the results from Lewis et al. (2001), we can say that, in general, the
Moho results are not affected much by the shifts of the projection points in a dipping Moho.
Continuing eastward along profile A1-A1', the Moho depths for the MV region section of the A1-A1' profile
are shallow, and stable at ∼20 km depth. Comparing the Moho depths of the MV with those reported by
Ramírez-Ramos et al. (2015), in a refraction profile (using Pn arrivals) that ran in the same position (A1A1'), we get similar results. For the Laguna Salada basin, we get ∼20 km Moho depth, while the authors
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reported 19 km depth. Moreover, for the MV basin, we get ∼17 km Moho depth, while they reported 15 km.
This ∼2 km difference may be because Ramirez-Ramos et al. (2015) did not have a reverse blast, and therefore coverage rays, for modeling the Laguna Salada region.
The almost N-S profile (A3-A3') runs entirely through the PRBC, which is a tectonically stable topographic
region whose elevations start at sea level at the Pacific coast, and reach 2,600 m SL at the top of the MGE.
The elevations along the profile A3-A3' are generally about 1 km, so this profile is west of, although roughly
parallel to, the ∼2.5 km elevation of the crest of the mountain range. Nevertheless, Moho depths show some
variations in a N-S direction: From 33° to 32°N, the Moho deepens from 35 to 45 km; from 32°N to 30.5°N
the Moho deepens from ∼30 to 46 km. The mean Moho depth for the PRBC (∼38 km) is close to the 42 km
reported by Nava and Brune (1982). This model consists of a flat-layer model for the PRBC derived from a
refraction profile that ran almost in the same position as A3-A3'. The Moho depth in the PRBC, at a single
station at 31.7°N, was determined to be 33.7 km (Persaud et al., 2007), consistent with the results we found
here.
The Moho depths for the A2-A2' profile first increase eastward and then decrease, similar to changes in the
elevation profile (lower panel of Figure 5d). From west to east, the Moho deepens as elevation reaches its
maximum (2,600 m SL; station SPX): from ∼30 to 42 km depth. Continuing eastward, as elevation decreases going into the Gulf of California, the Moho goes from 42 to 16 km depth, almost the same as the depth
below PIX located in the Sonora Desert. The Moho depths reported by Lewis et al. (2001) from the receiver
function profile (Figure 1) present the same behavior and values as those from the A2-A2' profile, 55 km
south of C-C' profile (Lewis et al., 2001, Figure 1).
Our results can be compared to the RF results from southernmost California reported by Ozakin and Ben-Zion (2015), even though our data are from northwestern Mexico, just south of the SW end of their profiles
E, F, and G (Figure 1). Ozakin and Ben-Zion (2015) noted that the depth to the Moho varied along strike in
a complex fashion, which is also characteristic of our results. For example, in our profile A3-A3', parallel
to the axis of the Peninsular Ranges, the Moho depths vary generally in the range from 35 to 45 km but
without any systematic direction of gradient. The Moho depths >40 km are beneath the Peninsular Ranges
in two locations 150 km apart at latitudes between 30.5°N and 32°N. In combination with the Moho depths
reaching 40 km reported by Ozakin and Ben-Zion at 34°N beneath the batholith, this suggests a N-S variation in Moho depth under the batholith, with a wavelength of 150–200 km. We note that such variations in
Moho depth are also known from the next regional batholith to the north (the Sierra Nevada batholith in
central California). There, the Moho depths defined by PmP reflections vary from <34 km to >40 km along
a 350 km long strike line (Fliedner et al., 2000) although the along-strike variations there are irregularly
spaced and in some cases shorter in wavelength than the ones we can resolve in the PRBC.
Another important regional question is the crustal thickness and thickness variations in the plate boundary
zone in the Mexicali Valley. The Moho depths in the MV in our study area are in the range of 15–20 km.
Because of the good station density, we have a high confidence in this result. These are consistent with the
Moho depths determined from PmP reflections along an active-source line in the Imperial Valley, where the
shallowest Moho identified was 17 km depth (Han et al., 2016) beneath the Brawley Seismic Zone. Note,
however, at our easternmost station in the Mexicali Valley the Moho depth approaches 25 km (SLRCX,
Figure 5a).

We only identify one station (DOCX, Table 1) with Moho depth nearly as shallow as the ∼10 km depth
suggested by Ozakin and Ben-Zion (2015) for the Moho beneath and east of the Salton Sea. This station is
in Sonora, just E of the southern extension of the Cerro Prieto Fault, where it enters the northern Gulf of
California (Figure 1) and its Moho depth by H-k analysis is 10.9 ± 0.2 km. Ozakin and Ben-Zion (2015) used
receiver functions from a broadband seismic network in California to identify offsets (steps) in the Moho
along the traces of some of the active faults. Our available seismic network was much less dense, so that
identifications of such offsets are more uncertain. However, the unusually shallow depth to the Moho seen
at DOCX may represent a possible abrupt Moho topography or a step offset due to proximity to the Cerro
Prieto fault (depending on the dip angle) over the narrow region of the San Andreas-Gulf of California rift
system (Figure 1).
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Han et al. (2016) identified a reflector at about 20 km depth on an active-source seismic line that extended
southeastward from the Imperial Valley to the eastern Mexicali Valley. Their data showed that this reflector
is the Moho in the Imperial Valley, but using observations of refracted arrivals they hypothesize that this reflector continues laterally to a mid-crustal reflector below which the Moho deepens from 20 to 30 km depth
for a short distance along the line. This observation might be consistent with the fact that we see a slightly
larger Moho depth at SRLCX compared to the stations to the west of it, in the Mexicali Valley.
Figure 6 shows the integrated Moho structure from the northern Peninsular Ranges, California to the
southern PRBC and Salton Trough Province (STP), from all seismic exploration studies performed in the
region (Ichinose et al., 1996; Lewis et al., 2000, 2001; Ozakin and Ben-Zion, 2015; Persaud et al., 2007;
Ramírez-Ramos et al., 2015; and this study). From that figure, it is clear that the Moho depth in STP is shallower than in PRBC. There is a correlation between the topography in the PRBC region and Moho depth
variation: High elevations correspond to deep values, giving support to the Airy theory. Regarding the STP,
where Mexicali Valley is located, the figures show a depth of Moho of around 17 km with no marked variations (smooth Moho).

6. Conclusions
In a profile that crosses the PRBC and the MV region, Moho depths became shallower from west to east:
45 to ∼34 km under the PRBC to 17 km under the MV region; with an abrupt change in depth under the
MGE, from ∼32 to 20 km depth in a west to east direction. Moreover, under the MV region, we propose a
near-constant Moho depth of 17–20 km. Along the profile that runs almost N-S though the PRBC, with
stable topography, Moho depths vary from 35 to 45 km, from 33°N and 32°N; and from 30 to 46 km depth
from 32°N to 30.5°N. The Moho depths, in a profile aligned in an almost E-W direction (at ∼31.3°N), follow
the altitude of the topography from 0 to 2,600 m SL: from ∼30 to 40 km depth.
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The Moho becomes shallower as the profile reaches the Gulf of California coast to a 16 km depth in both
the Peninsula of Baja California and in the station located on the coast of Sonora. Our results are similar
to previous studies done north and south of the study region (Han et al., 2016; Lewis et al., 2001; Ozakin
& Ben-Zion, 2015; Persaud et al., 2007), and with refraction studies done in profiles that ran close to the
ones here reported (Nava & Brune, 1982; Ramírez-Ramos et al., 2015). The results of our study show that,
in general, the Moho depth follows the elevations of the stations, deeper for stations with high altitudes and
shallower for stations near sea level, with an abrupt change in depth at the surrounding area of the Main
Gulf Escarpment. The Moho depths at stations in the MV region are shallow, suggesting an extension of the
lower crust of the pull-apart basin that connects the Cerro Prieto and Imperial faults (Cerro Prieto Spreading Center), within the regional section of the rifting system San Andreas-Gulf of California.
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