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Abstract

Eight seismic reflection profiles, two dimensions, were collected in a sector of the Magdalena
Shelf, Baja California, Mexico, which contains a forearc basin, providing a spatial view of faults
and seismic reflectors in this basin. Two small asymmetric basins were configured; Tosco-
Abreojos and San Lazaro controlled by the Tosco-Abreojos and Santa Margarita-San Lazaro
Faults. These faults accommodate a great part of the transtensional stress in the shelf and
control the bathymetry and show great deformation in the western sector. Seismic horizons
illustrate that the depocenter of the San Lazaro basin reaches depths of ~4 km, while the Tosco-
Abreojos account reaches depths of around ~5.5 km, being present at these depths a diffuse
reflector that is considered the acoustic basement. Santa Margarita fault is present in the
Santa Margarita and Magdalena islands, extending northwest, then stop presenting its relief
represented by the San Lazaro fault, which is associated with the seismic activity resent reported
for the region. Reflectors observed to the south of the region, previously reported by other
works, were also observed in this area. However, there are new reflectors to the NW, which
fill the spaces of both basins, taking a total of eight seismostratigraphic units. Unconformity
is present throughout the region that separates the Neogene sequence from the Paleocene-
Eocene sequence that fills the forearc basin. Below the unconformity, there is a huge packet of
Miocene sediments. Structural height corresponding to the subduction complex that extends in
the SE-NW direction along the Magdalena Shelf is present, which is considered as the acoustic
basement and is attributed to the ophiolite rocks. This structural height can be related to the
Alto Lagunitas, located in the central part of Baja California, where an ophiolite rock is also
present. But Magdalena Shelf is more recent than the Alto Lagunitas since the said rocks in this
place are younger arch. From the results obtained, Santa Margarita Fault should be considered
for future risk studies, since it is tectonically active and its path passes near population centers,
such as Puerto San Carlos.
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Introduction

The Baja California micro-plate is a fragment of
separated continental crust (detached) from the
continental region of Mexico and captured by the
Pacific plate 10-15 Ma [1-5]. The formation and
subsequent capture of continental microplates in

the subduction margins are controlled in some way
by the underlying oceanic slab, possibly through
the basal or shear traction distributed and trans-
mitted through the continental lithosphere inter-
face [2,6]. The flexion’s happen during subduction
of the Farallon oceanic plate in front of the Mag-
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Figure 1: Inset map, study region (black box) and major fault systems in the Baja California-Gulf of California
region. The study area lies within the dashed white box. BCT: Baja California Trench; TAF-Tosco: Abreojos Fault;
SMF: Santa Margarita Fault; SLF: San Lazaro Fault; LPZ: La Paz; TS: Todos Santos; CSL: Cabo San Lucas. Map
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dalena Shelf, sub-ducting below the North Amer-
ican plate in southern Baja California, Mexico. As
a consequence of the subduction process, the for-
mation of a forearc basin was originated (Figure 1).
The forearc basin has an abundant tectonic load
that forms a topographic depression (bathymetric)
that acts as a sedimentary trap and can accumulate
a considerable amount of sediments [7]. To know
the tectonostratigraphic characteristics of basins of
this type is necessary to have reliable subsoil infor-
mation, that is, structures and seismostratigraphic
characteristics in the area, among other features.

The forearc basins contain an almost continuous
record of active marginal sedimentation. During
the convergence of the plates and the stratigraph-

ic architecture in these basins, the changes in the
area of accommodation are reflected, which were
formed as a result of the interaction with the de-
scending force of the oceanic plate (tectonics), the
sediment load and the static changes in sea level
[8]. A clear, comparable example is the case of the
forearc of southeastern Crete, east of the Mediter-
ranean [9] since it presents similarity in a complex
deformation, and basins with large sedimentary
deposits due to the extension through which they
tend to form normally.

Having access to seismic data of the petroleum
industry, collected by Petréleos Mexicanos (PE-
MEX) in the early 80s, presents a great opportu-
nity to investigate the subsurface characteristics
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Figure 2: Detail of three seismic profiles interpretation that was used to characterize the study area. Note
that the basins are interpreted by identifying the sedimentary package and also be observed the main fault
which controls the San Lazaro Basin (SLB). The letters represent different seismic strata with different ranges of
velocities and are showing represented by simplified stratigraphic columns with units of velocity. It is observed,
how the L5 profile cuts the San Lazaro Fault (SLF) several times. The points in the profiles represent the intercepts
of the seismic strata between the longitudinal and transversal profiles in -Tosco-Abreojos Basin (TAB).
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in a section of a forearc basin. The seismic data
covers an area of ~350 km?, which helped in ob-
taining the geometrical characteristics of faults and
seismostratigraphic units in the central part of the
Magdalena Shelf (Figure 2). The present work in-
cludes the processing and interpretation of eight
seismic reflection profiles (Figure 1 and Figure 3),
as well as information reported and interpreted by
[2] and [10]. The characteristics are presented to
have a view of the main structures, their architec-
ture, and the shape of the sedimentary deposits.
Subsequently, the distribution of structures and
the configuration of the seismic stratigraphic units
are discussed.

Forearc Basin

The forearc basin has a set of sedimentary de-
posits within it (Figure 3) and is located between
the oceanic trench and the volcanic arc, in this
case, Comondu [11], that is, inside an accretion
prism near the area of subduction. It is part of a
subduction complex that forms the crest of the
trench and the volcanic arc due to the flexion and
subduction of the oceanic plate [12]. The flexion of
the continental wedge during subduction result-
ed in fracture and faulting in the area, so that the
flexure of the continental wedge acted as a sedi-
ment trap [13] in which the sinking of the basin is
controlled by the negative buoyancy of the oceanic
crust, subsidence due to bending of the subsurface
and loading of lithostatic sediments [8].

Geological Settings

The tectonic evolution of northwestern Mexico
is closely related to the changes between the limit
of North American and the Pacific-Farallén plates.
From the Triassic-Jurassic, which has evolved from
a subduction system to an ocean-continental rup-
ture system, with the transfer of the Baja Califor-
nia peninsula to the Pacific plate during the late
Miocene-Pliocene (< 12 mA) [13,14]. The Mesozoic
rocks that make up the peninsula are one of the
best subduction assemblages exposed in a conver-
gent margin, with the development of a forearc ba-
sin between the accretion prism and the volcanic
arc, in this case, Comondu (Figure 3) according to
[15].

The main structures in the study area are the
fault systems; Tosco-Abreojos and Santa Margar-
ita-San Lazaro (Figure 1). These formed after the
beginning of the cessation of the subduction of
the Farallon plate under the continent due to the
approach of the Pacific-Farallon dorsal to the old
trench that marked the end of the subduction, and
to initiate a new movement of transformative type
between the Pacific and North American plates.
The characteristics of the Faralléon plate (Guada-
lupe and Magdalena microplates) indicate a change
in the angle of convergence before the cessation
of subduction in the early Miocene that caused the
development of this fault system [4,16]. The fault
cuts the forearc basin above the system, which ex-
tends along the Magdalena Shelf from SE to NW.
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Figure 3: Schematic model of a forearc basin [8].
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The Tosco-Abreojos fault has a length of 180 km
and depression of ~15 km of width, with a strike of
3800, while the Santa Margarita fault has a length
of ~200 km which is a relay with the San Lazaro
fault, which extends more than 150 km to the NW.
These faults had already been reported, mainly
based on bathymetric studies [17]. Subsequently,
through seismic profiles made in 2002 during the
FAMEX oceanographic campaign [4] and more re-
cently by [10], where the structure of the Magdale-
na Shelf was characterized, to the south of the area
of the present work, the region studied here is not
known. These authors report the location and dis-
tribution of the faults, but the difference with this
work is that it is intended to give a detailed char-
acterization of the Santa Margarita and San Lazaro
faults. For this, we analyzed from a set of seismic
profiles (net) assisted with a complete anomaly
map of Bouguer (Gravimetric) obtained from [18],

which allows us to project these faults according to
the anomalies. Also, some faults [10], were incor-
porated in this work, for the correlation.

It is important to mention that the studies car-
ried out to the south of the study area [2,10], show
reflectors associated to three main stratigraphic
units of the Neogene (A, B and C), where the re-
flector Cis considered as the angular unconformity
that separates the Neogene sequence of the Paleo-
cene-Eocene sequence that fills the forearc basin.
Below the unconformity, there is a huge packet of
Miocene sediments, identified as the oldest ~8 Ma
in the northern region of the Magdalena shelf [10].
Although the seismic activity in the region is very
low, as reported by [19], it is inferred that the re-
gion is tectonically active.

Data Analysis

The Magdalena Shelf was submitted to an ex-

Figure 4: Location of seismic profiles (white and black lines), processed and interpreted for this studio work;
yellow seismic profiles are [10] and green profile from [2]. SLF: San Lazaro Fault; SMF: Santa Margarita Fault;
TAF: Tosco-Abreojos Fault. Comondu Group [11], color is east sector (cherry color) Miocene Volcanic rocks;
central sector (brown color) Plio-Quaternary Volcanic rocks, and west sector (light Green color) Undifferentiated

sub-aerial rocks [25,10].
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ploration program collecting seismic reflection 2D
data, among others, according the sections of the
Figure 4. The seismic processing consisted of: (1)
Trace editing; (2) Geometry mapping; (3) Direct
wave attenuation; (4) Deconvolution; (5) Frequen-
cy filter-wave number; (6) Trace order by common
depth point (CDP); (7) Velocity analysis; (8) Normal
motion correction (NMO); (9) Stacking; (10) spher-
ical divergence; (11) Time-varying filter; (12) Auto-
matic gain control (AGC) and (13) Migration [20].
Subsequently, the data were interpreted using the
technique of [21] in the time domain (Two Way
Travel Time-TWTT). The Landmark™ ProMax and
SeisWorks software [22] and OpendTect™ were
used in the processing and interpretation of the
data. The interpretation of three seismic profiles
can be seen in Figure 2.

Interpretation

The seismic interpretation consisted of the
structural characterization of the subsoil, through
the detection of faults and horizons in the seismic
profiles. For the detection, faults were identified in
discontinuities or sudden jumps between the re-
flectors, while for the horizons, it was necessary to
identify coherent, continuous seismic events with
high amplitude contrast. The detection of faults
tends to be the first step since it provides the im-
age of the behavior of the structures in the subsoil.
Often, faults tend to produce effects such as deg-
radation of the seismic image due to diffraction, so
care must be taken in this regard.

One of the most representative and important
structures identified in this work is a segment of
the San Lazaro fault and can be observed up to 4s
(TWTT), in depth (Profile L5, Figure 2). This fault is
considered to be regional of normal type and listric
geometry with a dip of ~45° and a vertical jump of
~2s (TWTT). Secondary faults develop as a result of
the extension that tends to settle the sedimentary
deposits, with synthetic and antithetical structures
located in the northeastern part that can be ob-
served until ~3.7s (TWTT). Other faults are located
to the southwest through a longitudinal structural
height that is present along the Magdalena Shelf
(Figure 2 and Figure 5). The faults control the struc-
tures of the Tosco-Abreojos basin, in this case, fall-
en blocks controlled by normal faults that do not
exceed 1.5s in depth in the section of Line 1 and
2.4s (TWTT) for the section of Line 3. The structural
height is attributed to the ophiolite rock that com-

poses the basement and intrusions in sedimentary
sequences in some sections, which separates the
Tosco-Abreojos basin from that of San Lazaro (Fig-
ure 2 and Figure 6).

In addition to the faults, nine seismic reflectors
(horizons) with high acoustic impedance contrast
were identified (Figure 2), of which eight are as-
sociated with the limit of sedimentary structures
and one with the acoustic basement. The reflector
of the acoustic base corresponds to the deepest
structure; it is very diffuse seismically. This is usu-
ally because the reflector is probably associated
with magmatic rocks that tend to absorb seismic
energy. The acoustic basement was identified in
most of the seismic profiles as an antiform, which
we call structural height, and is longitudinal along
with a large sector of the Shelf and develops two
semi-graben controlled by two regional faults (Tos-
co-Abreojos and Santa Margarita-San Lazaro faults)
and some minor extensional faults. At the same
time, we helped with the gravimetric anomaly [18],
which has a good correlation with the structures
identified in the seismic sections. The longitudinal
shape of this basement block is irregular, as well as
its depth as observed in the topographic form of
the acoustic layer (Figure 6).

The acoustic basement reflector is the finale
of structures that we can see, because to more
deep, the image is diffuse. Regularly this is because
as from the final reflective, we have a single rock
probably associated with magmatic rocks where
the seismic energy is absorbed. It has identified
the acoustic basement in most seismic profiles; this
has the form of the longitudinal block along the
Magdalena shelf that develops as a consequence
two half-graben controlled by two regional faults
(Tosco-Abreojos and Santa Margarita - San Laza-
ro faults) and some minor extensional faults. The
longitudinal form of this block is irregular because
varies the deep in some parts of the basement to-
pography (Figure 6).

A characteristic feature of the acoustic base-
ment is that it delimits the basins; Tosco-Abreojos
and San Lazaro (Figure 2). The Tosco-Abreojos ba-
sin is made up of several small depocenters (Figure
6), in comparison with the San Lazaro basin, and
it is at the end of the structural high. Below these
basins is the acoustic basement, which is composed
of ophiolite rocks according to [23,24], which are
materials resulting from the interaction between
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Figure 5: Summary tectonic map of the study region of Magdalena shelf. a) Faults reported in this study (white
seismic profiles), yellow seismic profiles reported by [10] and red color are the faults known until before these
works [2,25]. Colors containing mainly the blue represent the reflective acoustic basement obtained in this work.
The seismic profile to the north a structural high with little sedimentary cover is presented and later deepened
to the northeast, which is part of the Iray-Magdalena basin, observing sedimentary thicknesses of more than 5
km. The acoustic basement and faults correlate very well with Complete Bouguer anomaly of [18]. SLB and TAB
are bigger basins that are configured for the structure of the SLF, which separate both basins. This last fault is
observed in Santa Margarita (SMI) and Magdalena (MAI) islands [25]. The relay zone is observed between the
SLF to the north and SMF to the south. IMB-Iray-Magdalena Basin and SMB-Santa Margarita Basin from [10]. Red
and green are the seismicity reported by [19]; b) Three-dimensional perspective of the interpretation, showing
the seismic strata and faults.
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Figure 6: Interpretation of the faults and acoustic basement. The interpretation of faults in the region included
the report by [10]. Included in the results are the trace of the San Lazaro and Sana Margarita Faults (SLF, SMF),
obtained from seismic interpretation and the traces of these faults in previous work of [10], and information
of [1] and [25]. Red and green circles are the seismicity reported by [19]). SMB: Santa Margarita Basin. The
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the oceanic and continental crust.

We interpreted eight stratigraphic packages of
which three of them (A, B and C) correspond to
those observed and reported previously, south of
this work [10,25] and the packages represent ve-
locities (Figure 7). The sedimentary packages A, B,
and C are dominant throughout the region. The
detected reflectors tend to be deeper from NE to
SW on the Shelf, and at the same time their thick-
nesses are larger in the same direction, this was
observed as the packages are wedged towards the
coast. This fall causes the formation of deep basins,
where new thinner packages that fill the depocen-
ters begin to appear.

The construction of a three-dimensional geo-
physical model was possible by analyzing profiles
forming a net, by interpolating the different seis-
mic reflectors that functioned as sequence limits,
considering the faults that control the shape of the
structures (Figure 7). The isolation of the various
stratigraphic units was done by joining the limits
of the sequence and the properties obtained from
the velocity by the semblance method, where the
velocity of the units tends to increase with depth.

The Magdalena Shelf sector is controlled by two
dominant trends corresponding to two fault sys-
tems in the NW-SE direction; Tosco-Abreojos and
San Lazaro (Figure 8). It is inferred that these faults
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Figure 7: A three-dimensional stratigraphic model with the effect of display SE-NW. SLF: San Lazaro Fault.
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displace the sediments and control the morphol-
ogy of the basins. The Tosco-Abreojos fault is not
present in the seismic profiles of this work, but it
is observed in the geomorphology of the seabed,
and it is the one that controls the basin of the same
name. This fault is regional, while the San Lazaro
fault is relayed with the Santa Margarita fault (Fig-
ure 8) and with a normal-type listric geometry sub-
merged in the depression, San Lazaro. Therefore,
the areas affected by these faults are associated
with relatively deep asymmetric basins that con-
tain divergent stratigraphic packages. Both basins
are deeper towards the northwest. The main con-
tribution of the sediment to the basins comes from
the continental arc of Baja California, as suggested
[26].

Discussion

When comparing the characterization of the San
Lazaro fault based on studies of the seafloor mor-
phology [10,17], with the interpretation in the pres-
ent work, it can be observed that the results are
very similar, and the same happens with the faults
reported by [19] in the seismic profiles south of the
study area of this project. The presence of the fault

is also confirmed by the complete Bouguer anoma-
ly (Figure 8), with data obtained from [18].

It is considered that the San Lazaro fault is ac-
tive according to seismological data reported from
1960 to the present, according to the National Cen-
ter for Earthquake Information (NEIC) and work on
microseismicity in the San Carlos region, B.C, [19].
The interpretation of the San Lazaro-Santa Margar-
ita fault indicates that these structures are relays
between them, taking into account also what was
reported by [10], and including the characteristics
of the complete Bouguer anomaly of the map con-
structed from the data of [18]. The Santa Margarita
fault experiences a displacement from E to W to
continue to the northwest with the relay of the San
Lazaro fault. Regarding the acoustic basement, this
is associated with the ophiolite subduction com-
plex [2,10,25]. The correlation of this basement
(high structural) with the complete anomaly map
of Bouguer, is represented by high gravimetric val-
ues, which can be observed in all the seismic lines
(Figure 8).

The alignments of the gravity anomalies suggest
the continuation of the structural height to the
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Figure 8: Structures obtained with seismic reflection data and Bouguer anomaly from [18]. The study area
lies within the black box. A) SLF: San Lazaro Fault; SMF: Santa Margarita Fault; TAB: Tosco-Abreojos Fault and
ophiolite high structural. Red and green circles are the seismicity reported by [19]. B) Bouguer anomaly map
with the regional distribution of the structural high, as well as the height of Lagunitas structure described by
[24,27].
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northwest of the Magdalena Shelf and the Lagu-
nitas (Figure 8), in the Vizcaino region, BC, where
a structural height known as Arco Lagunitas has
been reported by [27]. These structures are asso-
ciated with one since both bodies are constituted
by ophiolite rock. The Arco Lagunitas is a trans-
verse block oriented NE-SW and corresponds to
rocks of the Jurassic-Cretaceous age [24], while the
basement observed in a well in the central region
of the Magdalena Shelf (north of the study area),
associated with rocks belonging to the Triassic-Ju-
rassic according to [24]. So, the Arco de Lagunitas
is more recent than the structural high located on
the Magdalena Shelf, even though both are formed
by ophiolite rock. The basins were characterized
by interpreted seismic horizons and the complete
anomaly map of Bouguer (Figure 5) of [18]. The dis-
tribution and thickness of the basins become deep-
er to the northwest, estimating depths of up to ~4
km in the Tosco-Abreojos basin and up to ~5.5 km
in the San Lazaro basin. The sedimentary packages
A, B and C (seismostratigraphic units) can be com-
pared and associated with packages observed from
the southeast by [2,10], where [2,10] suggest that
they are units around ~13-8 Ma of age. The upper
units identified are associated with the most recent
ages of the Neogene.

Making a comparison of the Magdalena Shelf
with the region of the island of Crete, where the
forearc of the Hellenic subduction zone is locat-
ed, in the transition area between the African and
Eurasian plates [9]. In both cases, there are normal
faults that typically consist of dip slides from 4 to 20
km long, in segments present locally in more com-
plex fault zones. For both cases, the faults show
clear evidence that they are active. Although these
contractional structures can generate strong seis-
mic events (M = 7.5), these are not common and,
therefore, provide a minor contribution to the evo-
lution of these basins. A big difference in both ba-
sins is that in Crete, the seismic activity is stronger,
both in a number of earthquakes and magnitude in
comparison to what happens in Magdalena Shelf.
The evolution in the main sedimentary sequences
in both Crete and Magdalena, in contrast to most
of the adjustments of the forearc basins in the Pa-
cific and Indian Oceans, both regions are predom-
inantly oblique. However, in the case of Crete, it is
located in one of the most active seismic zones in
Europe [9], while the historical seismicity in Mag-
dalena does not show evidence of great historical

seismic activity [10].
Conclusions

Research in the Pacific Ocean on the western
margin of Baja California Sur has generated new
knowledge about the structures that control the
development of the Tosco-Abreojos and San Laza-
ro basins, and the processes that gave rise to the
formation of the Magdalena Shelf. The conclusion
of the evolution of the two semi-graben is that
both are part of the process of complex subduction
in the basin before arc, and these are controlled
by two systems of major faults identified as; Tos-
co-Abreojos and Santa Margarita-San Lazaro, how-
ever, and minor extensional faults control part of
the deformation of the depocenters of the basins.

The faults identified in the study area are of
the normal type since the regional area original-
ly had initially convergent and subsequently have
divergent stress, as a consequence of the end of
the subduction in the middle Miocene. Afterward,
a new system of stress was initiated during the
capture of the microplate of Baja California by the
Pacific plate during the formation of the new oce-
anic continental crack of the Gulf of California. In
both basins, there are eight sedimentary packag-
es identified from the seismic reflectors. However,
only three dominant units (large thickness), can be
differentiated by presenting strong reflectors with
high contrast between their amplitudes, which can
be correlated with the seismostratigraphic units re-
ported to the southeast by [2]. It is considered that
the sedimentary packages are regional and extend
towards the northwest and the southeast along the
whole basin, however, the less dominant and less
deep packages cover and fill the spaces generated.

The strike of the San Lazaro fault proposed at
the beginning by [10,17], based on the morphology
of the ocean floor is confirmed by the interpreta-
tion of the seismic sections of this study, where the
morphology of the fault is detailed. The San Lazaro
fault is interpreted as an interruption of the conti-
nuity of the acoustic basement, in a vertical jump of
~2s (TWTT). It is considered a normal regional fault
that marks the boundary of the San Lazaro basin
in the west and it deduces that it extends 70 km
northwest of the study area -113° of longitude and
26° of latitude, according to the gravimetric data
evidence [18]. This fault in its interpretation shows
a more sinuous form than that reported by oth-
er authors [17,25]; however, as shown in the L-5
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profile (Figure 2), this structure (fault) is cut sev-
eral times by the same seismic profile. Given that
the San Lazaro fault cuts the seabed and the region
presents seismic activity [19], this is active. The seis-
mic-stratigraphic model proposed, with the results
obtained here and collected, is a regional model
because the processed lines are spaced from each
other every 5 km, and there are areas where there
is no information, resulting in a low resolution.
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