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Oblique rifts, in which rift margins are oblique to the direction of continental separation, are reasonably common in mo-
dern record, e.g. the Red Sea and Gulf of Aden, the Tanganyika-Malawi-Rukwa rifts and the Gulf of California (McKenzie 
et al., 1970; Rosendhal et al., 1992; Stoke and Hodges, 1989; Manighetti et al., 1998; Nagy and Stock, 2000; Persaud, 
P., 2003; Persaud, et al., 2003). Although, how the oblique rift evolves is not well known. Oblique rifting remain poorly 
understand relative to those orthogonal rifts, where the rift margins are approximately perpendicular to the extension 
direction, and to strike-slip system (Axen and Fletcher, 1998).

The Gulf of California is perhaps the best modern example of oblique continental rifting where we can study the pro-
cesses of such rifting as they lead to the interplate transfer of a continental fragment. This area presents unique op-
portunities for understanding key processes at transtensional plate margins, which is important for energy and mineral 
exploration, as well as for interpretation of tectonics ancient continental margins (Umhoefer and Dorsey, 1997). One 
of the main features along the length of the gulf is the fault system which connects active basins (incipient spreading 
centers) from south to north (Fig 1). Two main structural regions are defined. From the mouth of the gulf to the latitude 
of the Tiburon and Angel de La Guardia Islands several basins bathymetrically are well expressed, among them; the 
Pescaderos, Farallon, Carmen, Guaymas, San Pedro Martir and Salsipudes Basins. All of them are connected through a 
right lateral strike-slip fault (Fig. 2).

North of the islands the active basins and faults are buried by a thick pile of sediments from the Colorado River. The 
arrangement and evolution of these basins and fault system is less understood. They may be less developed than the 
basins to the south. Recently several studies reveal the geometry of the Delfin Inferior, Delfin Superior and Wagner 
basins (Persaud, 2003, Persaud, et al., 2003; Gonzalez-Fernandez, et al. 2005; Aragon and Martin-Barajas 2007; Gon-
zalez-Escobar, et al in press). These basins are not well developed  like those to the south, although the tectonic and 
structural relationship is similar, they are connected by an active right lateral strike-slip faults which are part of the Gulf 
of California-San Andrea fault system.

TECTONIC AND GEOLOGICAL SETTING

The Gulf of California is an oblique extensional rift system where oceanic to continental structural transition along the 
North America-Pacific plate boundary takes place (Fig. 2). Active continental structures related to the San Andreas Fault 
system are linked with similar structures in the Gulf of California, forming the San Andreas-Gulf of California fault system 
(Nagy and Stock, 2000; Persaud, et al., 2003: González-Fernández, et al., 2005). In the northern Gulf of California the 
transtensional system is defined by several incipient spreading centers. Details concerning where and how the structural 
transition occurs are poorly known, because the area is covered with a thick Quaternary sedimentary sequence that 
obscures older geological features. The presence of the incipient spreading centers and transform faults is commonly 
inferred. Nevertheless such presence is not supported by geophysical data (Nagy and Stock, 2000). Alternative orienta-
tions for those segments are in better agreement with bathymetric data.

In the northern gulf two incipient spreading centers, the Consag and Wagner basins (Fig. 2), plays an important role in 
the tectonic process that is taking place along the Gulf of California. These submerged, poorly understood structures in 
the northernmost gulf undoubtedly accommodate some plate motion deformation. These structures; however, are not 
as clear as the tectonic features in the central Gulf of California and at its mouth (Curray, et al., 1982; Lonsdale, 1989), 
where geophysical evidence, such as magnetic anomalies mark the presence of the spreading center, the rate of move-
ment along the plate boundary is established and the seismic data are help to delineate the active fault in the region.

 According with Fenby and Gastil (1991) the Wagner basin is an elongate basin oriented N-S (Gonzalez-Escobar, et al., in 
press) (Fig. 3) bounded in the northeast by the Cerro Prieto fault and in the southwest by several strike-slip faults that 
connect with the Consag basin. On the western side there is a dacitic outcrop known as the Roca Consag (Consag Rock) 
that may be associated to young volcanic activity in the region (less than one million years old). Although no recent 
volcanism has been documented within the area, there is some seismic activity (Frez and González, 1991; Castro, et al. 
2007) and high heat flow values which suggesting that the basin and associated faults are active.

At present the structural definition of the Wagner basin is based on geophysical information such as  the analysis of 
seismic activity in the area (Lomnitz, et al., 1970; Thatcher and Brune, 1971), seismic refraction, seismic reflection, 
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gravity and magnetic (Phillips, 1962; Henyey and Bischoff, 1973; Pérez-Cruz, 1982; Couch, et al., 1991; Persaud, et al., 
2003; Aragon-Arreola, 2006; Martin-Barajas, et al., 2006; García-Abdeslem, 2006; Aragon-Arreola, and Martin-Barajas, 
2007; Gonzalez-Escobar, et al., in press). Nevertheless, the major structures are not well constrained and their trace are 
not well defined due to the high rate of sedimentation in the northern Gulf of California. Based on data from exploration 
wells drilled by Petroleos Mexicanos, (PEMEX) in the northern Gulf of California and on the analysis of large number of 
seismic reflection lines, the geometry and structural pattern of the Wagner basin is defined (Gonzalez-Escobar, et al., 
in press). The importance of the Wagner basin within northern Gulf of California tectonic framework is very important, 
since is the link between the spreading centers in the gulf with those located to the north, in the Salton Sea structural 
province, such as the Cerro Prieto and the Brawley pull-apart basin.    

STRUCTURAL FRAMEWORK

The Salton Trough province, located in southern California, USA, is a wide active basin trending in a NW-SE direction 
(Fig. 4).  This province is the northern extension on land of the Gulf of California depression. In the structural and tec-
tonic map of the Salton Trough made by Fuis and Kohler (1984), the Brawley and the Cerro Prieto oversteps appear as 
the tectonic connecting elements between the right-stepping dextral faults across the region. These releasing-oversteps 
are the locations of immature pull-apart basins known to be developing as part of the Pacific-North America plate boun-
dary.

Figure 1. Tectonic map of The Gulf of California, regions, faults and basins.
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The Salton Trough tectonic province represents the transition from an oblique rift boundary, along the Gulf of California, 
to a transform plate boundary, such as the San Andreas Fault system. Within this province exist a group of active trans-
form faults, among them: the Cerro Prieto, Imperial, Brawley faults, and the southern extension of the San Andreas 
Fault, all of which constitute the Pacific-North America plate boundary at this latitude (Fig. 4). 

These faults strike NW-SE and they give rise to an arrangement of right-stepping en-echelon faults that bound and 
connect sub-basins that constitute northern extension of the active oceanic spreading centers located in the Gulf of Ca-
lifornia (Fig 4). This system o stepped faults and sub-basins is similar to the observed in the Gulf of Aden (Manighetti et 
al., 1998), the Central Gulf of California (Saunders et al., 1982) and in the Salton Trough (Fuis and Kohler, 1984; Lons-
dale, 1989), where several pull-apart sub-basins are in developing stage. Within the Salton Trough province, one of the 
developing pull-apart basins is the Cerro Prieto basin in the Mexicali, Baja California, Valley. This basin is in continuous 
structural evolution controlled by the dextral strike-slip Cerro Prieto and Imperial faults (Fig 4). 

CERRO PRIETO PULL-APART BASIN

The Cerro Prieto fault zone extends in a northwest direction, from the northern Gulf of California (Wagner Basin) to the 
Cerro Prieto Volcano, and has been inferred to extend further north up to 20 km before the international border (Gastil et 
al., 1975), whereas the Imperial fault forms a right-step with respect to the Cerro Prieto fault. Both faults are separated 
13 km and extend into the Imperial Valley. The Imperial fault links the Cerro Prieto and Brawley pull-apart basins (Fig. 
4), which are sedimentary basins formed within a zone of strike-slip deformation. This zone is characterized by active 
seismicity along parallel and oblique faults (Fig 5) with areas of infrequent large earthquakes in locked segments, and 
frequent small earthquakes along unlocked segments. This is the case of the Cerro Prieto basin filled with up to 6000 
m of Tertiary and recent sediments (Pelayo et al., 1991) that have experienced continuous deformation due to the high 
heat flow and the strike-slip movement imposed by the Cerro Prieto and Imperial faults.

Figure 2.- Seismic activity associated to the principal active faults in the Gulf of California
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According to Lachenbruch, et al. (1985) the thinning of the crust and the development of the Cerro Prieto basin was 
rapid, allowing the upwelling of magma from the asthenospher creating new oceanic-type crust with a high heat flow. 
At the same time, subsidence took place at a rate proportional to the sedimentation that in the case of the Cerro Prie-
to basin was high due to the influx of the Colorado River that transported large volumes of sediments. In recent time, 
however, the amount of sediment transported by the Colorado River hydraulic regime has diminished due to damming 
of the river.  

If the Lachenbruch et al. (1985) model applies to the Cerro Prieto basin, the crust in this area is being intruded by ga-
bbroic magma, while subsidence is accompanied by rapid sedimentation that keeps the surface near the sea level, and 
isostatic balance is maintained (Lippmann et al., 1997). Although this scenario has changed because the sedimentation 
stopped, the subsidence continues at high rate due to the inherited tectonic process associated to the slip on the two 
main active faults that bound the basin.

The tectonic regime associated with the Cerro Prieto basin has created an internal fault system characterized by several 
normal fault sets with different attitudes (Suárez-Vidal, et al., 2008) (Fig. 6). This pattern of faulting was also observed 
in the early stage of development of other strike-slip basins (Nielsen and Sylvester, 1995). Lira-Herrera (2005) interpre-
ted this structural pattern in Cerro Prieto as a half-graben structure with a depocenter close to the Imperial fault.

Sierra de Cucapa-El Mayor

West of Cerro Prieto basin is the Sierra de Cucapa and Sierra el Mayor these barren mountains rise abruptly from below 
sea level to as high as 1,100 m. The Sierra Cucapa consists of a series of tectonic slices of igneous, metamorphic and 
sedimentary rocks separated by major oblique dextral and normal fault zones. The oldest units in the range are Paleo-
zoic, prebatholitic metamorphic rocks consisting mostly of well-banded, coarse-grained quartzfeldepathic gneiss and 
marbles. Lesser amounts of biotite-rich schist, amphibolites and quartzite, are also present. All this units are intruded 
during the Mesozoic by plutonic rocks of the Peninsular Range province (Fig 7).

The pre-Cenozoic igneous and metamorphic rocks have in turn partially overlain by Miocene volcanic units consisting 
of autobreccia flows and dikes. Pliocene and younger sedimentary units are exposed within and along the margins of 
the Sierra Cucapa and make the bulk of basin fills within Laguna. Deposition of these sediments into Laguna Salada 
has been dependent of marine incursion from the Gulf of California; the position of the Colorado River, and continued 

Figure 3.- Shape of the Wagner basin in northern Gulf of California based upon seismic reflection studies 
(after Gonzalez-Escobar et al., in press)
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localized variable uplift of the ranges that define the edges of the basin (Mueller and Rockwell, 1991; Martin-Barajas, 
et al., 2001).

The lithologies in Sierra el Mayor consist of Cenozoic sedimentary cover rocks, Paleozoic metasedimentary and Mesozoic 
to Tertiary igneous basement rocks (Siem, 1992). The sedimentary cover rocks range in age from Miocene to present, 
with the majority of the section consisting of the marine Imperial Formation and the non-marine Palm Spring forma-
tion. These units are capped both conformably and unconformably by Quaternary fanglomerates and alluvium. Exposed 
beneath the Imperial-basement detachment fault is a structurally intricate assemblage of Paleozoic metasedimentary 
rocks and they are intruded by plutonic rocks predominantly granodiorites composition and migmatitized by combination 
of both magmatic and metamorphic processes.

The granitic rocks are ubiquitous throughout the basement and account for approximately half of the exposed rock 
volume. They have intruded metasediementary rocks in the form of dikes, sills, laccoliths, and irregular shaped rocks, 
resulting in intimate intermixing of the two rock types. Locally, the rocks are migmatitic and pervasive intermixing has 
occurred, (Siem, 1992).

Paleozoic metasediments are comprised of peltic gneisses and schists, banded quartzo-feldepasthic gneisses, calcareous 
chert argillites, quartzites, and metacherts (Fig 7).

Figure 4.- Principal tectonic elements in Southern California-Northern Baja California, (after Suarez-Vidal, 
et al., 2008)
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Structurally, the northern range (Cucapa) is sliced by N 45º W right-lateral faults (Barnad, 1968a; Gastil, et al., 1975; 
Mueller and Rockwell, 1991; Axen and Fletcher, 1998). Traced northwest, the faults commonly split in into several 
branches and take on a more northerly strike. The dextral Laguna Salada fault bounds the Cucapa range on its linear 
southwestern side against the Laguna Salada basin, where the active subsidence is taken place (Fig 8).

Other active faults in the area are: the Cañon Rojo normal fault, that apparently ruptured in widely felt 1892 earthquake 
(Strand, 1980; Mueller and Rockwell, 1991) and apparently this fault transfer much of the Laguna Salada fault move-
ment to the western side of the Sierra el Mayor. The detachment faults in Sierra el Mayor may have had a similar rela-
tionship to the Laguna Salada fault, bounding the Plio-Pleistocene basin preserved in the northern part of the range. 

The Borrego fault can be traced for 25 km north of the point where it splays form the Laguna Salada fault. The fault 
dips 50 to 60º toward the northeast where exposed, but much of the fault trace is covered by Holocene alluvium of the 
narrow basin along its trace (Axen and Fletcher, 1998).

The Pescaderos fault is exposed for 24 km along strike and is oriented N 40ºW and dips 55º E (Barnard, 1968). The 
fault displays 3 to 3.5 km of right-lateral normal slip with a rake angle of 40 to 70º S, on the basis of the offset of two 
lithologic contacts with different orientation (Axen and Fletcher, 1998).

In contrast with the Sierra el Mayor the dominant structures are folds and low angle faults. The oldest structural ele-
ments recognized are west to northwest trending folds. The F1 folds verge both to the southwest and northeast. These 
generations of folds are typical cylindrical, non-parallel, asymmetric, tight to isoclinal folds (siem, 1992). The high angle 
normal faults (dips> 45º) form a conjugate system of listric and planar faults that are cutting the basement into a se-
ries of of tilted fault blocks and horst and graben structures. These faults consistently strike 30º to 40º east and west, 
with the greatest concentration striking north and dipping to the west. The other fault system that controls much of the 

Figure 5.- Seismotectonic map of northern Baja California, with the main active faults including the Cerro 
Prieto basin in the Mexicali Valley.
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deformation in the area, are the detachment fault known as the Cañada David and Monte Blanco faults (Siem, 1992; 
Axen and Fletcher, 1998).

LAGUNA SALDA BASIN

The Laguna Salada is and actively subsiding, sub-sea level basin that is bounded on the west by the Main Gulf Escarp-
ment (Gastil, et al., 1975), along the front of the Sierra de Juárez, which rises 1500 m above sea level. To the east is 
bound by the Sierra Cucapa - el Mayor and to the south by Sierra las Tinajas-Sierra Pintas. The most active subsidence 
is on the eastern side of the basin, adjacent to the northern Sierra el Mayor and Central Cucapa (Savage et.al., 1994) 
(Fig 7 and 8).

Basin development within the Laguna Salada appears to be related to the active oblique-dextral and normal fault zone 
exposed along the western margins of the Sierra Cucapa and Sierra El mayor. Kelm (1971) concluded that these faults 
define the very steep northeastern walls of the basin. The southwestern side of the basin appears to have had similar 
origin; however, the faults defining it have no surficial representation because of repeated late Holocene inundation, 
except for faults farther to the south which define the northern end of the Sierra Pintas (Muller and Rockwell, 1991; 
Gastil, 1968).

Figure 6.- Structural map of the Cerro Prieto pull-apart basin. The Cerro Prieto and Imperial faults are the 
main faults that controls the shape and grow of the basin.
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From the sedimentary point of view, the Laguna Salada basin provide insight into the evolution of marine and non-
marine sedimentary basins that developed at the head of the Gulf of California rift system during Late Neogene time 
(Martin-Barajas, et al., 2001). Sedimentary and tectonic events within the Laguna Salada and Imperial basins (to the 
north) register similar episodes of late Miocene to Pliocene detachment-related extension, which evolved to dominantly 
wrench tectonics along the Imperial and Cerro Prieto faults and intervening pull-apart basins (Axen and Fletcher, 1998). 
Both basin received their first marine incursions in late Miocene (Vazquez-Hernandez, et al., 1996), and contain eviden-
ce of the progradation of the Colorado River delta. In Pleistocene time, the Laguna Salada basin became isolated from 
the Imperial Basin and from the Colorado River delta by tectonic activity on the Elsinore and Laguna Salada faults and 
the Sierra el Mayor detachment-fault. (Axen, et al., 2000). The isolation produced lacustrine conditions alternating with 
episodic marine and fluvial flooding from the south. Continued subsidence and lower sedimentation rates maintained 
the basin floor below sea level. 

Figure 7. Simplified geologic map of the Laguna Salada region, showing locations of figures 5 and 6. Inset 
shows lower-hemisphere, equal-area stereonet plot of detachment-fault planes (n=19) and striae (dots, 
n=11); square is average striae. Geothermal exploration wells shown as circles with crosses. Abbreviations: 
B, Borrego; C, Cucapá fault; CD, Cañada David  detachment; CM, central Mayor fault; CR, Cañón Rojo fault; 
LS, Laguna Salada fault; MB, Monte Blanco dome; MBD, Monte Blanco detachment; P, Pescadores fault; SB, 
Sunrise Buttes fault; SD, Sánchez Diaz fault. Modified from Axen and Fletcher (1998).
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MAIN GULF ESCARPMENT (SIERRA  JUÁREZ SEGMENT)

The main Gulf Escarpment extends from Mount San Jacinto in Southern California down the length of Baja California 
(Gastil, et al., 1975). The escarpment has been produced by movement along a network of high angle faults. These 
faults can be seen north of the international border, as well as on the la Rumorosa, just south of the border and el-
sewhere along the western edge of Laguna Salada basin. Most of these fault strikes in NW direction and dip steeply to 
the east and to the west. W-dipping faults are abundant but faults with largest documented vertical separation dip east 
(Axen and Fletcher, 1998). Low angles faults are not common in the Sierra de Juárez but to sub-horizontal faults, one 
of which is surrounded by tens of meters of chloritic fault gauge and penetrative breccia, were observed in basement 
rock of northern Sierra Juárez (Axen and Fletcher 1998). Gently east-dipping, lower and middle Miocene sedimentary 
and volcanic strata are found in the escarpment of both northern and southern Sierra Juárez, where they are faulted by 
both east and west dipping faults (Mendoza-Borunda and Axen, 1995; Romero-Espejel, 1997). Farther west on top of 
the range, these sequence are subhorizontal so that they define a faulted east dipping monocline as the escarpment is 
traversed. This geometry has been attributed to reverse drag above the detachment system exposed en the Sierra el 
Mayor, which roots west under Sierra Juárez (Axen 1995; Axen and Fletcher, 1998), although a strike slip component has 
been documented on many of these faults and may account for their east dip as well (Mendoza-Borunda, et al., 1995). 

SIERRAS PINTAS, SAN FELIPE, SANTA ROSA, VALLE CHICO-SAN FELIPE AND 
MAIN GULF ESCARPMENT (SAN PEDRO MARTIR SEGMEN)

The structural province that includes Sierra Pintas, Sierra de San Felipe, Sierra de Santa Rosa, Valle Chico-San Felipe 
and the Main Gulf Escarpment in Sierra San Pedro Martir, extends from the Main Gulf Escarpment to the gulf and from 
Sierra Pintas in the north to Valle Chico on the south. It is characterized by intermountain basins and northeast trending 
faults. 

The most prominent basin in the province is the Valle Chico-San Felipe graben (basin) that separates the Main Gulf Es-
carpment (Sierra San Pedro Martir) from the other ranges, San Felipe and Santa Rosa.  From gravity and magnetic maps 
Sliker (1970) calculate the fill in the valley to be 2,400m thick. If this is the real depth of the basement, there have been 
5, 300 m of uplift along the San Pedro Marti fault system which is formed by a series of concave normal fault that dip to 
the east. This group of faults bounds Valle San Pedro Mártir and Valle Chico. Besides the San Pedro Martir fault, two other 
regional lineaments can be seen on landsat scenes and skylab space images (Fig 9). The first, is oriented northwest, is 
formed by the Sierra de Juarez fault. The fault extends south into the Valle San Felipe (where is called the San Felipe 
fault), through the central part of the Valle San Felipe and Valle Chico to Arroyo Matomi. The second lineament, known 
as the El Chinero is 35-40 km east of the San Felipe fault, and has the same orientation. It extends northward 80 km 
from el Chinero to Sierra el Mayor and marks the boundary between Pliocene-Quaternary alluvial fans and the saline 
deposits associated with the Colorado River delta.   

As a result of different studies along the San Felipe fault it has been concluded that this structural feature is characteri-
zed by a right lateral strike-slip movement and the main stress component is tensional. Together, the structural features 
(normal and strike-slip faults) give shape to a half graben downthrown to the east. Some of antithetic faults give shape 
to an asymmetrical dilation basin, filled with 2,400 m of Miocene-Pliocene sediments. 

Figure 8.- Aerial photos of the Sierra Cucapa and the trace of the Laguna Salada fault, (photos take by John 
Fletcher 2005
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ESTRUCTURAL RELATIONSHIP OF ACTIVE FAULTS IN NORTHERN BAJA CALI-
FORNIA AND SOUTHERN CALIFORNIA

 Southern California and northern Baja California form a common region affected by a number of regional-scale 
active faults, all constituting part of the San Andreas-Gulf of California fault system. The regional distribution of these 
fault are form east to west: Cerro Prieto-Imperial faults located in the Mexicali-Imperial Valley, and the Cucapa and 
Laguna Salada faults constitute the southern extension of the Elsinore fault. South of Laguna Salada there is two linea-
ments, El Chinero and San Felipe. The San Felipe lineaments extend southward, connecting with the extensional region 
near Puertecitos Baja California. West of the two lineaments, the San Pedro Martir fault and the Sierra Juarez fault cons-
titute part of the Main Gulf Escarpment. In the peninsula ranges of Baja California, two main active fault systems are 
recognized: the Agua Blanca fault, which is oriented anomalously counterclockwise to the general trends of the southern 
San Andreas Fault system, and the San Miguel-Vallecitos faults, which extend from Sierra de Juárez escarpment toward 
the Tijuana-San Diego area. Both systems extend offshore and connect with active faults in the Continental Border-
land.

 All these faults are seismically active to different degree as a result of the interaction between the Pacific-North 
America plates in the Gulf of California region. Although in the northern Gulf the amount of displacement measured 
between plates is less than in the southern Gulf, the difference in movement can be spread along the strike–slip faults 
on the peninsula and those on the continental borderland. A structural relationship should exist between the Canal de 
Ballenas fault and the Puertecitos extensional region, which is the conduit where movement is induce to the onshore 
peninsula faults.

 There in no doubt that the Imperial, Cerro Prieto, Laguna Salada, Cucapa faults play an important role in the 
neo-tectonic processes in northern Baja California. Through these structural features, the San Andreas Fault system 
connects with the Gulf of California fault system, which together forms the principal translation boundary between Nor-
th America and Pacific plate. Much of the relative displacement between these two plates (perhaps half the motion) is 
taking place along these faults (Fig 10).

 As the relative motion between the North America and Pacific plates is distributed over a broad system of subpa-
rallel faults, the relative movements along these various strands have change with time. It is entirely conceivable that 
throughgoing strands connecting the Los Angeles Basin with the Gulf of California is under development and that the 
faults which have been described here are an early part of this development. If this is true, every segment in the region, 
whether previously broken or not, could potentially become part of the tectonic process just as certainly as if it lay along 
of well-developed fault. This is valid not only for the Newport-Inglewood-Rose Canyon-Vallecitos-San Miguel zone, but 

Figure 9.- Images of the Main Gulf Escarpment, ( Sierra de San Pedro Martir), the San Felipe, El Chinero 
lineaments and the Valle San Felipe (San Felipe basin) (images from google and Sky Lab)
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also for the faults on the eastern side of the peninsula between the Peninsular Ranges and the Gulf of California. Be-
cause at present we do not know the complete seismic history of these faults, the recurrence time for arge earthquakes 
in unknown. However, the geological evidence is clear that is clear that all of the faults mentioned are active to some 
degree, and such activity is a result of the broader tectonic process that is taking place along the boundary between the 
North America and Pacific plates.
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