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INTRODUCTION

Continental rifts result from the breakup 

and extension of continental lithosphere. As 

the continental blocks separate, broad zones of 

continental deformation will eventually local-

ize to become oceanic spreading centers, creat-

ing new oceanic crust. Some continental rifts 

are characterized by plate divergence that is 

oblique to the rift trend. In these oblique-diver-

gent settings, often strain is accommodated by 

the partitioning of rift-perpendicular extension 

and rift-parallel shear (Withjack and Jamison, 

1986). Many studies of oblique rifting use 

numerical models or experiments to predict the 

strain patterns that are likely to emerge with 

different angles of rift obliquity (e.g., Withjack 

and Jamison, 1986; Tuckwell et al., 1998; Clif-

ton et al., 2000; Clifton and Schlische, 2001, 

2003; McClay et al., 2002). In general, these 

studies indicate that a range of fault geometries 

can develop. Additionally, they predict the 

direction of motion accommodated by these 

faults, as well as the orientation of the faults 

with respect to the rift trend. For the Gulf of 

California oblique-divergent rift, in addition to 

the transform faults and short spreading centers 

in the main zone of deformation, these mod-

els predict the presence of normal faults that 

strike oblique to the main zone of deformation 

and form on the margin of the rift (Withjack 

and Jamison, 1986). The oblique-divergent rift 

within the southern Gulf of California mani-

fests sustained oblique extension along the 

continental-oceanic transition with active nor-

mal faulting in a left-stepping array.

Previous studies of extended regions have 

provided insight into normal-fault behavior and 

rift basin formation, guiding the way in which 

we interpret our data. Extension is often accom-

modated by slip along relatively planar normal 

faults dipping 30°–60°. These faults are often 

arranged into fault arrays of similar slip sense 

and dip (e.g., Jackson and White, 1989). Nor-

mal faults in the same region generally dip in 

the same direction such that they do not cross, 

because crossing would cause the intersected 

faults to lock and become inactive (Jackson 

and McKenzie, 1983). These similarly dipping 

faults can slip and rotate in a domino-like fash-

ion in cross section (e.g., Jackson and McKen-

zie, 1983; Jackson and White, 1989), eventually 

causing the fault to rotate out of a favorable 

angle for slip. Consequently, a new generation 

of steeper faults may form (Anderson, 1951). 

This progression of domino-style faulting, rota-

tion, and new fault formation leads to formation 

of asymmetric half grabens in which footwall 

uplift and corresponding hanging-wall subsi-

dence are greatest along the fault scarp and 

decrease away from the fault (e.g., Jackson 

and White, 1989). Additionally, the amount 

of uplift and subsidence along a fault varies 

along strike. Fault displacement, and therefore 

footwall uplift and hanging-wall subsidence, is 

greatest at the center of a segment and decreases 

toward the ends of a segment (e.g., Burbank and 

Anderson, 2001; Densmore et al., 2004). Exten-

sional basins and their bounding normal faults 

may fi rst begin as numerous small faults. Over 

time, as the extension increases, some of the 

faults link to become larger faults. Those faults 

in the shadow zones of the larger, linked struc-

tures become inactive. Strain becomes localized 

along the larger faults, which eventually become 

the border fault zones of graben and half-graben 

depocenters (Gupta et al., 1998).

In addition to the evolution of the fault array, 

the surrounding landscape and geomorphic and 

sedimentary systems develop and are parti-

tioned by the structural arrangement of the fault 

system and the relative rates of slip along the 

faults. Geomorphic response to high slip rates 

along relatively isolated faults will establish a 
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ABSTRACT

The southern end of the Baja California peninsula is cut by a north-striking, left-stepping, active, normal-fault system—the marginal fault 
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bounding faults. Slip rates coupled with basin depths suggest that the La Paz and San Juan de los Planes basins began forming ca. 2–5 Ma, 

overlapping in time with the formation of the main plate boundary at this latitude. The San José del Cabo basin has the greatest depth to 

bedrock (1.6–2.7 km), signifying that it accommodates a greater slip rate or a longer duration of slip than the other faults within this system.
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landscape with clear associations between sur-

face displacements and process (steep escarp-

ment drainages, longer, lower-gradient drain-

ages fl owing off the back side of the hanging 

wall around the fault tip to the sedimentary 

basin, and corresponding depocenters refl ecting 

high subsidence at the center of the fault; e.g., 

Gupta et al., 1998; Densmore et al., 2004). On 

the other hand, low-slip-rate, long-lived, nor-

mal-fault arrays may see more complex land-

scapes developed across them that are equally 

sensitive to regional gradients, such as continen-

tal to marine (elevation and process), as well as 

to the local, less coherent and lower-magnitude 

surface displacements due to fault slip along 

the interacting elements of the fault array (e.g., 

Gupta et al., 1998; Densmore et al., 2004).

An important control on the degree of 

distribution of the marginal system in a rift 

may be the gradients in topography, crustal 

thickness, and material properties along the 

edge of the rift system. Observations from 

Reykjanes peninsula of Iceland (e.g., Clifton 

and Schlische, 2003), the Gulf of Suez (e.g., 

Bosworth et al., 2005), and the Gulf of Cali-

fornia (e.g., Lizarralde et al., 2007) motivate 

this hypothesis. It also has been explored with 

scaled laboratory experiments and numerical 

models (e.g., Tuckwell et al., 1998; Clifton and 

Schlische, 2003), which clearly demonstrated a 

partitioning of deformation rate and style from 

the high-rate, extensional normal faults and 

perpendicular transfer faults of the rift core to 

low-rate, distributed en echelon faults oblique 

to the rift in the transition zone.

The Gulf of California, a proto-oceanic 

trough (Ingersoll and Busby, 1995), is under-

going active transtensional continental rifting 

along an oblique-divergent plate boundary. 

Deformation in this region is accommodated 

by both strike-slip and normal-fault systems 

(e.g., Angelier et al., 1981; Fletcher and Mun-

guía, 2000; Umhoefer et al., 2002; Plattner et 

al., 2007). The axis of the Gulf of California is 

marked by long, right-lateral strike-slip faults 

separated by shorter spreading centers and is 

referred to as the gulf-axis system. Adjacent to 

the gulf on the west, the east side of the south-

ern tip of the Baja California peninsula hosts an 

onshore to offshore fault array of roughly north-

striking, left-stepping, mostly east-dipping, 

normal faults known as the gulf-margin system 

(Fletcher and Munguía, 2000) (Fig. 1).

The onset of seafl oor spreading in the south-

ern Gulf of California at 6–2.4 Ma (Lizarralde 

et al., 2007; Umhoefer et al., 2008) was not 

accompanied by the cessation of continen-

tal rifting and the complete localization of 

the Pacifi c–North American plate boundary 

through the axis of the gulf (DeMets, 1995; 

Fletcher and Munguía, 2000; Plattner et al., 

2007; Lizarralde et al., 2007). This region, 

therefore, provides the opportunity to study fault 

system development at a critical time during the 

rift-to-drift transition, when oceanic spreading 

has begun yet continental rifting is still active. 

The spreading rate across the Alarcón rise in the 

southern Gulf of California is slower than that 

of the Pacifi c–North American plate boundary 

(~90% of total), indicating that structures in 

addition to the transform faults and spreading 

centers in the gulf also accommodate deforma-

tion in this region (DeMets, 1995; Fletcher and 

Munguía, 2000; Plattner et al., 2007). Seismic-

ity (e.g., Munguía et al., 2006) and geomorphic 

relationships (Fletcher and Munguía, 2000; 

Busch et al., 2006, 2007; Maloney et al., 2007) 

indicate that the array of normal faults ruptur-

ing the southern end of the Baja California pen-

insula are active and act as a weak distributed 

shear zone that contributes to translating the 

Baja California peninsula blocks away from 

mainland Mexico (Plattner et al., 2007). The 

gulf-margin is a zone of distributed extension 

as well as decreasing elevation and thinning 

crust (Lizarralde et al., 2007).

Whereas the gulf-margin fault array pro-

vides a relatively minor contribution to the 

overall plate divergence occurring in the region, 

these normal faults control the topography of 

the southern tip of the Baja California penin-

sula and produce moderate-sized earthquakes 

(Fletcher and Munguía, 2000). The faults bound 

prominent Quaternary basins and offset Qua-

ternary alluvial deposits (Fletcher and Mun-

guia, 2000; Busch et al., 2006, 2007; Maloney 
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Figure 1. Map of the Gulf of Cali-

fornia region showing the major 

fault systems that contribute to 

transtensional rifting. The gulf-

axis system runs up the center 

of the Gulf of California. The gulf-

margin system is situated along 

the southwest margin of the gulf. 

The borderland system is located 

offshore along the western side 

of the Baja California peninsula. 

Box on southern end of peninsula 

indicates focus of this study. Box 

on inset map indicates location of 

study area with respect to North 

and South America.
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et al., 2007). By studying the onshore normal-

fault array along the southwest margin of the 

Gulf of California, we are able to quantitatively 

assess the behavior of rift-margin normal fault-

ing in a transitional stage of development of an 

obliquely rifted margin. More specifi cally, we 

can estimate the timing of the development of 

this system and the slip synchroneity among 

individual faults as well as gain insight into the 

evolution of the normal-fault–bounded basins. 

We can also make interpretations about the 

geometry of faults across the basins and the fault 

patterns in graben and half graben at the margin 

of an oblique rift.

In this paper, we present the results of recon-

naissance-level gravity surveys across three 

major normal-fault–bounded basins in the La 

Paz–Los Cabos transect of the Baja California 

peninsula. The studied basins include the La Paz 

basin, bounded on the west by the Carrizal fault; 

the San Juan de los Planes basin, bounded on the 

west and east by the San Juan de los Planes fault 

and the La Gata fault, respectively; and the San 

José del Cabo basin, bounded on the west by the 

San José del Cabo fault (Fig. 2). All of these are 

active normal faults. The purpose of our gravity 

surveys was to determine the depth to bedrock 

and geometry of the individual basins. These 

gravity data along with our own and compiled 

geologic mapping allow us to speculate on the 

presence and location of major faults buried 

within the basins, as well as the relative total slip 

along these faults.

We also present optically stimulated lumi-

nescence (OSL) dates of Quaternary units along 

two of the major normal faults (San Juan de los 

Planes and El Carrizal; Fig. 2). We obtained 

dates from samples that were collected from the 

youngest Quaternary units that had been offset 

by faulting to constrain the timing of recent 

activity along the faults. Coupling this known 

timing of most recent activity with average 

scarp heights, as determined by detailed map-

ping, allows us to estimate late Quaternary slip 

rates along these faults. Integrating estimates 

of basin depths and geometries with slip rates 

enables us to characterize not only the histories 

of the individual basins, but also the behavior of 

this rift-marginal fault system as a whole. These 

data allow us to compare basin depths and slip 

rates such that we can make general interpreta-

tions about the synchroneity, or lack thereof, of 

basin formation and relative activity along the 

major normal faults, providing a broad view of 

system behavior.

REGIONAL TECTONIC SETTING

Throughout most of the Cenozoic, the west 

coast of North America at the latitude of Baja 

California was the site of a subduction zone in 

which the Farallon plate was subducting east-

ward beneath western North America (Stock 

and Hodges, 1989). Circa 25 Ma, as the Farallon 

plate continued to be subducted and consumed, 

the Pacifi c plate, located west of the Farallon 

plate, came into contact with North America 

and began subducting beneath the North Ameri-

can plate, initiating the development of the 

Mendocino and Rivera triple junctions along 

southern California and northern Baja Califor-

nia (Atwater, 1970; Stock and Hodges, 1989). 

As subduction of the Pacifi c plate continued, the 

Mendocino triple junction moved northward, 

while the Rivera triple junction moved south-

ward, lengthening the right-lateral transform 

plate boundary that had developed between the 

Pacifi c plate and North American plate (Stock 

and Hodges, 1989). This right-lateral system 

marked the early stages of the San Andreas fault 

system (Atwater, 1970).

Between ca. 20 and 12 Ma, a series of micro-

plates formed along most of Baja California; the 

microplates were subsequently captured by the 

Pacifi c plate, and the former trench developed 

into a right-lateral strike-slip fault zone, the 

Tosco-Abreojos fault (Stock and Hodges, 1989; 

Stock and Lee, 1994). Between 12 and 6 Ma, 

NNW- and N-striking normal faults developed 

east of the Tosco-Abreojos fault, adjacent on 

the west to the region of the present-day Gulf 

of California (Stock and Hodges, 1989; Haus-

back, 1984; Umhoefer et al., 2002). The normal-

fault–dominated gulf-margin system was either 

part of regional strain partitioning between the 

future Gulf of California region and the Tosco-

Abreojos strike-slip fault to the west (Stock 

and Hodges, 1989), or the gulf-margin system 

has been part of a complex intragulf transten-

sional fault system since 12 Ma (Fletcher et al., 

2003, 2007). The modern regime of oblique 

divergence began ca. 6 Ma as transform faults 
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Figure 2. Geologic map of the southern end of the Baja California peninsula highlighting the loca-

tion of major normal faults and their hanging-wall basins, as well as locations and orientations 

of gravity surveys across major normal-fault–bounded basins. Solid lines show Quaternary active 
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separated by small rift basins began to form in 

the present-day Gulf of California, while activ-

ity began to diminish along the Tosco-Abreojos 

system (Fletcher and Munguía, 2000; Oskin et 

al., 2001). By 3.6–2.4 Ma, new oceanic crust 

was forming along the Alarcón Rise, the south-

ernmost spreading center in the Gulf of Cali-

fornia (DeMets, 1995; Umhoefer et al., 2008) 

(Fig. 1). The Gulf of California continues to be 

a region of oblique-divergent continental rifting 

(Fletcher and Munguia, 2000; Umhoefer et al., 

2002; Mayer and Vincent, 1999; DeMets, 1995).

METHODS

Gravity Instrumentation and Data 

Acquisition

Three gravity lines were completed across 

the San Juan de los Planes basin: a central line 

trending roughly perpendicular to the axis of 

the basin, a northern line trending subparallel to 

the basin axis, and a southern line also trend-

ing subparallel to the basin axis. Both the La 

Paz basin and the San José del Cabo basin were 

each crossed by a single gravity line (Fig. 2). 

The geodetic location of each gravity observa-

tion station was measured to centimeter-scale 

accuracy with real-time kinematic Global Posi-

tioning System (GPS). The relative gravity at 

each observation station was measured with a 

LaCoste and Romberg Model G gravity meter 

to an accuracy of 0.01 mGal. This instrument 

has a long-term drift of less than 0.5 mGal/mo 

(LaCoste and Romberg, 2004).

The lengths of the gravity lines range from 

approximately 15 km for the northern line across 

the San Juan de los Planes basin to over 37 km 

for the line across the La Paz basin. The grav-

ity observation stations were spaced ~500 m 

apart, but some were as close as 200 m apart 

and as far as 1000 m apart along the central 

San Juan de los Planes line. The extremes of all 

lines were anchored on crystalline bedrock, with 

the exception of the southern end of the north-

ern Los Planes line and the northern end of the 

southern Los Planes line, which were anchored 

on the central Los Planes line (Fig. 2).

A local base station was designated for each 

gravity line. The relative gravity at the local 

base stations was measured at least every 2 h 

during the surveys to account for drift. In addi-

tion to the local base stations, each gravity line 

was tied to a regional base station with a known 

gravity value, enabling the relative gravity mea-

surements to be converted to absolute measure-

ments. Not only was the relative gravity mea-

sured at stations along the predetermined line, 

but it was also measured at bedrock outcrops 

surrounding the survey lines, providing addi-

tional data from which to calculate the regional 

trend of the gravitational anomaly.

Gravity Data Processing and Modeling

The raw values measured by the gravi meter 

were corrected through a number of steps to 

obtain residual values. These residual values 

were then modeled to interpret general basin 

depth and geometry, including subsurface struc-

tures. Initial data processing included converting 

the dial reading to values in mGal and correcting 

for drift. Further corrections included a latitude 

correction, free-air correction, Bouguer correc-

tion, and terrain correction, which were all taken 

into account in calculating the complete Bou-

guer anomaly (CBA). Finally, a regional anom-

aly was determined and was subtracted from 

the CBA to obtain the residual gravity anomaly. 

Of these corrections, calculation of the terrain 

correction and regional anomaly merit further 

discussion. As a general reference in this data 

reduction, we followed Burger et al. (2006) and 

Sharma (1997).

The terrain corrections were computed 

using the program RasterTC from Geophysical 

Software. User-provided gravity station loca-

tions and a grid of terrain elevations were used 

to correct for the effect of the terrain surround-

ing gravity measurements from a user-speci-

fi ed radius of R
min

 to R
max

 (Cogbill, 1990). The 

area between R
min

 and R
max

 was divided into an 

inner zone and an outer zone, which is sepa-

rated by radius R
med

. Corrections within the 

area between R
min

 and R
med

 were computed by 

numerically integrating a smooth surface that 

fi t the digital elevation data. Between R
med

 and 

R
max

, the digital elevation data were integrated 

using the rectangular rule (Cogbill, 1990). For 

the present study, we set R
min

, R
med

, and R
max

 to 

10 m, 500 m, and 20,000 m, respectively. Our 

gridded terrain data came from a 30 m digital 

elevation model (DEM) that was interpolated 

from topographic contour maps produced with 

stereo photogrammetry by Instituto Nacional 

de Estadística y Geografía (INEGI). The DEMs 

compare well with Shuttle Radar Topography 

Mission 90 m data. The integral effect of the 

terrain correction results from mean values, 

therefore negating errors in elevations, assum-

ing there is no bias in the elevation data.

Because our interest was the shape of the 

sedimentary basins, we needed to remove the 

effect of longer-wavelength (deeper) density 

variations by determining a “regional” gravity 

pattern from which the CBA would be sub-

tracted at each station to compute the “residual” 

gravity measurement, which we then used in 

our interpretation. To compute the regional 

anomaly, linear interpolation was used to com-

pute a surface through gravity values obtained 

from bedrock stations within the region of the 

gravity line. The interpolated regional value was 

then determined for each of the gravity stations.

Gravity data (see GSA Data Repository1) 

were modeled in two dimensions (2-D) with 

GM-SYS gravity and magnetic modeling 

software from Northwest Geophysical Associ-

ates, Inc., using a forward modeling approach. 

Residual gravity values were entered into GM-

SYS, and an initial basin model was created 

based on known geology in the region (INEGI, 

1987; Busch et al., 2006, 2007; Maloney et al., 

2007). The unit thicknesses and basin geom-

etry were then modifi ed until minimal error 

was achieved between the model anomaly and 

the observed anomaly. Because gravity data 

tend to produce nonunique interpretations, 

each gravity line was modeled in various ways, 

varying basin geometry and basin-fi ll density, 

while maintaining similarly low errors for each 

model. The models created for each basin pro-

gressed from having a smooth bedrock–basin-

fi ll interface to a highly irregular bedrock–

basin-fi ll interface. We favor the intermediate 

models as the most likely candidates for the 

actual subsurface geometries (Fig. 3). The 

models take into account data collected from 

our own mapping efforts and structural mea-

surements along the San Juan de los Planes and 

Carrizal fault zones (Busch et al., 2006, 2007; 

Maloney et al., 2007).

Simple two-layer models were constructed 

for the San Juan de los Planes basin and the San 

José del Cabo basin, where granite bedrock is 

overlain by basin-fi ll sediments. The La Paz 

basin was modeled several ways, progressing 

from a simple two-layer model, where gran-

ite bedrock is overlain by basin-fi ll sediments, 

to a four-layer model that has an added basal 

layer of gabbro, which intrudes the granite, as 

well as a layer of volcaniclastic rocks situated 

between the basin-fi ll sediments and the granite. 

This four-layer model was based on the work of 

Gallardo et al. (2005) as well as regional geo-

logic mapping from INEGI (1987) and Haus-

back (1984). We chose to present representative 

models that are simple and most plausible based 

on the regional geology, because our goal is to 

understand the net basin geometry and the most 

prominent features within the basin. Our con-

ceptions of normal-fault behavior and mechan-

ics guided our interpretations of normal-fault 

dip angle, dip direction, and spacing as we 

1GSA Data Repository Item 2011054, table of 
gravity and GPS survey data, is available at www
.geosociety.org/pubs/ft2011.htm, or on request from 
editing@geosociety.org, Documents Secretary, GSA, 
P.O. Box 9140, Boulder, CO 80301-9140, USA.
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transformed our models into geologic cross sec-

tions (see following for results and discussion 

of models).

Unit densities were designated based on the 

gravity and magnetic studies of Gallardo et al. 

(2005), which took place on the southern end of 

the Baja California peninsula, as well as previ-

ous gravity work completed by Tatlow (2000) 

near Phoenix, Arizona, which investigated rocks 

similar in type and age to those found in the La 

Paz–Los Cabos transect of the Baja California 

peninsula. For all basin models, the granite 

density is 2.67 g/cm3, and the basin-fi ll density 

varies from 2.0 g/cm3 to 2.2 g/cm3. For the La 

Paz basin models, the gabbro density is 2.90 g/

cm3, and the Tertiary volcanic layer has a den-

sity of 2.47 g/cm3. Basin-fi ll density is probably 

the major uncertainty. The 2.0–2.2 g/cm3 range 

induces a typical variation in basin thickness of 

500–1000 m.

Quaternary Geochronology and Fault-Slip 

Rates

In the course of our detailed mapping of the 

Quaternary sedimentary units, landforms, and 

fault traces along the San Juan de los Planes 

(Busch et al., 2007) and Carrizal fault zones 

(Maloney et al., 2007), we collected samples to 

be dated with OSL dating techniques (Table 1). 

The OSL dating method provides an estimate 

of the time when quartz or feldspar grains were 

last exposed to sunlight. It is thus a valuable 

tool for estimating the formation age of a Qua-

ternary landform (e.g., Forman et al., 2000; 

Lian and Roberts, 2006). Prior to collecting 

our samples, we either dug pits from which to 

collect the sample, or we excavated back the 

wall of a natural drainage incision to expose 

a fresh face. We collected silt- and sand-sized 

sediment that had been buried at least 50 cm 

away from the closest exposed surface. Sam-

ples were collected in opaque cylinders that 

were quickly sealed until they were analyzed at 

the Utah State University Optically Stimulated 

Luminescence Laboratory.

Detailed geologic and geomorphic map-

ping along the San Juan de los Planes (Busch et 

al., 2007) and Carrizal (Maloney et al., 2007) 

fault zones guided selection of sample collec-

tion sites. We collected samples from Quater-

nary geomorphic surfaces adjacent to the fault 

zones. Along the San Juan de los Planes fault, 

samples from the youngest faulted Quaternary 

surface, as well as the oldest unit unaffected by 

faulting, were dated (Busch et al., 2008). These 

samples were strategically selected to bracket 

the time period of the most recent activity along 

the San Juan de los Planes fault. Scarp profi les 

were constructed across faulted geomorphic 

surfaces from which deposits were sampled 

in order to document scarp height and slope 

(Busch et al., 2007). We assume that the aver-

age scarp height represents the vertical offset 

magnitude, which we convert to vertical offset 

rate by dividing by the underlying deposit age. 

Because the faults have a steep dip, this verti-

cal offset rate is likely similar to the dip-slip 

rate. Age estimates from both the youngest 

faulted surface as well was the oldest unfaulted 
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surface allow us to estimate a late Quaternary 

vertical offset rate range along the San Juan de 

los Planes fault (Busch et al., 2008).

Along the Carrizal fault zone, paleoseismic 

trenches were excavated, and faulted stratigra-

phy was documented (Maloney et al., 2007). 

OSL samples were collected from Quaternary 

units that bound the faulted layers. Additionally, 

total vertical separation of the faulted units was 

measured. The OSL dates date recent activity 

along the fault that, when coupled with the verti-

cal separation of the units, was used to estimate 

a late Quaternary vertical offset rate range along 

the Carrizal fault (Maloney, 2009).

RESULTS

San Juan de los Planes Basin

Three lines were surveyed across the San Juan 

de los Planes basin revealing a maximum grav-

ity anomaly of ~25 mGal and a maximum depth 

to bedrock of ~1.0–1.5 km (Fig. 4). The central 

line, trending subperpendicular to the long axis 

of the basin, was modeled in various ways, and 

despite the variations among the models, they all 

exhibit a similar asymmetry in which the deepest 

part of the basin is slightly west of center (Fig. 4, 

B–B′). A second prevalent feature present in 

all models is an intrabasin bedrock high, with 

~0.5–1.0 km of relief, fl anking the east side of 

the deepest part of the basin; it is interpreted to 

result from a relict, west-dipping normal fault. 

Certainly, other geological complexities will 

infl uence the gravity signal; however, they will 

they have the sharp surface signal that we have 

used to highlight possible faults only if they 

are as shallow as the inferred alluvium/bedrock 

interface we have modeled, or are unreasonably 

extreme in density contrast. The data from this 

central gravity line coupled with geologic map-

ping indicate that this basin is a graben, bounded 

by the San Juan de los Planes fault on the west 

and the La Gata fault on the east.

The N-S–trending line in the northern part of 

the basin did not reveal any signifi cant bedrock 

structures along its length (Fig. 4, C-C′). The 

bedrock below this line shallows to the north, 

presumably because the line is intersecting the 

northern end of the fault zone obliquely, where 

activity has diminished, and, therefore, displace-

ment is low. The N-S–trending line in the south-

ern part of the basin revealed that the depth to 

bedrock decreases from the center of the basin 

toward the south (Fig. 4, D–D′). At the south-

ern end of this gravity line, the basin shallows 

abruptly, providing subsurface evidence for the 

presence of a northeast-dipping normal fault. A 

corresponding 3–6-m-high scarp is observable 

on the surface. Based on gravity data, this fault 

has accommodated ~500 m of total slip.

La Paz Basin

The hanging wall of the Carrizal fault is the 

La Paz basin. The maximum gravity anomaly 

across the basin is ~10 mGal. The La Paz basin 

is the shallowest of the studied basins, with a 

maximum depth to bedrock of ~200–500 m, 

depending upon whether the two-layer or the 

four-layer gravity model is considered (Fig. 5). 

The two-layer model most simplifi es the geol-

ogy by grouping all rock units below the basin 

fi ll as a single bedrock unit. The three-layer 

model distinguishes the Tertiary volcanic unit 

from the granitic bedrock. The four-layer model 

includes a gabbroic intrusion, consistent with a 

regional gravity study completed by Gallardo 

et al. (2005). Additionally, grabbroic outcrops 

are present near the La Paz basin (INEGI, 1987; 

Gallardo et al., 2005). Because the subsurface 

geometry of the gabbro unit is unknown, it 

has been simplifi ed in the four-layer model as 

a pillar-shaped unit intruding into the granite. 

Addition of the gabbroic unit to the gravity 

model improves the fi t between the model and 

the observed gravity data on the eastern end of 

the gravity survey. All models predict the same 

general geometry and structure for the La Paz 

basin: a half-graben with two smaller basins 

separated by a bedrock high. The westernmost 

of the two smaller basins is controlled by the 

east-dipping Carrizal fault on its western side, 

whereas the easternmost basin is controlled by 

the east-dipping Centenario fault on its western 

side. All models depict the easternmost basin as 

the deeper of the two basins, with approximate 

maximum depths of 280 m, 350 m, and 490 m 

for the two-layer, three-layer, and four-layer 

models, respectively.

San José del Cabo Basin

One gravity line was surveyed across the San 

José del Cabo basin, revealing a maximum grav-

ity anomaly of ~40 mGal and a maximum depth 

to bedrock ranging from 1.6 to 2.7 km as the 

basin-fi ll density is changed from 2.0 g/cm3 to 

2.2 g/cm3, respectively. The gravity line stopped 

to the east at the fi rst basin margin with Miocene 

strata unconformably set against Cretaceous 

granite (Martínez-Gutiérrez and Sethi, 1997; 

McTeague, 2006), and it did not continue across 

a 2-km-wide granite footwall to an east-dipping 

normal fault, nor the 3–4-km-wide Miocene half 

graben to the east (McTeague, 2006). The bed-

rock within the basin exhibits irregular topogra-

phy (Fig. 6). Two bedrock features are robust in 

all models: an ~1-km-high, step-like feature on 

the western end of the basin, and an ~1–2-km-

wide block of bedrock that rises ~1 km above 

the surrounding bedrock, located on the eastern 

side of the basin. Because these features are 

present in all models, and because they have 

signifi cant relief, they are interpreted as fault 

blocks rather than paleotopography. The down-

to-the-east normal fault that makes the small 

half graben east of our gravity line has copi-

ous evidence for Miocene activity (McTeague, 

2006) and confi rms that it is reasonable to infer 

Miocene normal faults buried in the basin.

Overall, both the gravity data and the regional 

geology lead us to the interpretation that this is a 

modifi ed half graben. Along the western side of 

the basin, the high elevation of the footwall and 

sharply defi ned transition from the hanging wall 

to the footwall (San José del Cabo fault) com-

pared to the more subdued bedrock topography 

on the eastern side of the basin and lack of fault 

scarp are indicative of a half-graben structure as 

the fi nal basin structure we see today. However, 

TABLE 1. OPTICALLY STIMULATED LUMINESCENCE (OSL) AGE INFORMATION 

Sample no. Field ID Map unit Sample location Depth
(m)

Grain size
(µm)

H
2
O

(%)
Dose rate 
(Grays/ka)

Equivalent dose 
(Grays)

OSL age 
(ka)

Adjusted age*
(ka)

USU-199 32207-2A Qya
2

110.0655°W, 23.9870°N 1.05 63–250 0.2 2.05 ± 0.08 9.56 ± 5.25 4.65 ± 2.57 2.5 ± 2.5

USU-201 32107-1A Qya
3

110.0684°W, 23.9851°N 0.50 75–250 0.1 3.09 ± 0.13 9.73 ± 4.80 3.15 ± 1.56† 4.0 ± 3.0

USU-170 41007-1A Qya
4

110.0723°W, 23.9811°N 1.65 90–250 1.0 1.97 ± 0.08 26.36 ± 14.71 13.38 ± 1.75 16.2 ± 1.8

USU-169 41007-2A Qya
4

110.0649°W, 23.9890°N 7.94 90–250 1.1 2.79 ± 0.12 39.38 ± 18.12 14.11 ± 6.53† 16.2 ± 1.8

USU-203 32207-3A Qya
4

110.0842°W, 24.0249°N 0.50 75–250 0.5 2.16 ± 0.09 36.75 ± 5.29 16.99 ± 0.95 16.2 ± 1.8

Note: All samples are from the San Juan de los Planes fault zone. 
*Adjusted with computer program OxCal v. 3.10 (Bronk Ramsey, 2001) and IntCal 2004 atmospheric data set (Reimer et al., 2004).
†Sample analyzed using a 3 s, 1% diode short shine to remove ultrafast signal (following Goble and Rittenour, 2006).
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deepest part of the basin is west of center and is fl anked by an intrabasin bedrock high, with ~0.5–1.0 km of relief. Line C–C′ shows that bedrock in this 
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ern end of this gravity line, the basin shallows abruptly, providing subsurface evidence for the presence of a northeast-dipping normal fault that has 

accommodated ~500 m of total slip. Inset map shows gravity line locations (dotted lines). Solid lines show Quaternary active normal faults. Dashed 

lines in basin show intrabasin fault locations inferred from gravity, with balls on downthrown block.
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gabbroic unit in the four-layer model is consistent with geology in the region (INEGI, 1987) as well as a regional gravity study by Gallardo et al. (2005). 

Pillar-like shape of gabbroic unit is for simplifi cation because subsurface geometry unknown. The La Paz basin is the shallowest of the studied basins, 

with a maximum depth to bedrock of ~200–500 m. All models predict the same general geometry and structure for the La Paz basin: a half graben 

with two smaller basins separated by a bedrock high. The westernmost of the two smaller basins is controlled by the east-dipping Carrizal fault on 

its western side, whereas the eastern basin is controlled by the east-dipping Centenario fault on its western side. All models depict the easternmost 

basin as the deeper of the two basins.
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the west. Dashed footwall topography is representative of the high footwall elevation adjacent to the San Jose del Cabo fault 

(which in the range continues to 3 km elevation). The bedrock within the basin exhibits irregular topography, most notably an 

~1-km-high, step-like feature on the western end of the basin and an ~1–2-km-wide block of bedrock that rises ~1 km above 

the surrounding bedrock, located on the eastern side of the basin.
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according to our gravity model, the main older, 

down-to-the-east normal fault is ~6–7 km east 

of the present San José del Cabo fault, and that 

the initial half-graben boundary is buried near 

Santiago, which is also the western limit of the 

exposed Miocene marine stratigraphy. This half 

graben is modifi ed by the eastern horst and the 

Miocene normal faults farther east of our grav-

ity line (McTeague, 2006). The proposed bur-

ied eastern horst is mimicked by the prominent 

isolated granite high in the south-central basin 

north of San José del Cabo (Fig. 6). It is possible 

that the present western limit of marine strata in 

the basin is refl ecting the early east-dipping nor-

mal fault buried near Santiago, which may con-

trol the boundary between terrestrial strata to the 

west and marine strata in the deeper half graben 

to the east. The older basin fi ll dips mainly to the 

west across the basin, confi rming a general half-

graben geometry that is fundamentally a Mio-

cene to Pliocene feature. The Quaternary unit 

along the western basin dips only a few degrees 

east, and thickens to the west, both refl ecting the 

stepping of faulting from Santiago to the present 

San José del Cabo fault perhaps in the Pliocene. 

The gentle east dips in the Quaternary alluvial 

fan (El Chorro Formation; Martínez-Gutiérrez 

and Sethi, 1997) may be original dips on an 

east-facing bajada that has since been incised by 

modern arroyos.

Fault-Slip Rates

OSL dates were adjusted with the radiocar-

bon calibration program OxCal (version 3.10) 

(Bronk Ramsey, 1995, 2001) such that the ages 

(weighted Gaussian-shaped probability distri-

butions) associated with the oldest Quaternary 

geomorphic surface were combined, whereas 

the ages of the younger surfaces were adjusted 

using stratigraphic constraints (Bronk Ramsey, 

2008). Based on these OSL dates (Table 1), the 

youngest faulted unit along the San Juan de 

los Planes fault is 16.2 ± 1.8 ka, and the oldest 

unfaulted unit is 4.0 ± 3.0 ka. These ages bracket 

the timing of fault slip. An average scarp height 

of ~4 m was determined from a series of scarp 

profi les constructed along the length of the fault 

zone (Busch et al., 2007). Maximum and mini-

mum vertical offset rates along this fault are thus 

1 mm/yr and 0.25 mm/yr, respectively (Busch 

et al., 2008). Paleoseismic trenching along the 

southern Carrizal fault revealed a total verti-

cal separation of 2.2 m and an age bracket of 

most recent activity between 20.6 ka and 1.4 ka, 

leading to estimates of maximum and minimum 

offset rates of 1.6 and 0.11 mm/yr, respectively 

(Maloney, 2009).

We based our slip-rate calculations on the 

assumption of dip-slip motion only and did 

not take into account the possibility of oblique 

slip as various data suggest these are mainly 

N-S–trending normal faults. For example, focal 

mechanisms for earthquakes recorded from 

1969 through 1995 across the La Paz transect 

show pure normal faulting along NW-striking 

faults and suggest strain partitioning across 

the gulf at this latitude (Fletcher and Munguía, 

2000). Strain partitioning results from normal 

displacement along approximately N-S–strik-

ing faults on the southern end of the Baja Cali-

fornia peninsula, strike-slip displacement along 

WNW-striking faults off the west coast of the 

peninsula, and oceanic spreading centers and 

transform faults within the Gulf of California. 

Additionally, faults observed in paleoseismic 

trenches across the Carrizal fault show fabrics 

consistent with normal offset (Maloney, 2009). 

Uplifted marine terraces on the footwall of the 

Carrizal fault suggest at least a major component 

of dip-slip motion (Buchanan, 2010; DeDiego-

Forbis et al., 2004). Secondary faults in the foot-

wall of the Carrizal fault exhibit dominantly dip-

parallel sense of slip indicators (Drake, 2005). 

Additionally, the mapped geometry of the San 

Juan de los Planes and Carrizal faults exhibits 

the characteristic concave plan-view shape of 

known normal faults (Busch et al., 2007; Malo-

ney et al., 2007).

DISCUSSION OF INFERRED BASIN 

GEOMETRIES

San Juan de los Planes Basin

Although the gravity models provide an 

estimate of a minimum total displacement 

along the basin-bounding faults, the modeled 

maximum depth to bedrock is probably a fair 

estimate of the total displacement along the 

San Juan de los Planes fault. Apatite and zir-

con fi ssion-track analyses of samples from the 

footwall of the Los Planes fault ~6–8 km west 

of the fault zone yielded zircon and apatite fi s-

sion-track ages ranging from 62 to 63 Ma and 

48 to 53 Ma, respectively, and mean apatite 

track lengths of 12.74–13.02 µm (Fletcher et 

al., 2000). These data, indicating that this area 

experienced slow cooling throughout most of 

the Tertiary, coupled with the low footwall 

relief, ranging from ~600 to 1000 m, suggest 

that little exhumation and erosion of the foot-

wall occurred during the Tertiary.

In the San Juan de los Planes basin, the 

maximum depth to bedrock is just northwest of 

center, asymmetric toward the San Juan de los 

Planes fault (Fig. 4, B–B′), possibly marking 

the location of basin inception, indicating that 

as the basin evolved, faulting moved outward to 

the presently active San Juan de los Planes and 

La Gata faults (Fig. 2). The location of maxi-

mum basin depth along the central gravity line 

occurs adjacent to a bedrock high that has been 

interpreted as bounded by a west-dipping fault. 

A second, more eastern, west-dipping fault has 

also been interpreted within the basin based on 

the geometry of the granite–basin-fi ll contact as 

well as surfi cial evidence discussed later herein. 

Fletcher and Munguía (2000) also acknowl-

edged the existence of a fault within the center 

of the San Juan de los Planes basin, though they 

interpret it to be an active, east-dipping splay of 

the San Juan de los Planes fault, presumably to 

maintain continuity between this splay and the 

east-dipping Espíritu Santo fault farther north, to 

which they infer linkage. Whether one or both 

of the intrabasin faults is active is uncertain. A 

handful of recent seismic events (Munguía et al., 

2006) within the basin provide modest evidence 

of active faulting. An ~150-m-wide, ~15-m-high 

crystalline bedrock knob protrudes from the 

basin sediments (Fig. 7); however, exposure 

of this knob may be purely erosional, result-

ing from the extensive axial drainage that fl ows 

northward, rather than from recent faulting.

The gravity survey in the southern part of the 

San Juan de los Planes basin suggested a fault at 

its southern end (Fig. 4, D–D′). This fault corre-

sponds to an ~2-km-wide left step in the San Juan 

de los Planes fault (Busch et al., 2007). The total 

slip in this section of the fault is ~500 m. Gravity 

modeling suggests that this fault segment has the 

steepest gravity gradient of the faults surveyed, 

which might suggest that this segment formed 

more recently and/or slips at a higher rate than 

the other fault segments. Previous work on fault 

segmentation and linkage suggests that as indi-

vidual smaller faults extend toward each other, 

they eventually link up to form a longer, con-

tinuous structure (e.g., Burbank and Anderson, 

2001; Gawthorpe and Leeder, 2000). Given these 

gravity results, the San Juan de los Planes fault 

zone appears to exhibit this classic normal-fault 

behavior in which two fault segments linked up 

along strike and this step, or linkage, is the most 

recently active segment.

A thicker package of Quaternary sediment 

exists on the immediate hanging wall of the 

La Gata fault than that of the Los Planes fault 

(Fig. 4, B–B′). Additionally, the maximum 

depth to bedrock is located adjacent to the 

west-dipping intrabasin fault. These features 

imply higher activity (and thus greater subsi-

dence, providing accommodation space for 

deposition) along the west-dipping faults than 

along the San Juan de los Planes fault. The 

gravity models suggest that the San Juan de los 

Planes fault may have formed more recently 

than the La Gata fault or that it slips at a lower 

rate. This inference is also consistent with 
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reconnaissance shallow-marine CHIRP (Com-

pressed High Intensity Radar Pulse) observa-

tions, which showed 10–40 m scarps along the 

offshore continuation of the La Gata system 

(Arrowsmith et al., 2009).

Although more detailed mapping of the La 

Gata fault zone remains to be completed, it 

appears that the gravity line crosses the La Gata 

fault at a segment boundary, or salient, and so 

the total slip could be less along this section of 

the fault than along strike to the north or south, 

causing the eastern side of the basin to appear 

shallower than it actually is in other parts of the 

basin margin (Fig. 8). It is also possible that the 

gravity line crosses the La Gata fault at its south-

ern end, assuming the La Gata fault continues 

to be active offshore to the north. In this case, 

the gravity survey would also show a relatively 

shallower portion of the basin. Resolution of 

these uncertainties requires more detailed map-

ping along the La Gata fault zone, more gravity 

observations, and obtaining offshore bathymet-

ric and seismic-refl ection or CHIRP data north 

of the San Juan de los Planes basin.

In general, the gravity models of the San 

Juan de los Planes basin are consistent with 

fi eld observations (Busch et al., 2007). Drain-

age incision on the hanging wall of the San Juan 

de los Planes fault adjacent to the fault zone 

reveals thin Quaternary cover over the granite 

bedrock, ranging in thickness from a few meters 

to ~100 m (Fig. 9). Basin models based on the 

gravity data also show that the Quaternary sedi-

ment cover is thin (~10–200 m thick) within 

~3 km into the hanging wall. The footwall topo-

graphic relief along the La Gata fault zone is 

higher than that along the Los Planes fault, and 

the transition from the hanging wall to the foot-

wall is more sharply defi ned, indicating that the 

La Gata fault may be more active than the San 

Juan de los Planes fault. Gravity data are con-

sistent with this observation, revealing a more 

well-defi ned fault in the subsurface bounding 

the eastern side of the basin than the west, as 

well as a thicker sediment package, as discussed 

previously. Another consistency between the 

observed geology and the gravity data is the 

prominent step in the southern end of the Los 

Planes fault zone, which can be observed on 

the surface and is resolved by the gravity data. 

These consistencies between the observed geol-

ogy and the gravity data instill confi dence in our 

gravity collection and analysis here and for the 

remaining two basins.

La Paz Basin

The onshore La Paz basin is unexpect-

edly shallow given the length of the bounding 

faults, its width, and the several hundred meters 

of topographic relief to the west and east, and 

in comparison to the other large fault-bounded 

basins in the system, with which its slip rates are 

similar (Fig. 5). Comparison of the magnitude 

of the observed ~10 mGal anomaly of the La 

Paz basin with the San Juan de los Planes and 

San José del Cabo basins (~25 and ~40 mGal, 

respectively) refl ects this disparity in depth. The 

La Paz basin could be shallower because the El 

Carrizal fault became active later than the San 

Juan de los Planes and San José del Cabo faults 

or because it accommodates a lower slip rate; 

however, data summarized here and presented 

by Maloney (2009) show that the Carrizal and 

Los Planes faults have similar fault-slip rates. It 

is also possible that the Carrizal fault is more 

active farther north, and the gravity measures a 

less active southern part of the fault. Our favored 

interpretation is that the onshore Carrizal fault 

is a relatively young feature and thus has not 

accumulated suffi cient slip to produce notable 

sedimentary accommodation space.
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Figure 7. (A) Geologic map of San Juan de los Planes basin. White box on map indicates approximate location of aerial photograph. Solid lines show 

Quaternary active normal faults. Dashed lines in basin show intrabasin fault locations inferred from gravity, with balls on downthrown block. (B) Aerial 

photograph showing bedrock knob (indicated by arrow) protruding through basin sediments in the San Juan de los Planes basin. Geology is from 

INEGI (1987); fault traces are from Busch et al. (2007); satellite image is from Google Earth.
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Along all gravity models of the La Paz 

basin, the eastern basin is roughly twice the 

depth of the western basin; this is a contra-

diction to the basin topography because the 

El Carrizal fault, which controls the western 

basin, forms a well-developed escarpment 

(Maloney et al., 2007), whereas the Centena-

rio fault, which controls the eastern basin, is 

subtly expressed in the landscape (Maloney, 

2009). Three explanations can explain this 

apparent incongruity in relative basin depths. 

One possibility is that the Centenario fault 

formed prior to the Carrizal fault, accounting 

for the deeper basin adjacent to the Centenario 

fault than the Carrizal fault. A second explana-

tion is that the Centenario fault accommodates 

higher slip rates than the Carrizal fault but is 

also subjected to higher erosion rates due to its 

proximity to a fl oodplain, where lateral erosion 

or sedimentation could explain the lack of pre-

served fault scarps.

We propose a third explanation, refl ecting 

a more complex basin history. Earliest activ-

ity along the Carrizal fault may have occurred 

offshore along the northern stretch of this fault, 

leading to the formation of the deeper offshore 

La Paz basin (Gonzalez-Yajimovich et al., 

2007). Faulting then progressed to the south 

and stepped eastward to the onshore Centena-

rio fault, forming the deeper Centenario basin. 

The offshore portion of the Carrizal fault con-

tinued to lengthen toward the south, however, 

and eventually became active onshore. Once 

onshore activity along the Centenario and Car-

rizal faults began to overlap, the majority of 

activity became localized along the onshore 

Carrizal fault, while the Centenario fault 

became inactive (Fig. 10).

San José del Cabo Basin

The San José del Cabo basin is deeper than 

both the La Paz and the San Juan de los Planes 

basins and it exhibits the highest footwall topog-

raphy adjacent to the basin, indicating that the 

San José del Cabo fault is likely more active than 

the Carrizal and San Juan de los Planes faults. 

Gravity data provide an estimate of 1.6–2.7 km 

for the maximum depth to bedrock of this basin 

(Fig. 6); however, when the present footwall 

relief as well as erosion of the footwall are taken 

into account, our gravity data provide results 

consistent with the lower end of the 5.2–6.5 km 

of Neogene differential uplift of the Cabo block, 

as estimated by Fletcher et al. (2000), but it is 

manifested across a wide system of faults, not 

only along the San José del Cabo fault.

The gravity data suggest that relict faults 

within the innermost San José del Cabo basin 

form a buried half graben (Fig. 6). As the San 

José del Cabo half graben evolved, it is likely 

that faulting began on the smaller relict faults 

within the basin, and the buried east-dipping 

fault under Santiago was the main basin-

bounding fault (Fig. 6). Then, over time, fault-

ing stepped westward and deformation became 

localized along the east-dipping San José del 

Cabo fault that bounds the west side of the 

basin, creating the half-graben structure that 

is refl ected in the landscape. Alternatively, the 

fault buried under Santiago and the San José del 

Cabo fault may both be older faults that acted as 

a pair until the fault under Santiago died and the 

San José del Cabo fault became the sole active 

fault today.

COMPARISON TO OTHER YOUNG, 

ACTIVELY EXTENDING REGIONS

Gravity data suggest that both the San José 

del Cabo and San Juan de los Planes basins 

have signifi cant intrabasin faults. These faults 

provide evidence that basins in the La Paz–Los 

Cabos region might have evolved in a similar 

manner as those in other regions. For example, 

half-graben rift basins in the Usangu Flats, Tan-

zania, part of the East African rift system, initi-

ated as a synformal depression in which strain 

was distributed across a number of smaller faults 

(Morley, 2002). Over time, faults synthetic to 

the boundary fault accommodated most of the 

strain, while those antithetic to the boundary 

fault became inactive. Eventually, all deforma-

tion became localized along the boundary fault. 

In this style of rift basin evolution, the bound-

ary fault developed relatively late during the 

evolution of the basin (Morley, 2002). A similar 

pattern is observed along the northern exten-

sion of the Red Sea Rift, which, like the Gulf of 
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Figure 8. Gravity survey likely crosses La Gata fault (eastern basin-bounding fault) 

at a segment boundary, possibly causing eastern side of the basin to appear shal-

lower than it actually is in other parts of the basin margin. White arrow points to 

inferred geometric segment boundary. Geology is from INEGI (1987).
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map is from Busch et al. (2007). Inset location map geology is from INEGI (1987), and fault traces are from Busch et al. (2007).
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Figure 10. Tectonic evolution of the La Paz basin. Dashed lines in A–C represent drainage patterns, with arrows indicating transport direction. Modern 

drainages are solid in D. Base map is from Geomapapp (www.geomapapp.org). (A) The El Carrizal fault initiates offshore near the present-day location 

of San Juan de la Costa. Motion along this fault propagates north and south. (B) Motion on the El Carrizal fault jumps eastward, transferring strain 

to the Centenario fault. Onshore slip along the El Carrizal fault slows considerably as extension is accommodated primarily by the Centenario fault. 

Offshore slip along the El Carrizal fault continues. (C) Segments of the west-dipping Garambullo Hills fault begin to develop. (D) Onshore segments of 

the El Carrizal fault link up. Slip along the Garambullo Hills and Centenario faults slows or ceases as strain is transferred back to the El Carrizal fault. 

Presently, the La Paz basin is a half graben controlled by the El Carrizal fault on the west (after Maloney, 2009).
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California, is a young, proto-oceanic rift trough 

(Leeder, 1995). Early in the development of the 

Hammam Faraun fault block, located along the 

east margin of the Gulf of Suez rift, intrablock 

fault zones had higher displacements than the 

border faults bounding the block; however, 

over time, deformation became localized along 

the boundary faults, and the intrabasin faults 

became inactive (Gawthorpe et al., 2003). In 

these young, actively extending regions, smaller 

intrabasin faults accommodate strain during the 

early stages of basin formation, and only later 

do the basin-bounding faults develop while the 

intrabasin faults die.

The basins within the La Paz–Los Cabos 

transect are fairly shallow (maximum displace-

ments ranging from ~500 to 3000 m), but these 

values are not atypical compared to other young 

extensional basins. Extension in the Southern 

Apennines is accommodated by 20–45-km-long 

faults with maximum throws of 700–2100 m 

(Papanikolaou and Roberts, 2007) (Fig. 11). 

In addition, the faults bounding the rift blocks 

along the eastern side of the Gulf of Suez rift 

are of similar length and spacing to those along 

the southwest margin of the Gulf of Califor-

nia and have a maximum throw ranging from 

~500 m to 4800 m (Moustafa, 1993). Two belts 

of faults bound the east-margin rift blocks of the 

Gulf of Suez rift. One belt is considered to be 

the rift-bounding faults, whereas the other belt 

bounds the coastal blocks and is situated closer 

to the rift axis. The faults that bound the coastal 

blocks have a greater throw than the rift-bound-

ing faults, indicating that the deformation rate 

increases toward the rift axis (Moustafa, 1993; 

Gawthorpe et al., 2003). The western margin of 

the southern Gulf of Suez shows a similar struc-

tural pattern (Bosworth et al., 2005).

The marginal fault system adjacent to the 

Gulf of California exhibits structural similarities 

to the margin of the Gulf of Suez rift. That is, the 

San Juan de los Planes and La Paz faults might 

be analogous to the lower displacement rift-

bounding faults of the east margin of the Gulf of 

Suez rift, and the San José del Cabo and Espiritú 

Santo faults accommodate a higher deformation 

rate and greater displacement, like the faults that 

bound the coastal blocks of the Gulf of Suez rift.

FAULT SYSTEM EVOLUTION

Even though these gravity data and inter-

preted basin models provide only a reconnais-

sance-level view of the onshore structure of 

three major normal-fault–bounded basins in the 

La Paz–Los Cabos transect, we are able to draw 

critical conclusions about the structural evolu-

tion of the system. The San Juan de los Planes 

and San José del Cabo basins likely began form-

ing along smaller faults that are now buried 

within the basin center. As rifting progressed, 

faulting moved outward from the basin center, 

and eventually strain became localized along 

the present-day boundary faults. This process 

either involved a true stepping from central 

faults outward, or paired faults in which the 

central faults die and the boundary faults con-

tinue being active. The onshore portion of the 

La Paz basin is inferred to have formed as fault-

ing stepped westward, with activity initiating 

along the Centenario fault, but later transferring 

to the more westerly El Carrizal fault. Because 

the San José del Cabo basin is the deepest with 

the highest adjacent footwall topography, it is 

likely the most active of the major normal faults 

within this gulf-margin system, and/or it may 

also have become active earlier than the other 

basin-bounding faults.

The late Quaternary slip rates along the San 

Juan de los Planes fault (Busch et al., 2008) 

and the Carrizal fault (Maloney et al., 2007) are 

comparable (~0.1–1.0 mm/yr). If we assume 

that these rates represent the long-term aver-

age slip rates along the basin-bounding fault 

systems, when combined with the maximum 

depth to bedrock for each basin, they indicate 

that these two basins began forming ca. 2–5 Ma 

(assuming a constant slip rate), though it is pos-

sible that the northern section of the Carrizal 

fault began forming earlier than the southern, as 

discussed already.

Martínez Gutiérrez and Sethi (1997) exam-

ined the sedimentary rocks within the San José 

del Cabo basin to infer the basin history and 

documented middle-late Miocene sediments as 

the oldest sedimentary deposit within the basin, 

indicating that basin subsidence began in the 

middle-late Miocene. They also observed high-

gradient, alluvial-fan deposits of the upper Plio-

cene–lower Pleistocene Los Barriles Formation 

and inferred that these sediments represent the 

onset of the formation of the San José del Cabo 

fault. Martínez Gutiérrez and Sethi’s (1997) 

observations support our interpretation of basin 

formation initiating along faults within the basin 

and later localizing along the present-day basin-

bounding fault.

The timing of formation of the La Paz and 

San Juan de los Planes basins (2–5 Ma) based 

on extrapolation from slip rates and depth to 

bedrock is incongruent with the timing of initia-

tion of the San José del Cabo basin (middle-late 

Miocene). It is possible, then, that the slip rates 

along the San Juan de los Planes and Carrizal 

faults (from which our estimate is derived) are 

not constant over time and along strike, therefore 

rendering our extrapolation an invalid estimate 

of the timing of basin formation. An alternative 

explanation is that the San José del Cabo basin 

began forming earlier than the San Juan de los 

Planes and La Paz basins. The lack of observed 

Miocene sediments within these basins (though 

they could be buried) provides support for more 

recent formation of the San Juan de los Planes 

and La Paz basins. At 3.6–2.4 Ma, oceanic crust 

began forming along the Alarcón Rise (DeMets, 

1995; Umhoefer et al., 2008), and yet faulting 

has remained active in the gulf-margin system.

Like the Gulf of California, the Reykjanes 

Ridge in Iceland is an obliquely spreading mid-

ocean ridge that is marked by a fracture popula-

tion marginal to the main rift zone that differs in 

orientation from the fractures within the main 

zone of deformation (Tuckwell et al., 1998; 

Clifton and Schlische, 2003). Numerical and 

clay modeling of the fracture populations along 

the Reykjanes Ridge supports the idea that their 

behavior is consistent with the observation that 

crust along the rift margin is thicker, cooler, 

and denser than that within the rift axis. These 

differing crustal properties between the main 

deformation zone and the marginal zone cause 

stress differences in these two regions, resulting 

in distributed deformation within the transition 

zone that is oriented differently from that within 

the axis of deformation (Tuckwell et al., 1998; 

Clifton and Schlische, 2003). Like the Reyk-

janes Ridge, as the gulf-axis fault system in the 

southern gulf became more well developed, a 

greater topographic and temperature gradient 

may have been created between the thinned 

crust in the main rift zone and the thicker conti-

nental crust marginal to the main zone of rifting. 

This contrast in crustal type, thickness, and tem-

perature may drive the continued activity along 

this low-slip, marginal normal-fault array.

CONCLUSIONS

An array of roughly north-striking, left-

stepping normal faults along the southwest 

margin of the Gulf of California accommodates 

onshore, rift-related extension at relatively low 

rates compared to the gulf-axis system. Grav-

ity surveys across the basins bounded by these 

normal faults reveal basin depths ranging from 

~500 to 3000 m. The San José del Cabo basin 

is the deepest, and the La Paz basin is the shal-

lowest. Slip rates, as estimated with OSL dating 

techniques and fault scarp heights, are compa-

rable between the La Paz and San Juan de los 

Planes faults and, when coupled with the basin 

depths, suggest that these basins may have 

begun forming ca. 2–5 Ma (assuming a constant 

slip rate). Buried faults are present within these 

basins, indicating that during the early stages of 

basin formation, strain was probably distributed 

across a number of smaller intrabasin faults. Late 

in the evolution of the basin, the basin-bounding 
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faults developed, and the intrabasin faults died. 

Whereas the gulf-margin system contributes 

modestly to the total active extension across the 

Gulf Extensional Province, it shows sustained, 

low-rate, active faulting and landscape and sedi-

mentary basin evolution (including the highest 

topographic relief in the southern Baja Califor-

nia peninsula) across a fault array situated in a 

zone of transition in crustal thickness and mate-

rial properties.
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