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ABSTRACT

The Salton Trough (ST) in the southwestern U.S. is the northward extension of the Gulf
of California extensional province. It consists of a series of deep, complex pull-apart
structures that formed at different stages of rift evolution. The ST formed as a result of
strike-slip motion between the Pacific and North-American plates after Farallon plate
subduction ceased and the San Andreas Fault system developed. Pull-apart basins
formed at step-overs along the strike-slip faults. Further south, the pull-apart basins
evolved into short seafloor spreading segments in the Gulf of California. Different basins
within the ST and further south in the Gulf of California are at different stages of
evolution. The nature of the underlying crust depends on the stage of evolution of the
basin. There is debate on the nature of the crust below the Salton Trough; models range

from oceanic crust to highly extended continental crust.

This study uses gravity and magnetic anomaly data to better understand the type of rock
that underlies the ST area. These data, in conjunction with supplementary data such as
Moho depth from refraction studies, sediment thickness, depth to the lithosphere-
asthenosphere boundary, and other geologic data are used to produce 2D gravity models.
Moho depth in the study area ranges from 22 — 43 km. The sedimentary layers were
modeled with densities of 2.4-2.5 kg/m® and 2.57-2.9 kg/m® for other crustal layers, to
produce models that reveal a thick sedimentary package (3-5 km) in the Salton Trough

area, as well as basaltic igneous intrusions with density 3.0 kg/m® in the crust.



The models matched for oceanic, continental, and transitional crustal types. However, |
propose that the thick sediment package in the basin, the basin’s structure, and the
presence of basaltic intrusions indicate that the crust underneath the pull-apart basins of
the Salton Trough is of transitional type. Continental rupture has not evolved into a

mature spreading ridge.
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CHAPTER 1: INTRODUCTION

The Salton Trough in southern California, western U.S.A., is an elongate basin
consisting of a series of deep (~10-16 km thick sediment package), sedimentary basins
extending from Palm Springs in California to the head of the Gulf of California (Figure
1). The Salton Trough is geographically divided into 3 regions: the Mexicali Valley in the
south, the Imperial Valley and the Salton Sea in the middle and the Coachella Valley in
the north. The Salton Trough tectonic province represents the transition (i.e., the
transitional link) between the oblique divergent seafloor spreading system in the southern
Gulf of California and the San Andreas Fault system transform boundary to the north
(Younker et al., 1982). In the Salton Trough, this link is manifested by a system of

stepped faults and (pull-apart) basins.

The Miocene-Pliocene Salton Trough was formed as a result of transtensional
motion between the Pacific and North American plates (Elders et al., 1972; Elders and
Sass, 1988; Axen and Fletcher, 1998; Brothers et al., 2009; Dorsey and Umhoefer, 2011;
and others). Rifting has been described as multi-staged (Herzig and Jacobs, 1994;
Dorsey, 2006); the Miocene phase of continental rifting resulted in crustal thinning and
lithosphere weakening producing alkali basalts, while Pliocene subalkalic basalts that
erupted along the axis of the Salton Trough would indicate transitional crust or oceanic
spreading since ~4 Ma (Herzig and Jacobs, 1994; Dorsey, 2006). A major tectonic
reorganization in the region around 1.4 Ma resulted in the formation of the San Jacinto,
Elsinore, and Laguna Salada strike-slip faults (Figure, 1), and changed the topography of

the area by uplifts and basin inversion (Dorsey, 2006; Dorsey and Umhoefer, 2012). A



series of pull-apart basins developed between the strike-slip fault segments (the Cerro
Prieto Fault, Imperial Fault, and San Andreas Fault, Figure 1), forming the Salton
Trough. The northern part of the Trough is bound by the San Andreas and San Jacinto

faults (Sylvester, 1999, Figure 1).

Dorsey (2006) described the Miocene to Pleistocene evolution of the Salton
Trough in 3 stages. From Early to Late Miocene, continental rifting resulted in the
formation of a non-marine rift and alkali volcanism (Herzig and Jacobs, 1994). This was
followed by Pliocene to early Pleistocene extension and transtension, and formation of a
large basin initially filled with marine sediments and later with terrestrial sediments.
Most recently, the initiation of strike-slip faulting and related folding in the region of the
San Jacinto and Elsinore fault zones caused uplift and erosion of older deposits from

Pleistocene to present time.

In the southern Gulf of California, sea-floor spreading began around 2-6 Ma
forming a system of short spreading ridges linked by transform faults (Umhoefer, 2011).
The long term northwestern plate motion of the Pacific Plate relative to the North
American Plate caused transtensional deformation and in the southern Gulf of California,
the total rupture of the lithosphere, leaving behind a series of sediment-starved ocean
spreading centers in the south and shallow marine to non marine sediment-filled basins in
the northern, landward Salton Trough (Dorsey, 2010; Lizarralde et al., 2007). Today, the
Colorado River provides most of the sediments that are deposited in the Salton Trough

(Dorsey, 2006).



The nature of the crust in the northern Gulf of California and Salton Trough is
debated. Thick packages of sediments overlie the crust, making it difficult to ascertain the
exact nature (oceanic, continental, or transitional) of the crust. One end-member model
suggests that the crust below the Salton Trough is gabbroic in composition, resulting
from continental rupture in the early Pliocene (Herzig and Jacobs, 1994; Hussein, 2007;
Fuis and Kohler, 1984). In this model, the Brawley Seismic Zone (or Brawley Basin,
Figure 1) is an active spreading center covered by several kilometers of sediments.
Brothers et al. (2009), however, suggested that the structure of the Salton Sea region
resembles a pull-apart basin in the earlier stages of development underlain by continental
crust. Other studies suggest that the Salton Trough has remained in a transitional stage,
with heavily intruded lower crust overlain by a thick package of metasedimentary rocks

(Axen and Fletcher, 1998; Lekic et al., 2011).

A recent receiver function study by Lekic et al. (2011) showed that the depth of
the lithosphere-asthenosphere boundary and seismic wave velocities in the upper mantle
below the Salton Trough are consistent with both an advanced continental rift stage of the
Salton Trough and a rupture stage in which continental lithosphere has been replaced by
new oceanic lithosphere. Fuis et al. (1984) and Fuis and Kohler (1984) used refraction
and gravity data to show that Bouguer gravity anomalies in the Salton Trough region can
be modeled by a lower crust that is equivalent in composition as the oceanic middle crust.
These results were confirmed by Hussein (2007) and Hussein et al. (2011), who used
two-dimensional forward gravity models to show that the gravity data are consistent with

a gabbroic lower crust of the Salton Trough. Axen and Fletcher (1998) suggested that the



crust below the Trough is transitional, made up of mafic intrusions, sedimentary strata,

and meta-sedimentary rocks.

In this study, I use gravity data to model the Salton Trough. The new information
on the Moho depth and lithosphere-asthenosphere boundary below the Trough (Lekic et
al., 2011), and constraints from a recent seismic experiment in the Salton Sea (Brothers et
al., 2009) that were not available in previous gravity studies, may provide new insights

on the nature of the Salton Trough crust and its structure.
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CHAPTER 2: STRIKE-SLIP FAULT DISCONTINUITIES, PULL-APART
BASINS, AND SHEARED MARGINS
2.1 Strike-slip fault discontinuities

Strike slip faults are vertical (or nearly vertical) fractures along which crustal
blocks move mostly horizontally and parallel to the strike of the fault (Bates and Jackson,
1987). Strike-slip faults are discontinuous on many scales, and discontinuities include
bends and step-overs. Bends are curved parts of a continuous fault trace that connect two
non-planar segments of a fault and represent the difference in strike of two contiguous
fault segments (Bilham and King, 1989). Stepovers are regions where one fault ends and
another one of the same orientation begins (Twiss, 2007). Offsets occur in fault zones
when two adjoining parallel fault segments do not line along the same straight line

(Bilham and King, 1989).

At fault discontinuities (bends or step-overs), pull-apart basins may form if fault
segments are right-stepping with dextral shear or if they are left-stepping with sinistral
shear (Atmaoui et al., 2006). When plate motion is not entirely parallel to the strike-slip
fault segments, transpressional or transtensional deformation may occur. Transpression is
the simultaneous combination of strike—slip motion along a structure and compression
perpendicular to it; it occurs where the strike-slip motion is under compression. Bends
that accommodate contraction in these areas of local compression or convergent
deformation are called restraining bends (Crowell, 1974; Christie-Blick and Biddle,
1985). Transtension is the simultaneous combination or occurrence of strike-slip motion

along a structure and extension perpendicular to it, such fault bends that accommodate



local extension in areas of extensional deformation are called releasing bends (Crowell,
1974, Christie-Blick and Biddle 1985). Releasing and restraining bends do not occur
singly but instead, are usually huddled up in arrays of multiple en-échelon faults. These
segments may link up under increased strike-slip displacement to form alternating zones
of convergence and divergence oriented in a consistent pattern along the strike-slip fault
system (Tchalenko, 1970; Crowell, 1974, Christie-Bick and Biddle, 1985; Allen and

Allen, 2005).

In southern California, the strike-slip faults are arcuate, sub-parallel, and have an
eastward convex shape which is more pronounced in the region of the Transverse Ranges
restraining bend north of the Salton Trough, with its releasing bend pair running from the
Salton Trough into the Gulf of California (Cunningham and Mann, 2007). The wide low-
lying regions of the Imperial Valley, northern Mexico, and the Gulf of California are
characterized by en-échelon pull-apart basins (Cunningham and Mann, 2007) which

developed at releasing bend step-overs of the strike-slip faults in the area.

=

F2 >

Figure 2: Simplified, schematic figure of a strike-slip fault discontinuity showing the
master faults F1 and F2, the offset, O of the master strike-slip faults and the separation, S
between the faults.
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Figure 3: 3-D geometry of an idealized pull-apart basin



Large strike-slip faults are usually not exactly continuous or straight but consist of
numerous smaller fractures and branches that result in kinks and offsets. There are
various fracture types associated with shear displacement (Figure 3, 4) and they are
commonly found within strike-slip systems in the Riedel shear zones (Davis et al., 2000)
which evolve as a sequence of linked displacement surfaces (Tchalenko, 1970). Riedel
(R) shears are an overstepping array of synthetic strike-slip faults developed and oriented
at small angles ( ~ + 15 °) (Rahe et al., 1998; Davis et al., 2000) to the regional strike-slip
shear couple and their sense of offset is the same as that of the principal displacement
zone (Figure 3). Conjugate Riedel (R') shears are antithetic shear fractures that form at
higher angles, striking ~ = 75 ° to the main displacement zones or regional strike-slip
shear couple (Rahe et al., 1998; Dauvis et al., 2000) and their sense of offset is opposite to
bulk movement. Both Riedel shears and conjugate Riedel shears can be found in pull-

apart basins (Figure 3) and the Salton Trough region.

Other deformation structures related to pull-apart basin systems include P-shears,
which are secondary en-échelon arrays of synthetic faults with a sense of offset similar to
that of the main displacement direction (Figure 4). They form with the progressive
development of the Riedel systems and also strike ~ £ 15 ° (- for dextral and + for
sinistral) to the trace of the strike-slip shear zones (Rahe et al., 1998; Dauvis et al., 2000).
Tension fractures are related to extension in the strain ellipse and form at ~ + 45 ° to the
trace of the shears. Y-shears are faults that are sub-parallel to the principal displacement

zone and trace of the shear zone (Figure 4).



| PDZ

Figure 4: Smaller fault types within the strike-slip system (after Davis et al., 2000).

2.2 Pull-apart basins

Pull-apart basins (Figure 3) are structural depressions which develop at releasing
bends along a strike-slip fault (Rahe et al., 1998). Gurbiiz (2010) defined pull-apart
basins as depressions bound on their sides by 2 or more strike-slip faults and on their
ends by diagonal transfer faults. They are generated at the releasing bend of transform
faults and their evolution starts off from a small spindle-shaped initial stage (Figure 5)
through a ‘lazy-S’ and rhomboidal basin to a more mature elongate trough stage (Mann et

al., 1983; Einsele, 2000; Cunningham and Mann, 2007).

10



2.2.1 Development of pull-apart basins

The evolution of pull-apart basins has been described in four stages (Figure 5,
after Mann et al., (1983). During stage 1, pull-apart basins nucleate at a strike-slip fault
discontinuity with 'releasing bend' geometry (Figures 5a & b). Examples of pull-apart
basins in their earliest phase of development are the Mesquite Basin between the dextral
San Andreas and Imperial Fault zones in the Salton Trough (Mann et al., 1983) and the
Glynn Wye Lake Basin between two non-parallel, non-overlapping strands of the dextral
Hope Fault Zone in New Zealand (Mann et al., 1983; Freund, 1971). After nucleation of
pull-aparts at releasing bends, continued slip along the master faults produces basins
shaped as "lazy-S' (Figure 5c) if the master faults are left-lateral or sinistral; or "lazy-Z" if
the master faults are right-lateral or dextral (Mann et al., 1983) . An example of a basin in
this stage of development that shows a strong 'lazy-Z' shape is the Niksar Basin, a young
sigmoidal pull-apart basin formed along the eastern segment of the North Anatolian Fault
Zone in Turkey (Tatar et al., 2007) and the Death Valley in California, in the
southwestern U.S. Lazy Z-shaped basins are bounded by Y-faults at the transform
boundary and R faults at the corner of the step-over (Basile and Brun, 1998). Pull-apart
basins at this stage tend to show more pronounced topography than basins in the previous
stage. The depressions are deeper and sedimentation is enhanced by the creation of more
accommodation space.

During the third stage of pull-apart basin formation, the S- or Z- shaped basins
'mature’ through continued lengthening and increasing master fault offset. The basin

assumes a rhomboidal shape (Figure 5d) (Mann et al., 1983). At this stage, the high angle
11



R’ faults replace the lower angle R faults and produce a rhomb-shaped graben (Basile and
Brun, 1998). Because the faults' offset, O (which defines the basin length) increases and
the fault separation, S (Figure 2) (which defines the width of the basin) remains constant,
the length to width ratio of the basin tends to increase at this stage of development (Mann
et al., 1983). The anoxic Cariaco Basin between the Moron and El Pilar Fault Zones in
central-eastern VVenezuelan continental borderland is an example of a rhomb-shaped pull-

apart basin (Schubert, 1982).

During the last stage of pull-apart basin development (stage 4), the rhomboidal pull-apart
basins continue to lengthen and they eventually become narrow ocean basins with
seafloor spreading centers (Figure 5e) (Mann et al., 1983). The Cayman Trough in the
Caribbean is a good example of a pull-apart basin at this stage of sea-floor spreading with

the Mid-Cayman Rise as the axis of spreading (Holcombe et al., 1973).

12
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a: Initial fault geometry

=

b: Spindle-shaped basin of the nucleation stage

/e

c: “Lazy-S” shaped basin

7

d: Rhomboidal basin

- 4

e: Extreme stage of development: a seafloor spreading center develops

Figure 5: Different stages in pull-apart basin development after Mann et al., (1983).
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Pull-apart basins may develop in a range of different tectonic settings. They may
form along long strike-slip boundary zones between continental plates where they occur
as a series of basins on a segment of the principal displaced fault oblique to the direction
of regional interplate slip (Mann et al., 1983). The Salton Trough for example, is formed
along the Pacific-North America plate boundary zone. Pull-apart basins also form along
strike-slip fault systems in active arc settings (Mann et al., 1983). An example of this
is the Andaman Sea where the overriding Southeast Asian plate converges with the
subducting Australian plate at a high oblique angle. This basin has been described as a
complex back-arc extensional basin (Curray, 2005) and in some cases, as a pull-apart
rather than a typical back-arc-extensional basin (Kayal, 2008). In convergent zones
formed by collision or development of strike-slip restraining bend, buoyancy of the
continental lithosphere keeps the crustal blocks from sinking but instead they move
laterally away from the point of contact of both continents. These zones are known as
'zones of tectonic escape' (Sengor et al., 1985). The North Anatolian fault zone in Turkey
along which several pull-apart basins are aligned is a good example of strike-slip faults

and pull-apart basins in these settings (Gurbuz, 2010).

2.2.2 Characteristics of Pull-Apart Basins

Pull-apart basins are often characterized by high heat flow and volcanic activity
(Cunningham and Mann, 2007). High surface heat flow results from localized crustal

stretching and lithospheric extension; heat flow increases with lithospheric thinning.
14



Decompression melting below the thinned lithosphere results in volcanic activity in the
pull-apart basin. In the Salton Trough for example, basalts erupted along the rift axis
(Herzig and Jacobs, 1994). Theoretical and field studies have revealed that pull-apart
basins lose heat rapidly during the extension process, in part, through lateral conduction

(Cochran, 1983; Pitman and Andrews, 1985; Xie and Heller, 2009).

Pull-apart basins are typically narrow, less than 50 km wide rifts (Einsele, 2000),
and smaller than those produced by regional (orthogonal) extension (Xie and Heller,
2009). They usually have steep basin-bounding faults and cross-basin fault zones that
dissect the basin floor into segments (Dooley and McClay, 1997). The pull-apart basin
size depends mainly on the separation between the two master faults and their overlap
(Einsele, 2000). The width of the basin depends on the separation of the faults and the
overlap of the master faults determines the length of the basin (Aydin and Nur, 1982).
The depth of a pull-apart is to some extent controlled by the amount of stretching; short
basins tend to be shallow and long basins on the other hand tend to be very deep

(Einsele, 2000; Hempton and Dunne, 1984).

Pull-apart basins subside more rapidly than the wider continental rifts because the
heat from upwelling asthenosphere under the stretched lithosphere is lost laterally very
rapidly and fault-controlled subsidence is localized and effective (Einsele, 2000).
Subsidence curves of strike-slip basins may occur at irregular intervals and end abruptly
and subsidence is rapid (around several hundreds of meters per m.y.) and short-lived
(Xie and Heller, 2009). The basin fill of pull-apart basins is asymmetric in both

longitudinal and lateral sections showing downfaulting on the side of the dominant fault

15



and less subsidence on the opposite side. This is due to the steepness of the fault scarp

on the margin of the basin bounded by a strike-slip fault (Einsele, 2000).

2.3 Pull-Apart Basins around the World

2.3.1 Dead Sea Basin

The Dead Sea transform fault is about 1000 km long and joins the divergent plate
boundary along the Red Sea/Gulf of Agaba seafloor spreading with the zone of plate
convergence along the Alpine orogenic belt, the Neo-Tethyan collision in Turkey (Brew
et al., 2001; Garfunkel and Ben-Avraham, 1996). The thickness of the crust is 30-35 km
on the basin walls and around the transform system, thinning towards the margin of the
Eastern Mediterranean basin (Garfunkel and Ben-Avraham, 1996). The transform formed
in the mid-Cenozoic as a result of the breakaway of Arabia from Africa; it represents the
active boundary between the Sinai and Arabian plates and connects the incipient mid-
oceanic ridge of the Red Sea to the collision and subduction belt in the southern part of
Turkey (ten Brink and Ben-Avraham, 1989). The southern part of the transform (Dead
Sea Basin) is characterized by a transform valley 5-15 km wide and an internal structure
dominated by left-stepping en-echelon strike-slip faults which produce deep pull-apart
basins (Garfunkel and Ben-Avraham, 1996). The Dead Sea basin (Figure 6) is one of the
largest pull-apart basins located along the intra-continental Dead Sea left-lateral
transform. The longitudinal over-stepping strike-slip faults bound the deep,

symmetrically subsiding basin (ten Brink and Ben-Avraham, 1989).

16
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Figure 6: Dead Sea Basin after ten Brink and Ben-Avraham (1989).
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The Dead Sea Basin is about 150 km long and 8-15 km wide (Garfunkel and Ben-
Avraham, 1996). The east and west sides of the basin are highlands while the northern
and southern parts in-between the highlands have no topographic expression (Figure 6).
The northern part is occupied by the Dead Sea, a saline lake and the subaerial southern
part is generally flat with two hilly areas over two salt domes, the Mount Sedom and
Lisan (Figure 6) (Garfunkel and Ben-Avraham, 1996; ten Brink and Ben-Avraham,

1989).

The thick sediment fill in the basin gives rise to a strong negative gravity anomaly
which changes gradually towards the south as the basin fill thins. Magnetic anomalies
across the basin show the magnetic basement at a depth of ~10 km and a WNW-ESE
trending magnetic gradient represents a fault in the basement which divides the basin into

two segments (Garfunkel and Ben-Avraham, 1996).

Heat flow in the western part of the basin is low and may be higher in areas where
hot waters rise along faults. Heat flow may also be higher in the lake due to conduction
by the salt diapirs but may be much lower in the areas of thicker sediment packages (Ben-

Avraham, 1996).

18



2.3.2 Erzincan Basin

The Erzincan Basin (Figure 7) is one of several active pull-apart basins that lie
along the North Anatolian Fault (Hempton and Dunne, 1984). The North Anatolian fault
zone is about 1600 km long and 100 km wide running approximately E-W across
northern Turkey from Karhova in eastern Turkey to Gulf of Saros north of the Aegean
Sea (Glirbiz and Gurerb, 2008). The fault zone separates the Eurasian plate in the north
from the southern Anatolian plate (Gurbdiz, 2010). The North Anatolian Fault consists of
a series of long discontinuous right-stepping faults strands with slightly different strikes
and pull-apart basins form between these fault offsets (Hempton and Dunne, 1984;
Hempton and Linneman, 1984). The Erzincan basin is about 2.9 km deep (Aktar et al.,

2004; Gurbiiz, 2010), about 50 km long and less than 15 km wide.

Rhyolite domes within the basin (Figure 7) and at its northern border have been
dated between 0.25 and 3.1 Ma (Hempton and Linneman, 1984). The Erzincan Basin is

suggested to be of Pliocene age (Barka and Gulen, 1989).
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Figure 7: The Erzincan pull-apart basin, modified from Gurbiz and Girerb (2008).
NAF= North Anatolian Fault.

2.3.3 Death Valley Pull-apart

The Death Valley is a structural depression in the southwestern part of the Basin
and Range geologic province in the southwestern United States (Hill and Troxel, 1966).
It is a long, narrow and continuous valley which trends about 200 km in a north-
northwest direction (Blakely et al., 1999; Burchfiel and Stewart, 1966). It is bound on the
west by the Panamint Range and on the east by the Black Mountains (Blakely et al.,

1999).
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Figure 8: Death Valley Pull-Apart Basin showing the lazy-Z outline is prominent.
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The Death Valley pull-apart system (Figure 8) is divided into northern, central
and southern parts. The northern segment is about 88 km long and the southern segment
is about 40 km long and they both trend in a northwest direction while the central
segment trends north and is about 72 km long (Burchfiel and Stewart, 1966). The central
part of Death Valley was formed in late Miocene through Holocene time (Christie-Blick
and Biddle, 1985), along a segment of a strike-slip fault where tensional forces are
slightly oblique to the main trend of the fault (Burchfiel and Stewart, 1966). It developed
as an east-tilted half graben bound by northwest-striking dextral strike-slip faults

(Christie-Blick and Biddle, 1985).

The Death Valley fault zone and the Furnace Creek fault zone represent the main
strike-slip faults in the Death Valley area (Hill and Troxel, 1966) and these fault zones
merge in the northern part of the Death Valley (Burchfiel and Stewart, 1966). Right-
lateral slip on the northern Death Valley-Furnace Creek and southern Death Valley faults
systems is translated into oblique extension across the Death Valley pull-apart basin
(Keener et al., 1993). Bouguer gravity anomalies in the Death Valley area are series of
NE-SW-trending highs and lows. Gravity highs over the Black Mountain may be due to
large mafic intrusions or high density Precambrian rocks in the subsurface. The relative
high magnetic anomalies are due to exposed mafic intrusions and shallow buried

magnetic bodies (Mickus et al., 1989).
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2.3.4 Cayman Trough

The Cayman Trough is a pull-apart basin that has reached the stage of extreme
development where an axis of sea-floor spreading, the Mid-Cayman Rise has formed
(Figure 9). It has gone from a stage of stretched and rifted continental crust to extreme
thinning and eventually to a stage of very slow spreading and formation of new oceanic
crust (ten Brink et al, 2002). The Cayman Trough is about 1200 km long, 100 km wide
and 5 km deep (ten Brink et al., 2002). It is located between the Cayman Ridge on the
north and the Nicaraguan rise on the south (Bowin, 1968). A slow-spreading ridge, about
100 km long is active between two offset transform faults; the Swans Island transform
fault and the Oriente transform fault (Holcombe et al., 1973). The rift in the Cayman
Trough is at the center and at an equal distance from both ends of the trough indicating
that spreading has been symmetric from the Mid-Cayman Rise (Holcombe et al., 1973).
Crustal thickness increases in both west and east directions away from the spreading
center reaching about 7-8 km at the ends of the trough. Basement depth on the other
hand, becomes shallower as we move away from the spreading center (ten Brink et al.,
2002). The Oriente fracture zone to the north and the Swan fracture zone to the south
formed from the master strike-slip faults along the north and south walls of the Cayman

Trough (Holcombe et al., 1973).

The Cayman Trough represents the area in the Caribbean Sea with the shallowest
depth to the mantle, and gravity and seismic refraction studies indicate the presence of
very thin crust which further suggest that the trough was formed by slow extension and

upwelling of mantle material to shallower depths (Bowin, 1968). Magnetic data
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interpretations by Leroy et al. (2000) suggest that the Cayman Trough opened up in early

Eocene time.
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Figure 9: The Cayman Trough with the Mid-Cayman Rise spreading center and the Swan
and Oriente Fracture Zones.

2.4 Crustal evolution during rifting: continental, transitional, and oceanic crust

The crust is the outermost layer of the earth; the upper rigid part of the lithosphere
whose base is defined by the Moho seismic discontinuity. It extends vertically from the
Earth’s surface to the Moho. The crust-mantle boundary represented by the Moho is
marked by a jump in compressional wave velocity from approximately 7 km/s to
approximately 8km/s and in some regions; the boundary may be a transitional region

rather than an abrupt contact (Rudnick and Gao, 2003).

Vertically, the crust is compositionally stratified and studies have shown that it

becomes more mafic with depth (Rudnick and Gao, 2003). Depending on whether it lies
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underneath the ocean or continental area, the crust differs in composition and thickness
and is classified into 3 types on the basis of seismic experiments carried out on land and

in the ocean (Rezanov, 1983): continental, transitional, and oceanic.

Rifting is the process by which lithospheric plates rupture. The process of
continental plate break-up starts with lithospheric extension and thinning. When rifting
progresses, magmatic intrusions become increasingly important in accommodating
extension. As a result the lithosphere weakens, and may eventual break-up by formation

of new oceanic crust and a seafloor spreading center.

Continental rifts are fault-bounded basins produced by extension of the
continental crust. Continental extension can result in either narrow rifts which may show
large lateral gradients in crustal thickness and topography, or wide rifts characterized by
more subtle lateral gradients (Buck, 1991). Narrow rifting occurs in cratonic regions
while wide rifts are formed in warm lithosphere when extensional deformation spreads to
adjacent unextended areas and rifting can no longer continue in the original location
(Buck, 1991). Buck (1991) also identified metamorphic core complexes as another form
of rifting in which high-grade metamorphic rocks from the middle to lower crust are

exposed at the surface.

Depending on the mechanism of rifting, rifts have traditionally been classified into 2
categories: active rifts and passive rifts. Active rifts are produced by mantle plumes
(Olsen, 1982) through doming of the lithosphere, where doming results from rising

mantle plumes (Olsen and Morgan, 1995). Active rifts contain relatively large volumes of
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volcanic rock and are characterized by early regional uplift. Uplift extends for hundreds
of kilometers beyond the rift zone proper. The zone of thinning is several times wider
than the rift width (Thompson and Gibson, 1994). The East African Rift zone has been
mentioned as an example of an active rift (Burke and Dewey, 1973).

In passive rifting, the lithosphere is thinned in response to far-field tensional
forces (Olsen and Morgan, 1995). These are produced by stresses in moving lithospheric
plates or drag at the base of the lithosphere. In passive rifts, immature clastic sediments
exceed volcanics in abundance (Olsen, 1982). Uplift in passive rifts extends beyond the
faulted near-surface region and beyond the shoulder of the rift zone, and also lithospheric
thinning extends beyond the width of the rift zone (Thompson and Gibson, 1994). As a
result of lithosphere thinning, the asthenosphere rises passively (Morgan and Baker,
1983) (Figure 10). The tensional forces that cause rifting are attributable to a mechanism
outside the rift region rather than of local origin (Bott, 1995) and this stress may be

generated at plate margins (Turcotte and Emerman, 1983).

The Salton Trough is an example of a passive rift. Extensional stresses result from the

relative movements of the North American and Pacific plates.

During the continental rift phase, continental crust is stretched, thinned, and intruded
magmatically. The pre-stretched continental crust is approximately 40 km thick (but may
be as thick as 70 km), and is composed of rocks of highly diverse lithologies (Rudnick
and Gao, 2003). Continental crust lithologies are mostly metamorphic and felsic igneous
rocks with an average density of 2.75 g/cm®. During extension in continental rifts the

lower crustal layer is thinned to about 4-14 km thick, reflecting its ductile behavior.
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As stretching and thinning of the continental lithosphere progresses, mantle
asthenosphere moves into the space created by the thinned lithosphere, and eventually
rises close to the surface (Figure 10c). At rifted margins, the change from thinned
continental crust to oceanic crust does not occur abruptly at a sharp boundary but rather
changes over a transitional zone. The transitional crust has velocity values characteristic
of neither continental nor oceanic crust (Whitmarsh et al., 1993). This is the point of
transition from continental rifting to seafloor spreading and the transitional crust here is
significantly different from normal continental and oceanic crusts. This transitional crust
is heavily intruded. Transitional crust may either form as highly stretched continental
crust (quasicontinental) or as a mixture of sediments and basaltic intrusions
(quasioceanic). This is possible where sedimentation occurs simultaneously with
volcanism within a rift basin, resulting in a complex mixture of sedimentary and igneous
components, producing a crustal complex of sediments, dykes, sills and lava with oceanic
characteristics but unusual thickness (Dickinson, 1974). The crust below the Salton

Trough has been described as transitional crust.

Thinning and metasomatism of the mantle lithosphere occurs in mature rifts which
are close to initiation of seafloor spreading (Figure 10d). When extension of spreading
centers causes continental blocks to be rifted apart, new igneous oceanic crust is created
adjacent to thick continental crust through submarine volcanism and intrusions. At
spreading centers along the crest of a mid-oceanic ridge, new oceanic crust is continually
being formed (Dickinson, 1974). Oceanic crust is thinner than continental crust with

thickness typically ranging from 3-15 km and an average of 7 km; it is composed of

27



relatively dense mafic igneous rock types such as basalts and gabbros and is relatively

young (< 200Ma old) (Rudnick and Gao, 2003) with an average density of 3.0 g/cm*

Complete rupture of a continent requires a progression from early severe
lithospheric thinning, through rifting and to eventual continental break-up that forms
oceanic spreading centers. Whether a rift progresses and develops to this stage depends
mainly on the thermal structure, crustal thickness and crustal strength of the lithosphere,
and tensional stresses (Umhoefer, 2011). Depending on the tectonic setting of the rift,
continental rupture may produce either large ocean basins or small narrow marginal seas;
these are two 'end-member’ results of continental rifting. Large oceans commonly form in
old, cold continental lithosphere or within former large collisional belts while narrow
marginal seas commonly form along active continental margins. The Gulf of California
is an example of a marginal sea formed along an active continental margin from pull-

apart basins (Umhoefer, 2011).
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(a) Initial stage with 2 crustal layers above a hot mantle layer. M=Moho.

(b) Stage of lithospheric stretching and subsequent thinning.

Metamorphisml

T,

(c) Stage of extreme thinning of the lithosphere with basaltic magma intrusions.

(d) Stage of extreme thinning and seafloor spreading with creation of new crust
and opening of new ocean basin.

Figure 10: Rifting process from thinning to formation of a new ocean basin.
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CHAPTER 3: Regional tectonic setting of South western California and evolution of

the Salton Trough

3.1 Regional Tectonic Setting

The tectonic evolution of the California continental margin is to a large extent a
result of the process of microplate capture, basically driven by the ending of Farallon
subduction. This was followed by formation of the San Andreas Fault system, and other
strike-slip faults toward the south. At discontinuities of this strike-slip fault system, pull-
apart basins started to develop evolving to sediment-filled basins in the Salton Trough
and sediment-starved basins characterized by seafloor spreading in the southern Gulf of

California.

Prior to 29 Ma, the East Pacific Rise was an offshore spreading center between
the Pacific and Farallon plates, and the Farallon plate was subducting under the North
American Plate (Stock and Hodges, 1989). As the East Pacific Rise approached the

trench, the subducting Farallon plate broke up into numerous microplates.

As the zone of subduction swallowed up the Pacific-Farallon spreading center,
subduction slowed down and eventually ceased, and the boundary was converted from a
slightly oblique subduction to a transtensional dextral transform boundary (Mammerickx
and Klitgord, 1982; Nicholson et al., 1994) leading to the formation of faults of the San
Andreas Fault system. The lateral relative motion between the Pacific and North

American plates generated shear stresses resulting in prominent strike-slip faults in the
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San Andreas Fault system, a complex system of mostly strike-slip faults including the

San Andreas Fault itself.

Approximately around 12-15 Ma, rifting started in the Gulf of California. At
around 5 million years ago the East Pacific Rise finally split the Baja Peninsula from the
mainland of Mexico forming a series of transform faults separated by short spreading
ridges (Bischoff and Henyey, 1974). Since then, the Baja Peninsula has been moved

about 162 miles north-westwards from mainland North America.

Details of the formation of the Gulf between ~12 and 6 Ma are still debated. Two
end-member models describe Gulf of California development during this time. They
differ mainly in explaining Gulf formation as a result of strain partitioning (orthogonal or
east-west extension in the proto-Gulf, and strike-slip motion along the Tosco-Abreojos
fault) followed by shear since about 5-6 Ma, or by shearing in the proto-Gulf since about
12 Ma (Stock and Hodges, 1989; Oskin and Stock, 2003; Fletcher et al., 2007; Umhoefer,
2011). In the second model, the southern Gulf of California spreading segments have
developed from pull-apart basins in the proto-Gulf since ~12 Ma. This model would be

similar to what is observed in the Salton Trough evolution.
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Figure 11: Regional Tectonic Setting of the Salton Trough and Gulf of California after
Dorsey and Umhoefer (2011). SAF= San Andreas Fault, GF = Garlock fault, CPF =
Cerro Prieto Fault, GB=Guaymas Basin, FB= Farallon Basin, PB= Pescadero Basin, AB=
Alarcon Basin, BTF=Ballena transform fault, CaB= Carmen basin, CB=Consag Basin,
EPR=East Pacific Rise, T.A.F.Z = Tosco-Abreojos fault zone, WB = Wagner Basin, TB
= Tibur6n Basin, IT = Isla Tiburén.
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3.2 Tectonic evolution of the Salton Trough

The Salton Trough is an elongated basin considered to be the northward,
landward extension of the Gulf of California (Sylvester and Smith, 1976). It represents
the transition zone between crustal spreading in the Gulf of California and right-lateral
transform motion along the San Andreas Fault system (Larsen and Reilinger, 1991). The
formation of the Trough is the result of the northward progression of opening of the Gulf
of California (Elders et al., 1972) which widens from the northwesterly drift of Baja
California away from the North American continent. The Trough is demarcated from the
Gulf by a sub-aerial delta built by sediments from the Colorado River (Meriam and
Bandy, 1965; Winker, 1987; Dorsey and Umhoefer, 2011). Sediments from the Colorado
River deposited in the Trough are rapidly buried and undergo metamorphism by
magmatism and high heat flow at shallow depth (Elders and Sass, 1988; Dorsey and

Umbhoefer, 2011).

Brothers et al. (2009) proposed a 2-stage evolutionary process for the formation
of the Salton Trough. According to their model, the tectonic evolution of the trough
started with transpression between the San Andreas and San Jacinto faults with clockwise
rotating blocks bound by north-east striking sinistral faults accommodating the strain
between the faults (Figure 12a). Extension then started as the San Andreas - Imperial
fault step-over formed and the cross faults started to accommodate normal slip

(Figurel2b).

Different crustal models by different workers (Fuis et al., 1984) suggest that most

of the southern part of the Salton Trough is underlain and intruded by younger mafic
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material and volcanism in the southern edge of the Salton Sea has been attributed to
result from the presence of a buried spreading center between the San Andreas and

Imperial faults (Elders et al., 1972; Fuis et al., 1984).

Episode | Episode II
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Figure 12. Two-stage evolutionary model for the Salton Trough by Brothers et al. (2009).
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Figure 13: Present-day model of the Salton Trough from Brothers et al. (2009).

IF=Imperial Fault, SAF= San Andreas Fault.

The pull-apart basins of the Salton Trough formed in the same way as described
for general pull-apart basins; a combination of tensional and right-lateral strike-slip
movements associated with the opening and widening of the Gulf (Elders et al., 1972).
The main strike-slip faults are the San Andreas and San Jacinto fault in the northern part
of the Trough and Imperial fault in the southern part (Figure 12). The San Andreas and
San Jacinto Faults bound the Salton Trough as a right-shear couple with left-slip cross
faults in between them. The cross-faults bound thin crustal blocks that rotate clockwise

on the captured Farallon plate that now moves in a northwesterly direction with the
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Pacific plate (Sylvester, 1999). Oblique extension across these faults causes subsidence

and pull-apart basins development at fault discontinuities.

3.3 Basins and major faults of the Salton Trough and its environs

The San Andreas Fault system is a network of predominantly right-lateral strike-
slip faults that accommodate most of the relative motion between the Pacific and North
American plates (Wallace, 1990). Numerous pull-apart basins develop at step overs
between the different sub-parallel faults in the Salton Trough. The San Andreas, Imperial,
Cerro Prieto and Brawley faults form a series of east-stepping, right lateral transforms
linked by pull-apart basins. Some of the basins include the Brawley Basin between the
Brawley Fault and the southern end of the San Andreas Fault; the Mesquite Basin
between the Brawley and Imperial Faults; the Cerro-Prieto Basin between the Imperial

and Cerro Prieto Fault, and the Salton Buttes spreading center (Elders et al., 1972).

3.3.1 The San Andreas Fault

The San Andreas Fault is a right-lateral transform fault, which means that if you stand
on either side of the fault and look across to the opposite side, the objects or features on
the opposite side appear to be moving to the right. It is a continental transform fault with
a complex structural and sedimentary regime (Brew et al., 2001). The origin of the San
Andreas Fault system is directly related to the collision between North America and the

Pacific-Farallon ridge following the cessation of subduction.

The San Andreas Fault extends from the Mendocino fracture zone off the

Northern coast of California to the tip of Baja California. In much of northern and central
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California, the San Andreas trends in a southeast direction as a boundary between the
Salinian block of granitic and metamorphic rocks on the west and the Franciscan
assemblage and overlying strata of the great valley sequence on the east (Wallace, 1990).
The San Andreas strike-slip zone which runs in a northwesterly direction from the
Mendocino fracture zone, makes a sharp eastward bend (the big bend) across the top of
the Western Transverse Ranges and then splays out into a series of sub-parallel strike-
slip faults that extend to the head of the Gulf of California (Figure 11). At discontinuities
of this series of strike slip faults, pull-apart basin structures have formed, such as those

that form the Salton Trough.

The east of the Salton Trough is formed by the San Andreas Fault, where it
consists of Precambrian rocks and Mesozoic plutons. The western side consists of
Cretaceous plutonic rocks of the Southern California Batholith and their metamorphic
host rocks (Wallace, 1990). The Gulf of California segment of the San Andreas Fault is a
series of long transform faults that connect very short spreading ridges in the Gulf of
California. The continental crust under the northern Gulf of California has thinned and

the ocean floor is shallow.

Rocks on either side of the San Andreas fault are basically sitting on different
plates and deformation is produced as the North American plate slips relatively
southwards past the portion of continental crust captured by the Pacific plate (Atwater,

1998).
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3.3.2 Brawley Fault, Imperial Fault, Cerro Prieto Fault

The Imperial Fault (Figure 1) is a northwest-southeast trending dextral fault. It is
about 60 km long extending southeast into Baja California (Segall and Pollard, 1980);
along the northern extension of the Imperial Fault, it bends and trends north (Larsen and
Reilinger, 1991). The Brawley Fault is located 6 km east of, and trends parallel to, the
northern extension of the Imperial Fault (Larsen and Reilinger, 1991) (Figure 1). The
Cerro Prieto Fault is a right-lateral strike-slip fault (Pacheco-Romero et al., 2006) which
strikes northwest and runs from the Mexicali Valley into the Gulf of California

(Gonzélez-Escobar et al., 2009).

3.3.3 San Jacinto and Elsinore Faults

The San Jacinto Fault is a seismically active fault that diverged away from the
San Andreas Fault northwest of Cajon Canyon and extends for 215 km in an almost
straight line ending on the southwest side of the Salton Trough (Brown, 1990). The San
Jacinto Fault zone is relatively straight and continuous from the San Bernardino Valley

across the northeastern Peninsular Ranges to the Imperial Valley (Sharp, 1967).

The Elsinore Fault is located about 35 km to the southwest of the San Jacinto fault
(Brown, 1990), Figure 1. It is the major dextral shear system which parallels the southern
part of the San Andreas Fault and accommodates about 5 mm/yr of the Pacific-North
American plate boundary slip (Hull and Nicholson, 1992). Lowman (1980) suggests that

structural and lithologic continuity across the faults in the Elsinore fault zone implies that
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they have undergone little or no strike-slip movement and the Elsinore Fault is a dip-slip

fault at least along its southern portion.

3.3.4 Salton Sea

The Salton Sea is a lake that lies between the Coachella and Imperial Valleys in
the Salton Trough with its base at approximately 90 m below mean sea level (Bilham and
King, 1989), Figure 1. It is separated from the waters of the Gulf of California by the
subaerial delta built by the Colorado River and geologic records indicate that alternate
flooding and desiccation episodes have occurred in the Salton Sea since the Miocene time
(Helgeson, 1968). The present-day Salton Sea and its lacustrine deposits were formed
after the Colorado River delta separated the Salton Trough from waters of the Gulf of

California (Axen and Fletcher, 2010).

The Salton Sea geothermal field occupies the southeastern shore of the Salton Sea
in the vicinity of five small volcanic buttes (Helgeson, 1968). In the Salton Sea
geothermal system, there is a continuous transition from sediments through hardened
sedimentary rocks to low-grade metamorphic rocks of the greenschist facies (Muffler and

White, 1968).

3.3.5 Imperial Valley and Brawley Seismic Zone

The Imperial Valley is that part of the Salton Trough that is north of the US-
Mexico border and south of the Salton Sea. It is one of the most seismically active areas
in California (Larsen and Reilinger, 1991), Figure 1. In the Imperial Valley, sediment

thickness is about 6-7 km (Fuis et al., 1984) and the basement floor is relatively flat
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(Elders et al., 1972). The basement complex beneath the valley is composed of pre-
Tertiary metamorphic rocks with granitic intrusions (Tarbet, 1951). Despite the thick
sediment package in the valley it is characterized by a high gravity anomaly relative to its
surrounding areas, indicating that the crust under the Imperial Valley is either very thin or
is of higher density than normal continental crust and surrounding areas. The Imperial
Valley is one of the most seismically active regions of California and the bulk of this

seismicity occurs within the Brawley seismic zone.

The Brawley seismic zone is a region located at the southern end of the Salton
Sea characterized by swarms of earthquake activity (Johnson and Hill, 1982), high heat
flow and recent volcanism (Lachenbrauch et al., 1985). The zone is about 50 km long and
approximately 10 km wide and has been described as the northernmost spreading center
belonging to a series of spreading centers that exist further south in the Gulf of California
(Lomintz et al., 1970), Figure 1. Geodetic data suggest that the Brawley Seismic zone is
marked by en-échelon northwest-trending right-lateral faults linked by conjugate left-
lateral structures; the Brawley fault has extended about 30 km to the northwest and the
southern part of the San Andreas Fault has moved in about the same direction (Johnson
and Hadley, 1976), leaving behind a fossil transform or linear alignment of earthquakes

referred to as the Sand Hills Seismicity Lineament (Larsen and Reilinger, 1991).

3.3.6 Mesquite Basin

The Mesquite Basin is a pull-apart basin formed at, and occupying a right-step
between the Brawley and Imperial Faults in southern California (Segall and Pollard,

1980). The Mesquite Lake is a topographic depression with approximately 10 m of relief
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located within the right step. The basin is bound by the north-striking end of the Brawley
Fault on the east and by the Imperial Fault on the southwest; the northwest edge of the
basin is bound by north-striking branches at the end of the Imperial Fault (Segall and

Pollard, 1980).

The lack of offset between the Brawley and northern part of the Imperial faults
suggests that the region of the Mesquite basin is still in its early stage of tectonic
development (Larsen and Reilinger, 1991). Geodetic measurements of surface
deformation and measurement of vertical slip along the Imperial and Brawley Faults

suggest that the Mesquite Basin is still actively subsiding (Larsen and Reilinger, 1991).

3.3.7 Cerro Prieto Basin and Mexicali Valley

The Mexicali Valley is the part of the Salton Trough just south of the US-Mexico
border (Figure 1). It is characterized by a system of grabens resulting from crustal
extension associated with strike-slip transform movement along the Cerro Prieto and
Imperial Faults (Albores et al., 1980). The Mexicali Seismic zone is the area located at
the stepover between the Imperial and Cerro Prieto right-lateral strike-slip faults (Frez
and Gonzélez, 1991). The zone is characterized by high heat flow, active seismicity, and
volcanism (Glowacka et al., 1999). Elders and Sass (1988) and Lomintz et al. (1970)
proposed the Mexicali Seicmic zone to be a spreading center. The Cerro Prieto
geothermal field is situated in a pull-apart basin in the Mexicali Valley (Glowacka et al.,
1999); and the heat source is probably a magmatic body at a depth of 5-6 km below the

surface (Elders et al., 1984).
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The interior of the Cerro Prieto graben is subjected to tension in a NW-SE
direction, as indicated by the presence of oblique fractures with some normal faulting.
Also, the crust in the graben is broken into a series of blocks bounded by fracture planes

aligned parallel to the Imperial-Cerro Prieto fault system (Puente and De la Pefia, 1979).

3.3.8 Altar Basin

The Altar Basin is a part of the Salton Trough tectonic province (Gonzalez-
Escobar et al., 2013) located in northwestern Sonora, Mexico. It is a subsidiary basin
which makes up an inactive part of the Colorado River Delta and lies east of the active
modern delta; the basin became inactive as the Colorado River realigned its course and
the focus of tectonic activity moved westward from the Altar fault to the Cerro Prieto

fault (Pacheco-Romero et al., 2006).

The basin is bounded by the Cerro Prieto and Altar faults and is separated from other
basins in the Salton Trough by the Colorado River Delta (Pacheco-Romero et al., 2006).
The magnetic and gravity anomalies within and around the Altar Basin trend in a
northwest direction and seem to imply that the basin structure is controlled by northwest-

trending faults (Pacheco-Romero et al., 2006).

3.3.9 Laguna Salada Basin

The Laguna Salada Basin is an active transtensional basin (Dorsey and Martin-
Barajas, 1999) in northern Baja California. It is an elongate basin, about 100 km long, 20
km wide and trends in a NNW direction (Garcia-Abdeslem et al., 2001).The basin is

bounded on the west by the Sierra Juarez and on the east by the Sierras EI Mayor and
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Cucapé (Garcia-Abdeslem et al., 2001). The eastern boundary of the Sierra Juarez is the
Gulf Escarpment which consists of a discontinuous series of high-angle, northwest-
striking faults that dip steeply to the east and west (Axen and Fletcher, 1998). On the east
of the Laguna Salada Basin, the Laguna Salada Basin is bound by the Sierra EI Mayor
and Sierra Cucapa. In the Sierra EI Mayor, plutonic rocks intrude metasedimentary rocks
(Siem, 1992). The Sierra Cucapa range is made up of Upper Cretaceous granite which
has intruded and metamorphosed the Cretaceous and/or Paleozoic sediments (Punte and

De la Pena, 1979).

The Sierras EI Mayor and Cucapa trend northwest and are bounded on their west
side by the Laguna Salada Fault and the Canada David detachment fault. Within the
basin, sediment thickness increases eastwards and reaches a maximum of about 3 km

(Garcia-Abdeslem et al., 2001).

3.3.10 Wagner Basin

The Wagner Basin is the northernmost spreading center in the Gulf of California
(Figure 11). It is at the incipient stage and is located along the Pacific-North America
plate boundary. Sediments from the Colorado River accumulate and fill up the basin. The
Cerro Prieto strike-slip fault extends offshore into the Wagner basin and together with the
Consag and Wagner normal faults, comprises the most important structural features of

the basin (Gonza'lez-Escobar et al., 2009).

The Wagner Basin is an elongate trough, 60 km long and 27 km wide, bound by

the Cerro Prieto fault on the east, the Wagner fault on the northwest side, and the Consag
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fault on the western part of the basin. The basement underneath the basin is about 7 km

deep (Gonza'lez-Escobar, et al., 2009).
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CHAPTER 4: DATA AND METHODOLOGY

4.1 Objective

The complex tectonic history of the area gave rise to a complex tectonic structure
with many outstanding questions. One of the open questions relates to the nature of the
crust beneath the Salton Trough: is it new oceanic crust, heavily intruded continental
crust, or just much thinned continental crust? The objective of this study is to model the
crustal structure of the Salton Trough using gravity data, and integrating other geologic
and geophysical data to find out whether it is oceanic, normal continental, or intruded

continental crust.

4.2 Gravity and Magnetic modeling

Gravity and magnetic modeling is based on the principle that responses can be
directly related to physical properties of rocks such as density and magnetic
susceptibility, and can therefore be correlated with different rock types. Gravity studies
aim to locate and describe subsurface structures from the gravity effects arising from

their anomalous densities (Lowie, 2007).

Gravity data acquisition entails measurement of raw gravity values for locations of
interest. These readings are affected by different external influences and processing raw
gravity data involves making corrections to account for these external effects.

Some of the corrections usually made on gravity data are:
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1.

Drift Correction: The effect of instrumental drift from changes in thermal elastic
and other physical properties of the measuring instrument's spring. This may be
partly induced by thermal changes and is corrected by repeated measurements at
different time intervals of the day, with the assumption that drift is linear between
repeated measurements and then subtracting the linear drift from all other
readings. This process is known as drift correction (Blakely, 1995; Lowrie, 2007).
Tidal Correction: Gravity measurements on earth are also affected by tidal
attractions from the sun and the moon which results in elevation variations on the
Earth’s surface. This gravity attraction depends on latitude and also varies over
different time intervals. It is corrected by applying tidal corrections to the
measured gravity values (Blakely, 1995; Lowrie, 2007).

Topographic or Terrain Correction: The presence of hills or valleys in the
immediate vicinity of the gravimeter also affects measurements. This can be
corrected by making a terrain or topographic correction to remove the effect of
topography around a gravity station on the measured gravity value. This
correction is added to the measured gravity value (Lowrie, 2007).

Elevation Correction: Because the Earth’s gravitational field decreases with
increasing elevation, measured gravity is again affected by the elevation of the
gravity station above the ellipsoid. This can be compensated for by a Free Air and
Bouguer correction for the station elevation. The correction will be added to the
measured gravity (Lowrie, 2007).

Bouguer plate Correction: On land, there is usually some material (Bouguer plate)

between the base of the station and sea level or the reference ellipsoid, a
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mathematical surface that corresponds to mean sea level. So even after correction
for elevation, the effect of the Bouguer plate on measured gravity has to be taken
into account (Lowrie, 2007). The simple Bouguer correction approximates all
mass above sea level to be a homogenous, infinitely extended slab whose
thickness is same as the height of the observation point above sea level (Blakely,
1995). Bouguer plate correction is made to remove the effect of this flat layer
seated between the gravity station and this correction is subtracted from the
measured gravity (Lowrie, 2007).

6. Latitude Correction: Gravitational attraction varies with latitude, being stronger
at the flatter poles than at the bulging equators and this affects the value of our
measured gravity. Variations due to changes in latitude on the Earth’s surface are
corrected by calculating the appropriate value for g from the International Gravity
Formula (IGF) and subtracting it from the observed value.

7. Spatial corrections are also made on marine and airborne data to account for
variations due to the motion of the ship or aircraft.

8. In asimilar fashion, the E6tvos correction is applied to data recorded from a
vehicle moving along a path that is parallel to the Earth’s surface and creating a
centrifugal acceleration in the process. The correction removes the influence of

this acceleration (Blakely, 1995; Lowrie, 2007).

If the interior of the Earth were homogenous with uniform distribution of density,
the value of measured gravity would be the same as the theoretical gravity calculated

from the normal gravity formula. Non-homogeneity of the interior of the Earth and
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variations in density give rise to differences or anomalies. An anomaly arises when there
is a difference between an observation and a norm or reference (Wolfgang and Smilde,

2009; Lowrie, 2007).

The difference in density of the body with respect to the surrounding rocks is
called density contrast. A body has a positive density contrast if it has a higher density
than its host or surrounding rocks and density contrast is negative if the density of the
body is lower than that of its surrounding host rocks. A gravity anomaly is the difference
between the corrected value of measured gravity and the theoretical gravity (Lowrie,

2007).

There are two common types of gravity anomalies:

1. Bouguer gravity anomaly

2. Free-Air gravity anomaly

Bouguer gravity anomaly (Agg) is the gravity anomaly from measured data that has been
corrected for Free-Air, Bouguer plate, terrain, and tidal effects. It is shown by the simple

equation below:

Agg = Jobs + (AQFa - AQsp + AZT + Agide) -On.

The Free-Air anomaly (Agg) is the gravity anomaly from measured data that has been

corrected for Free-Air, terrain, and latitude (Lowrie, 2007):

AgF = Qobs + (Agea + AgT + Agtide) -On.

48



where gobs is the observed gravity value, the value obtained from field measurement; Agea
is the free air correction; Aggp is the Bouguer plate correction; Agr is the correction for
terrain effects; Agigqe 1S the tidal correction, and g, is the normal gravity value which is the

gravity value observed from the surface of the reference ellipsoid.

Gravity data are generally used to define basin geometry and magnetic data are
often used to define the spatial extent and depth of basement structures. Gravity and
magnetic data can be combined to create models that represent the overall shape of the
basin and identify predominant basement fabrics and structural trends. From these models
we can determine the type of crust; continental, oceanic, or transitional, that underlies the

basin and the extent of geological units in the study area.

Faults produce steep gradients on gravity and magnetic anomaly curves; the
shallower the fault is, the steeper the gravity anomaly gradient. Magnetic anomalies also
exhibit steep gradients when the basement or a magnetic sedimentary layer is faulted and
the amplitude of the anomaly will depend on both depth and magnetic susceptibility.
Dipping beds also produce steep gradient anomalies, but in this case, the anomaly

gradient and magnitude increase as the bed nears the surface (Prieto, 1996).

Gravity anomalies are indicative of the presence of bodies or structures with
anomalous densities; the strength depends on the thickness or size and depth of the
anomalous body. It may be positive or negative depending on the density contrast which
is the difference between the density of the anomalous body and its surrounding material.

It is positive for bodies that are denser than their surroundings and negative for bodies
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that are less dense than the surrounding rocks. Generally, gravity anomaly highs are
related to structural highs and anomaly lows are related to structural lows except for very
long wavelengths. Short magnetic wavelengths are related to shallow sources and long

wavelengths are related to deep sources (Bird, D.; personal communication).
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The wavelength of an anomaly is its horizontal extent and is related to the burial
depth of the anomalous mass. Deeply buried large bodies produce long wavelength, low
amplitude anomalies called regional anomalies, and small shallow bodies cause short-

wavelength anomalies called residual anomalies.

Various gravity and magnetic data enhancements techniques are used to separate
regional and residual anomalies to draw attention to particular features in the gravity or
magnetic by filtering and enhancements to produce series of shaded relief images that
define or emphasize interesting features and structural trends. Enhanced maps emphasize
the gravity anomalies in the area some of which can be correlated to the geologic features
on the geologic map (Figure 17). Enhanced Bouguer gravity maps are by far smoother
than the regular anomaly maps because after filtering, the short wavelength anomalies

which are more representative of the surface geology of the area remain.

There are different methods of filtering depending on the features of interest.
Using the ‘upward continued’ technique for an elevation of 15 km, | produced an
enhanced gravity anomaly grid of the area which I subtracted from the original Bouguer
gravity anomaly grid to yield a Bouguer residual grid (Figure 17). This technique
increases the elevation at which measurement was taken (that is, distance from the point
of measurement to the source) and the end result is a map with short wavelength features

smoothed out relative to the longer wavelength anomalies.
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4.3 Gravity and magnetic characteristics of the region

Gravity anomalies over the San Andreas Fault system are linear highs and lows
that trend sub-parallel to the major faults in the area in a NW-SE direction. Bouguer
gravity anomalies in the study area are high along the coastal areas and reduce towards
the northeast reflecting a gradual transition from thin oceanic crust to much thicker
continental crust (Griscom and Jachens, 1990). Some of the deep lows as seen in the
Salton Sea and Salton Trough area are caused by thick accumulations of Cenozoic
sediment deposits that fill the tectonic basins adjacent to the faults (Griscom and Jachens,

1990).

Magnetic anomalies in the vicinity of the San Andreas Fault system are typically
caused by ophiolitic rocks and tabular serpentinite bodies associated with the Franciscan
assemblage, mafic plutonic rocks such as those exposed in the western peninsular ranges
and some sedimentary rocks that may contain detrital serpentinite (Griscom and Jachens,
1990). Several magnetic anomalies in the area reflect remnant magnetization in the ocean

crust which is primarily basaltic volcanic rock (Wallace, 1990).

Across the Peninsular Range, gravity anomalies are high and low, almost
representing two extremes on our data range. The western part shows high Bouguer
gravity and magnetic anomalies, possibly indicating the presence of mafic material while
the eastern part of the Range reads low Bouguer gravity and magnetic anomalies
indicating felsic composition of the subsurface material. On the eastern part of the

Peninsular Range, the Moho topography does not correlate with surface topography
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suggesting that the highest elevations are not supported by a local Airy crustal root,
support here may be achieved through a combination of flexure and lateral variation in

crustal or upper mantle density (Lewis et al., 2001).

Along the axis of the Salton Trough, the anomalies are generally low with a few
isolated localized high anomalies. Just south of the US-Mexico border, in the Laguna
Salada basin region, Bouguer gravity anomaly is low in the Sierra Juarez region,
indicating the presence of a topographic root. The transition from the eastern margin of
the Sierra Juarez towards the Laguna Salada Basin shows a smooth horizontal gravity
gradient suggesting that the rocks have similar densities without much structural features
(Siem, 1992). The Sierra Cucapa and Sierra EI Mayor form the eastern boundary of the
Laguna Salada Basin (Axen and Fletcher, 1998) and the gravity gradient over their
western margin is steeper and may be due to structural disruptions and sharp changes in
density across the Laguna Salada Fault and Canada David Detachment fault (Siem,

1992).

In the Altar basin, the magnetic anomaly map shows a magnetic low with much
higher anomaly readings in the eastern and northwestern parts of the basin. Along the
Cerro Prieto Fault, high northwest-trending magnetic anomalies suggest the presence of

basaltic intrusions along the fault (Goldstein et al., 1984).

4.4 Data collection and processing

We obtained the gravity anomaly dataset from the International Gravimetric

Bureau (BGI) website; the dataset contains 17,279 points of Bouguer Gravity Anomaly,
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Free-Air Anomaly, and Elevation data. Magnetic data were downloaded from the website
of The University of Texas El Paso http://irpsrvgis00.utep.edu/repositorywebsite/ and
contains 84,586 points. Both dataset cover an area of about 191,212 km®. | constructed
2-D crustal models using the GM-SY'S application on Geosoft’s Oasis Montaj software.
Bouguer, Free-Air, and Magnetic data maps of the study area are show in Figures 14, 15

and 16.

Interpretation of the gravity data involved iterative forward modeling which is a
process of making inferences about the density and shapes of subsurface bodies from
processed observed anomaly values until we can approximately match the calculated
gravity anomaly curve to the observed anomaly curve. The calculated gravity anomaly
resulting from a model is computed to be the sum of the contributions of individual

bodies each with a given density and volume.

Supplementary data

The gravity and magnetic dataset were supplemented with tomographic images,
refraction data and various geological datasets. These datasets provided control

parameters that constrained the models. Supplementary data include:

1. Topography (onshore and offshore): Topography data serve to constrain the
topographic and bathymetric extents. We used a combination of onshore
topography data (gtopo30) and offshore terrain base data from Bird Geophysical

website, ftp://ftp.birdgeo.com/ for this.
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2. Refraction data for depth to the Moho: Moho depth is directly related to the
tectonic evolution of an area and is important for characterizing the overall
structure of the crust. Data for depth to the Moho were obtained from different
seismic refraction experiments carried out in the area (Nava and Brune, 1982;
Hearn, 1984; Hussein et al., 2011; Zhu and Kanamori, 2000; Hamilton, 1970;
McCarthy et al., 1991; Steinhart and Meyer, 1961; Philips, 1964;
www.gps.caltech.edu) and results reveal rapidly changing and widely varying
Moho topography as seen in the models. The refraction stations are shown on a
gravity anomaly map of the area in figure 22 and the depths to the Moho at the

various stations are shown in table 1.

3. Sediment thickness and depth to the basement: Sediment thickness and depth to
the basement data serve as an important control as it further reduces the
unknown crustal parameters. Data were obtained from previous work and
experiments carried out in the area (Fuis et al., 1984; Axen and Fletcher, 1998;
Gonza’lez-Escobar et al., 2009; Chavez et al., 1999; Shor et al., 1976; Garcia-

Abdeslem et al., 2001).

4. Geologic and Basement map. This gives us an idea of the surface geology.
Basement topography data was obtained from the Basement Map of North
America by the American Association of Petroleum Geologists and the United
States Geological Survey, 1967 (Figure 20). The geologic map (Figure 21) was
created using ArcGIS and shapefiles obtained from

http://ngmdb.usgs.gov/gmna/.
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Line Well Moho Depth (km) Reference
1 W1 26 Hearn, 1984
1 W2 38 Zhu & Kanamori, 2000
1 W3 41.8 Nava & Brune, 1982
1 w4 28 Hearn, 1984
1 W5 25 Hamilton, 1970
1 weé 22 Hearn, 1984
1 w7 27.2 McCarthy et al., 1991
2 w8 32.5 Hussein et al., 2011
2 w9 25.5 Hussein et al., 2011
2 W10 27 Hussein et al., 2011
2 W11 33.49 Hussein et al., 2011
3 W12 40 Steinhart, 1961
3 W13 33 Zhu & Kanamori, 2000
3 w14 22.9 Persaud, 2007
3 W15 22 Hearn, 1984
3 W16 24 Phillips, 1964
3 w17 18.3 Phillips, 1964

Table 1 : Moho depth values for refraction stations along the profiles.

5. Depth to the Lithosphere-Asthenosphere Boundary (LAB depth): Data on the
depth to the Lithosphere-Asthenosphere Boundary from seismic experiments

(Lekic et al., 2011) were used to constrain the models.

Previous gravity studies of the Salton Trough

The previous gravity study by Fuis et al. (1984) involved seismic refraction data,
modeling a gravity profile across the region, and inferring rock compositions from their

velocity-depth functions. They analyzed five profiles and produced a model for the
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Imperial Valley region of the Salton Trough. Figure 23 shows a West to Southeast cross-
section from La Jolla to the Chocolate Mountains from Fuis et al. (1984). The profile
suggests that the Imperial Valley region of the Salton Trough consists of a sedimentary
layer, a transition zone, a basement and sub-basement layer. The subbasement is thought
to be oceanic crustal type mafic intrusion due to its high velocity and the presence of
basaltic intrusions in the sedimentary section. Fuis et al. (1984) concluded that new crust
was being formed in the Salton Trough with sedimentation filling it in from above and

mafic intrusive rocks filling it from below as the rift opens.

F

; 0 -

2 L
A %

e | N E e e

]

e

3

g

Salton Trough
W 109 /um Paninsular Ranges Shotpoint |-\H_‘%Br—h\ 23 Chacalate Mountaing E
0 - =

E <_ 265 /

§ 10 —= 278 275 L
B = 29 \\"'

=,
£ <N N
M e - _ L
E 0 Ty s S Y 1 "

DISTANCE, IN KILOMETERS

Figure 23: Previous gravity model across the Imperial Valley region of the Salton
Trough by Fuis et al. (1984).

Hussein (2007) modeled the Salton Trough by integrating receiver function,
gravity, and magnetic data. Depth to the Moho was determined from receiver function

data and densities of upper and lower crust were inferred from velocities determined from
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the seismic profile of Fuis et al. (1984). The 2-D crustal models (Figure 24) created
indicate that the lower crust of the Salton Trough is more oceanic/gabbroic in
composition (density 2950-2800 kg/m3) and the upper crust density ranges from 2650-
2300 kg/m3. Hussein (2007) concluded that the large density variation between the upper
and lower crust suggests magmatism in the lower crust and sedimentation in the upper

crust which seems to agree with the findings of Fuis et al. (1984).

Peninsular

Ranges @é“‘@ Cé§ & Chocolate Mountains

0.00

D=2500 to 2600, M=2401, MI=1, MD=65

5=0.002 to 0.007

D=2750, 5=0.065

10.00 M=3.951, MI=-35, MD=22
D=2950, 5=0.004
E M=0.551, MI=51, MD=103
£ 20.00 D=2950, 5=0.004
—0 55 ik =103
2 M=0.551, MI=51, MD=103
30.00

D=3300, S=0

40.00
0.00 100.00 200.00 300.00 400.00

V.E.=4.51 Distance (km)
Scale=2913386

Figure 24. Gravity model from Hussein et al. (2011) along a profile crossing the central
region of the Salton Trough. A gabbroic body is interpreted below the Salton Trough. D=
density (kg/m?), S=susceptibility, M= magnetization (A/m), MI= magnetic inclination
(degree), MD= magnetic declination (degree).
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CHAPTER 5: Two-D models and interpretation

Two-D crustal models were constructed along three profile lines (red lines) across
the area as shown in Figure 25. The green dots shown in Figure 25 are locations of
refraction stations from which | obtained data on depth to the Moho. The profile lines
were selected based on data availability and points of geologic interest. One line runs
approximately north-south along the axis of the Trough, and others cut across. The lines
tie each other at different points. The models are bound on top by topography and extend

to infinity laterally.

5.1 Two-D gravity models
Profile Line 1

Line 1 (Figure 26) is a W-E transect, about 412 kilometers long, running from the
continental borderland through the San Diego Trough offshore, across the Peninsular
Range and Salton Trough eastward to the southern Basin and Range Province. Moho
depth from refraction data along this line varies from 22 km offshore, to about 42 km in
the western part of the Peninsular Range. The profile line cuts across numerous faults
which are manifested as steep gradients on the gravity and magnetic anomaly curves.
Offshore of San Diego in the San Diego Trough, the water depth is about 0.8-1.5 km, and
sediment thickness is 3 km as estimated by Shor et al. (1976). Gravity modeling predicts
(Figure 26) that the crust here is thin with Moho depth at about 20 km. Onshore, Line 1
crosses the Peninsular Range which forms the western boundary of the Salton Trough.

The Range show a moderately high gravity anomaly reading, but two different trends in
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the magnetic anomaly on the western and eastern sides of the Range. This difference in
magnetic susceptibility of the Peninsular Range batholiths is probably due to a
compositional difference between the gabbroic western and granitic eastern parts of the
Range (Todd et al., 2003). This compositional difference has been attributed to either the
batholith range being a product of two simultaneously occurring Cretaceous magmatic
arcs (e.g., Silver and Chappell, 1988), with the older mafic western section being formed
in oceanic lithosphere while the younger, more silicic eastern portion developed in
continental lithosphere (Gastil, 1993); or a single Cretaceous arc moving eastwards

across a pre-Cretaceous lithospheric boundary (Thomson and Girty, 1994).

The model predicts that the Moho depth under the Peninsular Range shallows
eastwards with an apparent westward dip of ~20°. The topographically high eastern end
of this range is underlain by thinned crust suggesting extensional tectonics and the Moho
topography does not correlate with surface topography. This is an indication of the
absence of an Airy crustal root and the need for lateral variation in crustal density for
isostatic compensation (Lewis et al., 2001). The gravity model (Figure 26) shows that the
crustal density under the batholith changes from 2.75 g/cm?® to 2.57 g/cm?®. In the Salton
Trough area, sediments fill the Trough from the surface down to depths of 4-7 km (Fuis
et al., 1984; Axen and Fletcher, 1998, Dorsey, 2006). These previous estimates of

basement depths are confirmed by our models.

Further east, Line 1 crosses a metamorphic block in the Orocopia-Chocolate

Mountains area east of the Salton Sea. This is known as the Orocopia schist which
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underlies the Chocolate Mountain thrust fault (Irwin, 1990). The model predicted Moho

depth is about 27 km here.

Profile Line 2

Line 2 (Figure 27) is 445 kilometers long running in a southwest-northeast
direction from offshore of the west of Baja California to the southern Basin and Range
Province region. Known Moho depth (from refraction data) along this line varies from 33
km in eastern part of Baja California to 25 km around the western margin of Mexicali
valley.

The line starts offshore near the Animal and San Isidro basins, west of Baja
California where the water depth is 1.8-1.5 km. Onshore, the line runs across Baja
California which shows the same kind of gravity and magnetic anomaly trend as the
Peninsular Range north of the US-Mexico border; high Bouguer gravity and magnetic
anomaly readings on the western part and lower readings on the eastern part. The gravity
models predict that the Moho depth here is ~32 km deep. On Baja California, Line 2
crosses the Angua Blanca and San Miguel Faults both of which show up as steep
gradients on the gravity anomaly curve.

Now trending northeast, the line crosses the Laguna Salada Basin. This is a
shallow, asymmetric half-graben bound on the east by the west-dipping Laguna Salada
fault and Canada David detachment (Figure 1), and on the west side by the main Gulf
Escarpment (Axen, 1995; Fletcher and Spelz, 2009). The Laguna Salada Basin is
bordered on the west by the Sierra Juarez and on the east by the Sierras Cucapéa and El

Mayor. The sediment thickness in the Laguna Salada Basin is 5-6 km (Fenby and Gatsil,
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1991) thickening eastward (Miele, 1986). Moho depth beneath the Laguna Salada Basin
is about 27 km.

Further towards the northeast, Line 2 cuts across the Cerro Prieto fault, a right-
lateral strike-slip fault running from the southern part of Mexicali valley into the Gulf of
California. In the Mexicali Valley, sediment thickness is 3-5 km (Chavez et al., 1999) and
Moho depth from refraction data is about 24 km. Northeast of the Mexicali Valley, there
is a sharp drop in gravity anomaly reading over the high elevation of the Black Mountain

east of the Imperial Valley.

Profile Line 3

Line 3 is 450 kilometers long running through the central axis of the Salton
Trough from the San Gorgonio Mountain in the north to the Gulf of California. Moho
depth obtained from seismic refraction data points along this line varies from 40 km
beneath the San Gorgonio Mountains to 18 km in the Wagner Basin in the Gulf of

California.

The San Gorgonio Mountains is a metamorphic terrane of intermediate to basic
composition intruded by Mesozoic quartz monzonite (Allen, 1957). The line crosses
through Morongo Valley which consists of alluvium underlain by quartzite, and Palm
Springs and Indio in the Coachella Valley where the Moho depth shallows southwards

from 33 to 20 km.

72



The line transects the Salton Sea where refraction data and the gravity models
indicate that the crust is approximately 21 km thick. In the Imperial Valley the Moho
depth is ~20 km and sediment thickness is 6-7 km (Fuis and Kohler, 1984). South of the
Imperial Valley and the US-Mexico border, the line crosses the Mexicali Valley, a valley
formed by a combination of rifting, rapid deltaic sedimentation, marine intrusions, and
large scale strike-slip faulting (Chavez et al., 1999). Further south, the line crosses the
Altar Basin where observed Moho depth is about 24 km and granitic basement is at a
depth of 4 km to 5 km (Chéavez et al., 1999). The line ends in the Wagner Basin in the

Gulf of California.
5.2 Model Results

Different models were created to test all three lines for oceanic, continental, and
transitional crustal parameters. The models are bound on top by topography and at depth
by the Moho and the Lithosphere-Asthenosphere boundary. Sediment thickness and
basement topography under the basins in the area are known and also act to constrain
some parts of the models. I used a 3 layer sediment model with sedimentary densities 2.4
g/m?3, 2.45 kg/m® and 2.5 kg/m® from top to bottom layer, respectively. Sedimentary
layers’ densities were kept constant horizontally within one layer in the models, but the
densities and shapes of the upper, middle, and lower crustal layers were varied for the
different crustal types. The oceanic, mantle, and asthenosphere parameters remained

constant in all models.
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Oceanic Crust Test

Models were created with oceanic crust underlying the Salton Trough to test
whether oceanic crustal densities and thickness would be in agreement with gravity data.
Sedimentary layers were modeled with densities 2.4 kg/m?, 2.45 kg/m® and 2.5 kg/m®, the
upper crustal layer was modeled with a density of 2.67 kg/m® on the west side of the
peninsular range and 2.57 kg/m® on the east side across the compositional boundary. The
middle crustal layer was modeled with a density of 2.8 kg/m® and 2.75 kg/m® and the
lower crust density is 2.85 -2.9 kg/m>. Mantle density is 3.2 kg/m?, asthenosphere density

is 3.16 kg/m® and ocean density is 2.45 kg/m®.
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On Line 1 (Figure 26), beneath the Peninsular Ranges batholiths, the upper crust density
changes from 2.67 kg/m® eastwards to 2.57 kg/m®. The middle crust density is 2.8 kg/m*
on the western part and 2.75 kg/m® on the eastern part and the lower crust density is 2.85
— 2.9 kg/m®. Beneath the topographically high Peninsular Range, the crust thins and the
Moho shallows eastward across the main gulf escarpment. The lower crustal layer under
the Salton Sea and Imperial Valley in the model is intruded and replaced by material of
higher density (3.0 kg/m®). East of the Salton Trough, the granitic basement extends to a
depth of 16 km, the middle crust extends to 20 km depth, and the lower crust to 26 km

which represents the Moho depth at this location.

On Line 2, (Figure 27), the crustal densities change laterally in the Baja California
area from 2.67 kg/m® to 2.57 kg/m® from west to east. Sediment thickness increases
eastwards and the basement layer thins out eastwards beneath the Laguna Salada Basin.
Under the Mexicali Valley the crust is modeled again to test for oceanic crust by raising

the Moho and replacing the lower crust layer with igneous material of density 3.0 kg/m®.
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On line 3 (Figure 28), which runs along the axis of the trough, the lower crust is
modeled to be replaced by basaltic material with density 3.0 kg/m® and the Moho is
raised to a shallow depth along the entire length of the profile from the Salton Sea to the

Gulf of California.

The test for oceanic crust involves thinning of the crystalline crustal layers to a thickness
of 6.8 £2 km; this requires the Moho layer beneath the Salton Trough to be raised to a
shallow depth in conflict with that specified by our refraction control data. The resulting
2-D models do not make a match for the calculated and observed gravity anomaly curves.
The oceanic crust scenario was further tested by raising the asthenosphere to a shallow

depth (Figures 29, 30 & 31). The implications and results were the same.
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Continental Crust

In the models where the crust was assumed to be of continental composition,
sedimentary layers were modeled with the same densities as in the oceanic models: 2.4
kg/m?, 2.45 kg/m?® and 2.5 kg/m? respectively. The upper crustal layer was modeled with
a density of 2.67 kg/m® on the west side of the Peninsular Range and 2.57 kg/m® on the
east side across the compositional boundary. The middle crustal layer was modeled with
a density of 2.75 kg/m® - 2.8 kg/m® and 2.85 — 2.9 kg/m* was chosen for the lower crust.
Mantle density is 3.2 kg/m®, asthenosphere density is 3.16 kg/m® and ocean density
remains 2.45kg/m®. Being a purely continental crust model, there are no intrusions

included in the models and total crustal thickness is constrained by depth to the Moho.

Under the Peninsular Range batholith, Line 1 (Figure 32), the upper crust changes
from 2.67 kg/m?® eastwards to 2.57 kg/m°. East of the Peninsular Range, all 3 crustal
layers are thinner from their western thickness. Beneath the Salton Trough, the basement
layer below the sediment package is about 2 km, the middle crust is about 3 km thick and
the lower crust is 11 km thick. The Moho depth remains constant at 22 km as in previous

models.

On line 2, (Figure 33), the crustal densities change laterally in the Baja California
area from 2.67 kg/m® to 2.57 kg/m?® from west to east, similar to the Peninsular Range in
the north. The basement layer beneath the Mexicali Valley is extremely thinned to about
5 km. The middle crustal layer is 5.5 km thick and the lower crust thickness is about 12

km.
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In Line 3 (Figure 34), the basement layer under the Salton Trough is about 4 km
thick, the middle crustal layer is about 5 km thick and the lower crust is about 11 km
thick. In the Mexicali Valley region, the basement thickens to 3 km, the middle crust is 4
km thick and the lower crust is 13 km thick. In the Wagner Basin, the basement layer,

middle and lower crust all have approximately the same thickness of 4 km in the model.
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Intruded Continental Crust

In the models where the crust was assumed to be transitional in nature, the same
density values were used to model the sedimentary layers 2.4 kg/m?, 2.45 kg/m®, and 2.5
kg/m®. The upper crustal layer was modeled with densities of 2.67 kg/m* and 2.57 kg/m?®.
The density changes laterally from west to east and reflects the change in composition
across the Peninsular batholiths Range and Baja California. The middle crustal layer was
modeled with a density of 2.8 kg/m® on the west and 2.75 kg/m* on the east side. The
lower crust was modeled with a density of 2.9 kg/m® and 2.85 kg/m?®. Basaltic intrusions
were modeled with a density of 3.0 kg/m® the mantle density is 3.2 kg/m®, asthenosphere

density is 3.16 kg/m® and ocean density remains 2.45 kg/m°.

On line 1 (Figure 35), The Peninsular Range batholith was modeled to contain
magmatic dykes of different sizes and the upper crustal layer extends to 8-12 km beneath
the Salton Trough with the middle and lower crustal layers being intruded by material of
higher density (3.0 kg/m®). East of the Salton Trough, the Orocopia Schist metamorphic
block is modeled with a density of 2.55 kg/m®and further east at the end of the profile
line, the lower crust is as deep as 26 km which represents the Moho depth at this location.

On line 2 (Figure 36), the crustal densities change laterally in the Baja California
area from 2.67 kg/m® to 2.57 kg/m?® from west to east and plutonic rocks of density 2.67
kg/m?® are modeled to intrude the upper crust under the Sierra Juarez. In the Laguna
Salada Basin, sediment thickness increases eastwards and the basement layer thins out at

the same location where the middle crust layer lies directly beneath the sedimentary

88



1INeS SEaIpUY UeS=oV'S ‘)ne
01UIdB[ UBS =[S ‘1Nt aiouls|3=43 :SUOIRIABIGQY "ISNJJ [eUOIISURI) 10J [9pOW T aul| 8]1Jod :GE ainbi

8L

W/BSH T tuedO
cW/BNL9T DAY

X SUIRIUNOW AR|OI0YD VS £IX uija10ys ueadO MRy NI
| y2nouy uoyjes saBuey Jejnsujuag
b 8vE 414 9IT 0 SEE.
8"
W
H
SW/BYG T 1 JUIWIPas JamO)
LW/BNSH T UAWIPISIPPIN
W/ T Juawipss Jaddn b
_

89



J|ne4 018lid 013D =4dD ‘JusWydrIaq pIAeq epeue)d
=aq) ‘uiseq epefes eunfe=gS :SUONRIABICYY "ISNJD [RUOIISURI) JOJ |SPOW Z 8Ul| 8]1401d :9€ 8inbi4

X S A 39 ggy 89 T3NS a8V
SUIRUNOWIRIOIOY) RGN e1woy)e) efeg 1204

B,

yﬂm‘u WL, g .‘5 {1 B

<W/BNG T 1 IUAWIPIS JAn0]
cW/DASH T UIWIPIS IPPIN
W/Byp'Z D JuawIpas saddn
LW/BNSHZ JueNO
WAL T Y

90



GGGGG

) ejlwiojijed o 4no

4dd

=N

cW/BNS T JJUaWIPIS o
cW/BNSH' T JUIWIPIS I PPIN
cW/Bp T JJuawipas saddn
cW/BNGp'Z “ueadQ
sW/BNLYT Y

UISEBIRIV A3 jennednew
8T

71X & Adjenjeiiadw)

&

"JSNJID [eUONISURJ] JOJ [9POW € aul| 3]1jo.d /€ ainbiq

09
or=W or
5§
S8°T 02
: ST

- 0

X A Vs F
essioes 3|2AR)13Y220) :

66~
99
£E-

91



layer in the Sierra Cucapa region. Under the Mexicali Valley the lower crust is modeled

to contain igneous material of density 3.0 kg/m®.

On line 3 (Figure 37), there is no west to east variation in density within the layers
as the line runs east of the coastal ranges from north to south. The base of the upper crust
is about 3 km in the northern tip of the profile, middle crust extends to 13 km and the
Moho is at 40 km. The lower and middle crust beneath the Salton Trough and the lower

crust in the Mexicali Valley are intruded.

The magmatic material that has intruded the crust beneath the Trough in my
models suggests that decompressional melting has occurred in upwelling asthenosphere
below the Trough. The magnetic anomaly in the southeastern border of the Salton Sea is
positive and spatially correlates with the five volcanic buttes on the southeastern shore of
the Salton Sea, reflecting the highly magnetic sills and dykes associated with these

volcanoes.
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CHAPTER 6: NATURE OF THE CRUST BENEATH THE SALTON TROUGH

Different models for different crustal types (oceanic, continental, and intruded
continental) were tested to determine the nature of the crust beneath the Salton Trough
region. The gravity anomalies predicted by the oceanic crust models did not fit observed
gravity anomalies, while continental crust and intruded continental crust models

produced gravity anomalies that closely matched the gravity data.

Earlier gravity modeling studies (Fuis et al. (1984) and Hussein (2007)) only
considered oceanic (gabbroic) crust, but this study shows that the gravity anomalies in the
region can be explained by a Salton Trough crust that has not developed into an oceanic
spreading center. Since the gravity data do not discriminate between the crustal types,

other geological data is considered to determine the crustal type below the Trough.

Pull-apart basins go through an evolutionary process with stages (Figure 5) that
can be correlated to those in the evolution of continental rifts as they evolve from a stage
of lithospheric extension and thinning to when they form incipient ocean basins (Figure
10). The earlier evolutionary stages of pull-apart basin formation (stages 1 and 2, Figure
5) correspond to the immature continental rifting stages (stage 1, Figure 10) where the
crust has experienced limited stretching and is still continental crust. The next stage in
pull-apart basin formation (stage 3, lazy S or Z, Figure 5) and stage 2 in Figure 10
represents an intermediate stage of crustal extension and stretching; the crust at this stage
is still continental crust, with some magmatic activity. For a pull-apart basin in stage 4

(rhomboidal, or stretched rhomboidal, Figure 5) or stage 3 (Figure 10), extension and
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stretching is severe and the crust is extremely thinned and weakened. Upwelling of hot
asthenosphere results in decompression melting and increased magmatic activity. The
crust is heavily intruded, and there is a mixture of igneous intrusions and upper crustal
material. The crust at this point is significantly different from oceanic and continental
types, and may be called transitional. Such transitional crust has been found for example
in the Afar region (Ebinger et al., 2013). Stage 5 (Figure 5) and stage 4 (Figure 10)
represent the continental rupture phase. Here, the rifts have evolved into spreading

centers and new oceanic crust is being formed with the opening of a new ocean basin.

According to Oskin et al. (2001), the Gulf of California ruptured around 2 to 6.3
Ma and the northern Gulf has opened about 255 + 10 km since then (Oskin et al., 2001).
If the Salton Trough lithosphere which is about 40 km thick represents newly formed
oceanic lithosphere and this lithospheric thickness occurs across an area about 150 km
wide (Lekic, 2011), then the amount of extension along the current northwest axis of
extension (Brothers et al., 2009) is 150 km. This distance does not correspond to the
offset amount of 255 + 10 km evaluated by Oskin et al, (2001) from correlation of late
Miocene volcaniclastic strata across the northern Gulf of California. This also suggests
that the Salton Trough crust is not actively spreading oceanic crust.

In the Salton Trough, the presence of 5 - 6 km of sediments overlying a basement
layer of intermediate compressional wavespeed (vp) (Fuis et al., 1984) and a deeper layer
with higher compressional wavespeed points to a scenario of pre-rift crust replacement by
magmatic addition and sediment metamorphism (Fuis et al., 1984; Parons and McCarthy,
1996). This interpretation is supported by volcanic eruptions in the southern part of the

Salton Sea which provides further evidence of magmatic activity. The Salton Trough
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region thus is in a mature rifting stage, which suggests that its crust is not normal, thinned
continental crust. Although Brothers et al. (2009) suggested that the Salton Trough is an
immature rift, its elongate shape lends more credence to the possibility that the Trough is
in level 4 (Figure 5) of pull-apart basin formation, or stage 3 (Figure 10), the mature rift

stage, which is characterized by extreme crustal thinning and heavy igneous intrusions.
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CHAPTER 7: CONCLUSIONS

The Salton Trough is the northward, onshore extension of the Gulf of California.
In the southern Gulf of California, there is evidence that the crust has gone from a stage
of thinning through initial rifting and finally attained complete rupture with the formation
of short oceanic spreading ridges. It is unknown how far north in the Gulf Extensional
Province seafloor spreading has progressed because of the thick sediment package
covering the basins. Earlier studies have suggested that the Salton Trough crust may be
oceanic in nature.

The crust below immature and intermediate age continental rift is thinned and
may be the locus of some magmatic activity. In the oceanic spreading stage the
continental crust has gone through the stage of thinning and attained eventual rupture and
has thus been replaced by oceanic crust. Mature continental rifts that are close to
continent rupture are characterized by continental crust which has been heavily intruded,
with focused rifting, and basins that are filled with sediments from above and igneous

intrusions from below.

In this study, gravity and magnetic modeling, constrained by additional geologic
and geophysical datasets, revealed the crustal structure of the Salton Trough and
surrounding areas. Three sets of models were tested, with continental, oceanic, and
transitional crust underlying the Salton Trough. In the continental crust models, the lower
crust underneath the basins is of continental crust density and there is an abrupt change

from the lower crust to the mantle below. In the oceanic crust models, the lower crust
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underneath the basins has been replaced by gabbroic material with higher density. In the
transitional crust models, the lower crust underneath the basins is heavily intruded with

basaltic igneous intrusions intermingling with lower continental crustal material.

The gravity anomaly curves for the oceanic crust test do not match for oceanic crust
parameters underneath the Trough. The curves for continental crust models fit better with
the curves fitting best for models of heavily intruded continental crust. Also, the presence
of igneous activity in the Salton Trough, the elongated rhomboidal shape of the Trough,
and its thick sediment package all point to a more advanced rifting stage. An active
oceanic spreading center under the Salton Trough was excluded based on spatial
considerations. The presence and combination of a thick sediment package and basaltic
intrusions reveal a situation where the crustal layers are heavily intruded by igneous

material.
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