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ABSTRACT
To unravel the forces and better understand the
processes that drive continental rifting, and to
understand the role of sedimentation in promoting the rifting process, we compare; the
different geological features of two narrow rifts,
the Salton Trough and Death Valley, California.
According to our models, the Moho is 22 km
deep to the southwest of the Salton Sea on
US-Mexico border and it deepens to 30 km in the
region west of the Salton Trough. In Death Valley,
the Moho is 24 km deep in the central part of the
basin and it deepens to 32 km outside of the
basin. The dome shaped Moho in both rifts is
suggested to be primarily the product of magmatic activity in the lower crust and upper mantle. Death Valley is narrow rift in the initial stage
of rifting with several sedimentary basins 2 - 4
km deep. In Death Valley magmatic (thermal)
forces appears to drive the rifting process. The
Salton Trough is wider than Death Valley and is
moving toward sea floor spreading. The depth
of the sedimentary basins ranges from 8 - 10 km
and a combination of thermal and sedimentation
appears to drive rifting processes in the Salton
Trough.
Keywords: Crustal Models; Data Incorporation;
Magmatic Underplating; Narrow Rifts

1. INTRODUCTION
Rifts have developed in continents at least since plate
tectonic was established early in earth’s history [1]. Active rifting is characterized by regional uplift of the crust
and local development of normal faults and basins. Continued extension leads to seafloor spreading and freezes
the transitional crust in place, so the relative significance
Copyright © 2011 SciRes.

of passive versus active rifting is preserved in deeply
buried units [2].
Comparative studies of rifts are a useful way to organize what is known, recognize what is not known, and
improve our understanding of the processes which led to
continental rifting [3]. Magmatism resulting from such
rifting can help refine our understanding of the strength
of the lithosphere, the state of the underlying mantle and
the transformation from rifting to sea floor spreading [4].
Many studies have highlighted the distinct differences
between rifts and other styles of extensional provinces
[5-10], and many experiments have been performed to
address the connection of mantle flow to continental
rifting [11,12]. The study of particular rift systems and
comparisons between rift systems has shown distinct
characteristics that imply fundamental differences in
geologic formation processes [3].
Incorporation of gravity models, receiver function
analysis, with previous seismic studies [13-15] provides
additional constraints on the composition and structure
of the crust and upper mantle. In particular, detailed
subsurface modeling of multiple data sets can provide
information on the driving forces of rifting, the structure
and magmatic history, and the characteristics that determine whether and how a rift might evolve into the next
stage as either an abandoned continental rift or an ocean
basin.
In this paper, we combine receiver function and gravity data with pre-existing seismic models to illustrate the
role of sedimentation rate and sediments flux in promoting the rifting process.

2. TECTONIC SETTINGS
The Salton Trough (Figure 1) is a modern example of
the evolution from continental to oceanic crust due to
rifting within a transtensional regime. The Salton Trough
is characterized by high heat flow; young volcanism and
the presence of several pull part basins [16]. It extends to
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Figure 1. Location map showing the Salton Trough area and
Death Valley area. Dashed line A-A' shows the location of the
Salton Trough crustal model. Dashed line B-B' shows the location of Death Valley crustal model.

the northwest from the Gulf of California for a distance
of 250 km.
The Salton Trough contains about 10 km of sediments
deposited as alluvial debris, thin marine beds, and deposits from the ancestral Colorado River [17]. The present day Salton Trough differs from analogous structures
to the south in the Gulf of California primarily because
of the large volume of sediments deposited in the Colorado River delta during the past 5 m.y. [14].
Death Valley (Figure 1) is a well-studied example of
a rift basin where strike-slip deformation is occurring
contemporaneously with crustal extension. Death Valley
is a deep topographic basin that extends for about 200
km in north-northwest direction in southeastern California. Death Valley is a pull-apart basin [18] formed at a
right stepping bend in the right-lateral Death Valley fault
system. The geophysical data indicate that the valley fill
consisting of alluvium, lacustrine, and evaporite deposits
is about 3 km thick [19], and when combined with geodetic data from the Black Mountains, indicate a vertical
separation of approximately 5 km across the Black Mountains fault zone at Badwater.

3. DATA
3.1. Receiver Functions
A receiver function is the seismic response of the
earth beneath a seismic station to an incoming P-wave.
In particular, a receiver function maps P-to-S converted
energy that occurs from impedance contrasts (i.e., layers
Copyright © 2011 SciRes.

of different velocity and density) in the earth. First-order
information about the crustal structure can be derived
from the radial receiver function, which is dominated by
P-to-S converted energy from a series of velocity discontinuities in the crust and upper mantle [20]. Thus,
receiver functions can provide very good point measurements of crustal thickness under a broadband station.
Receiver functions can be used to determine crustal
thickness and Vp/Vs ratios, and to determine the lateral
variation of the Moho depth [21].
We employ the receiver function technique using the
iterative deconvolution method of [22] and the stacking
approach described in [22]. In receiver function estimation, the foundation of the iterative deconvolution approach is least squares minimization of the difference
between the observed horizontal component seismogram
and predicted signal generated by convolution of an iterative updated spike train with the vertical component
seismogram [22]. We compute receiver functions using
the iterative time deconvolution with Gaussian width
(Ga) factors of 2.5, 1.75, and 1 which is equivalent to
applying low pass filters with cutoff frequencies of 1.2,
0.9, and 0.5 Hz, respectively.
We collected waveforms of teleseismic earthquakes
with M > 5.5 from 27 broadband seismograph stations
(shown in Figure 2) for the Salton Trough and 13
broadband seismograph stations (shown in Figure 3) for
Death Valley, that recorded from 2000 to 2009. These
data were downloaded directly from the Incorporated
Research Institutes for Seismology (IRIS) Data Management Center using the Standing Order of Data, which
allowed for automated rotation of the horizontal components to radial and transverse directions. From the
waveform data, we computed the radial and transverse
receiver functions using the iterative deconvolution method, keeping data with an 80% or greater fit. We also
manually inspected each radial receiver function to ensure quality. We then stacked the radial receiver functions using the approach of [21].
The time separation t between Ps and P can be used to
estimate crustal thickness (H), given the average crustal
velocity:
t Ps
H
1
1
 p2 
 p2
2
Vs
V p2
where p is the ray parameter of the incident wave. One
problem is the trade-off between the thickness and
crustal velocities, since tPs represents the differential
travel time of S with respect to P wave in the crust. The
dependence of (H) on Vp is not as strong as on Vs or
more precisely on the Vp/Vs ratio (K), which means the
uncertainty of (H) is < 0.5 km for a 0.1 km/s uncertainty
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Figure 2. Contour map of the Moho depth (km) in the Salton
Trough based on receiver function data. Data were collected
from 27 stations (shown as triangles). Stations codes are shown
inside small squares beside each station.

in Vp; while a 0.1 change in (K) can lead to about 4 km
change in the crustal thickness [21].

3.2. Gravity Data
We obtained gravity data from the University of
Texas at El Paso (UTEP)-Pan American Center of Earth
and Environmental Studies (PACES) (http://www.research.utep.edu/paces) that is currently hosted at the
CYBER-ShARE Center of Excellence at UTEP. The
gravity data were merged from a variety of surveys and
cover the US and the border region. The average error
for this data set ranges from 0.05 to 2 mGal (Al-Douri,
personal communication, 2010). Terrain corrections were
calculated by [23] of the US Geological Survey (USGS)
using a digital elevation model and a technique based on
the approach of [24]. A Bouguer gravity correction was
made using 2670 kg/m3 as the reduction density.
We used 40,784 Bouguer gravity points to create the
Bouguer gravity anomaly map of the Salton Trough
(Figure 4), and used 7930 Bouguer gravity points to
create the Bouguer gravity anomaly map of Death Valley (Figure 5).

4. CRUSTAL MODELS
We use receiver function and gravity data to create
2.5D crustal scale models for the Salton Trough and
Death Valley. According to the receiver functions analyCopyright © 2011 SciRes.
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Figure 3. Contour map of the Moho depth (km) in Death Valley based on receiver function data. Data were collected from
13 stations (shown as triangles). Stations codes are shown inside small squares beside each station.

sis [25], the Moho depth varies significantly between the
western edge of Peninsular Ranges at 38 km and the
western edge of the Salton Trough at 22 km. The presence of a steeply dipping Moho beneath the eastern
Peninsular Ranges strongly suggests the isostatic compensation is through lateral variation in crustal or upper
mantle density rather than through an Airy root [26].
Bouguer gravity anomalies of the Salton Trough indicate that the most important gravity anomalies trend in
the NW and NE directions. Large amplitude gravity
anomalies are observed over exposed crystalline rocks
and over Mesozoic and Tertiary sedimentary rocks.
Crustal model of the Salton Trough (Figure 6) is
~470 km long and cross the central regions of the Salton
Trough. The depth to the Moho, according to the receiver function, varies from 38 km under Peninsular
Ranges to 25 km south of the Salton Sea, deepens to 32
km at the end point of the model (Moho depth of 22 km
is located to the south of our model). Density for the
upper crust varies from 2500 kg/m3 to 2600 kg /m3 and
in the middle crust density is 2750 kg/m3 increase to
2950 kg/m3 for the lower crust. Lower crust density reflects gabbroic composition of the lower crust or oceanic
crust which indicates a late stage of rifting.
We modeled a magmatic underplating (mixture of
upper mantle and lower crust material) at a depth of ~20
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930

M. Hussein et al. / Natural Science 3 (2011) 927-935

Figure 4. Bouguer gravity anomaly map of the Salton Trough. Dashed line A-A' shows the location of
the crustal model of Figure 6. SD; San Diego, T; Tijuana, SF; San Felipe.

Figure 5. Bouguer gravity anomaly map of Death Valley. Dashed line B-B'
shows the location of the crustal model of Figure 7. FCFZ; Furnace Creek fault
zone, SDVFZ; Southern Death Valley Fault zone, GFZ; Garlock Fault Zone.
Copyright © 2011 SciRes.
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Figure 6. Interpretative model for profile A-A'. This model is about ~470 km long, cross the central
part of the Salton Trough.

km south of Salton Sea, reference [25] showed the same
magmatic body in lower Gila River at a depth of 27 km,
which may suggests the magmatic body extend with
greater depth to the southeast of the Salton Trough.
Magmatic underplating has been suggested to be the
cause of the uplift, melting, and recrystallization of the
lower crustal rocks and to produce extension and basin
sedimentation in the upper crust [14]. We infer magmatic underplating is an evidence for slip and activity
transfer from one location to another which is consistent
with [14,27,28]. The Salton Trough model shows variation in the thickness of the sediments and sedimentary
basins, thickness of sediments and sedimentary basins
ranges from 6 - 10 km.
In Death Valley the Moho appears to have a dome
shape, with the Moho depth in central Death Valley estimated to be 24 km and deepening to approximately 31
km outside the valley [29]. The Moho is shallow and
may form a flat-topped dome centered beneath the southern and central Death Valley basins. The flat topped dome
peaks beneath the area of active upper crustal extension
and is suggested, here, to be primarily the product of
magmatic activity in the lower crust and upper mantle.
Bouguer gravity anomalies of Death Valley show decrease of Bouguer gravity values in the Black Mountains
to the west and north of the Black Mountains. Low gravity anomalies are likely caused by metasedimentary and
Copyright © 2011 SciRes.

granitic rocks or by thicker crust or both.
Figure 7 shows the Death Valley crustal model that
runs through the central Death Valley Basin. Moho depths
are consistent with the receiver function data which
suggest the Moho is shallow and, possibly, domed or flat
topped in shape in central Death Valley basin (~24 km);
the flat topped shape beneath the area of active upper
crust extension is suggested to be primarily the product
of magmatic activity in the lower crust and upper mantle
[30]. Thickness of sediment and sedimentary basins
ranges from 3 - 5 km.

5. RIFTING STYLE AND RIFTING
FORCES
An important structural classification of rifts is by width
[31], with narrow rifts thought to form as necking instabilities [32] where extension rates outpace thermal diffusion and wide rifts are thought to require a mechanism,
such as lower-crustal flow in high heat-flow settings, to
inhibit localization of deformation [33]. The initial width
of an individual rift is a direct function of thickness of
the brittle upper crust [34]. Narrow rifts have a characteristic width of 30 - 40 km; the width of wide rifts can
reach a 1000 km. Narrow rift width is less than 200 km
while wide rift width is greater than 200 km [4].
Observations of the magmatism that results from riftOPEN ACCESS
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Figure 7. Interpretative model for profile B-B'. The model is ~240 km long, and passes through the
Death Valley and Black Mountains anomalies.

ing range from volcanic margins with two to three times
the magmatism predicted from melting models to nonvolcanic margins with almost no rift or post-rift magma
tism. Such variations in magmatic activity are commonly
attributed to variations in mantle temperature. Over short
lateral distances, large differences in rifting style and
magmatism from wide rifting with minor synchronous
magmatism to narrow rifting in magmatically robust
segments [4].
The thermal regime drives rifting in Salton Trough
and Death Valley. We modeled a magmatic body to the
southwest of Salton Sea at a depth of 20 km that extends
for about 70 km in SW-NE direction (Figure 6). The
Death Valley model includes a magmatic body that underlies the central basin of Death Valley at depth of 24 - 25
km and extends for at least 160 km in NW-SE direction.
The rapid flux of sediments to rift basins exerts a
strong influence on deformation style, crustal rheology,
syn-rift magmatism, and rift architecture [4,35,36]. We
expect sedimentation rate and flux contribute to the rifting process and considered to be a rifting driving force
in the Salton Trough but not Death Valley, according to
our models sedimentary basins are 6 - 10 km thick in
Salton Trough and 3 - 5 km in Death Valley. Summary
of the similar and different geological features between
the Salton Trough and Death Valley pull apart basins in
Copyright © 2011 SciRes.

Table 1.

6. DISCUSSION
We created crustal scale models for the Salton Trough
and Death Valley by incorporating receiver function and
gravity data.
Receiver function analysis revealed a dome shaped
Moho in Death Valley that peaks beneath the area of
active upper crust extension and is suggested to be primarily the product of magmatic activity in the lower
crust and upper mantle. In the Salton Trough there is
significant variation in Moho depth between the Peninsular Ranges and west margin of Salton Trough. The
steeply dipping Moho is a regional feature beneath the
eastern Peninsular Ranges, and that the compensation is
through lateral variation in crustal or upper mantle density rather than through an Airy root [26].
According the crustal models major faults (Elsinore,
San Jacinto, San Andreas, Imperial faults) in the Salton
Trough (Figure 6) extend for more than 12 km. While
major faults (Furnace Creek, Garlock, Death Valley
faults) in Death Valley (Figure 7) extends to about 12
km. Our models suggest that the extension is intense in
the weakest, thinnest area of the lithosphere which is consistent with [37]. We modeled magmatic underplating as
OPEN ACCESS
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Table 1. Summary of comparison between the Salton Trough and Death Valley.
Geologic Feature

Salton Trough

Death Valley

Length

~250 km

~200 km

Width

Narrow rift, but wider than Death Valley the width of Salton
Trough is 20 km in the north increase to 60 km to the south,
especially Southern Salton Sea area.

Narrow (8 to 25 km) depression.

-Rifting Stage

Well developed
Moving toward sea floor spreading

In its initial stage of rifting mostly will
not develop to further stage no evidence for extensional activity.

-Densities

High crustal density (Gabbroic)

Less than the Slaton Trough.

-Depth to the Moho

22 km to the southwest of the Salton Sea on the US-Mexico
border, and deepens to 32 km to the west and east

24 km central Death Valley and deepens
to 32 km (dome in shape).

-Sediments and metasedimenatry

The Salton Trough contains about 10 km of sediment deposited
from the ancestral Colorado River The present day Salton
Trough differs from analogous structures to the south in the
Gulf of California primarily because of large amounts of
sediment deposited through the growth of the Colorado River
delta. This sedimentation may play a strong role in reducing
the apparent structural relief in the Salton Trough.

The sedimentary basins in Death Valley
as isolated, discontinuous depressions,
deeper than 1 km and often more than 3
km; these basins have steep margins
often around their entire perimeter, and
typically horizontal dimensions of 5 - 15
km [33].

-Major Faults

Extends for more than 12 km

Extends for about 12 km

-Rifting Driving Force

Combination of thermal and sedimentation

Thermal

a magmatic body which is inferred to be a mixture of
lower crust and upper mantle material, to fit this body to
our models we presumed the density of this body to be
3100 kg/m3, this deeper magma extends for at least 160
km in NW-SE direction in Death Valley [29] and extends for 70 km in SW-NE direction in Salton Trough.
The sedimentary basins in Death Valley have been
described [38] as isolated, discontinuous depressions,
deeper than 1 km and often more than 3 km; these basins
have steep margins often around their entire perimeter,
and typically horizontal dimensions of 5 - 15 km. The
Salton Trough contains about 10 km of sediments deposited as alluvial debris, thin marine beds, and deposits
from the ancestral Colorado River [17]. Sedimentation
rate and sedimentary and metasedimantary rocks thickness, and the difference in density between the lower and
upper most crust may reflect the role of sedimentation as
a rifting force in the Salton Trough. The Colorado River
has delivered a large volume of sediments to the Salton
Trough over the past 5 - 6 m.y., supplying felsic material
that is quickly buried and metamorphosed to form a new
generation of crust transferred from the craton interior
[39]. The seafloor expression is masked by sediment
thickness [4]; thick sediments gives the impression of
wider rift, for example Salton trough is 20 km wide in its
northern part and 60 km wide in its southern area [40],
and cover with thick sediments from sedimentation flux
from Colorado river. Four main processes affect continental extension: 1) thinning of the crust and lithosphere
2) diffusion of heat 3) flow of lower crust, and 4) sediCopyright © 2011 SciRes.

mentation [36,37]. Sediments are one of the main recorders of tectonic events, and also affect the way compression or extension proceeds. The weight of sediments
reduce the difference in crustal buoyancy forces caused
by local crustal thinning allowing the rift to extend more
easily in a narrow rift mode [36]. Large inputs of sediments may have a thermal blanketing effect [4] where
the continental crust is heated by being depressed to a
higher temperature regime thereby weakening it. Presumably, the thermal blanket would promote narrow
rifting in the areas of thickest sediments. Our models
suggest that the extension is intense in the weakest,
thinnest area of the lithosphere which is consistent with
[37].

7. CONCLUSIONS
Crustal scale models, and comparative studies help
better understand the process that drives continental rifting. According to receiver function analysis the Moho is
concave upwards in both areas. Although the two rifts
are classified as narrow rifts based on their width, there
are significant differences, especially in the rifting driving force. Crustal models show a magmatic body underlies the central Death Valley basin, and a magmatic body
to the southwest of Salton Sea. Both magmatic bodies
play a significant role in heating, stretching, and extending the crust. Sedimentary flux, and sedimentation rate
and large density variation between upper and lower
crust provide an evidence for sedimentation force in the
OPEN ACCESS
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Salton Trough as a rifting driving force which is absent
in Death Valley. The Salton Trough is wider than Death
Valley and in its seafloor stage. We anticipate both rifts
are active, activity concentrated in the central basin of
Death Valley, and to the south and southwest of Salton
Sea in the Salton Trough, where the Moho is shallow
and geothermal activity is expected.
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