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Abstract Plate-boundary rifting between transform faults is opening the Imperial Valley of southern
California and the rift is rapidly filling with sediment from the Colorado River. Three 65–90 km long seismic
refraction profiles across and along the valley, acquired as part of the 2011 Salton Seismic Imaging Project,
were analyzed to constrain upper crustal structure and the transition from sediment to underlying
crystalline rock. Both first arrival travel-time tomography and frequency-domain full-waveform inversion
were applied to provide P-wave velocity models down to �7 km depth. The valley margins are
fault-bounded, beyond which thinner sediment has been deposited on preexisting crystalline rocks.
Within the central basin, seismic velocity increases continuously from �1.8 km/s sediment at the surface to
>6 km/s crystalline rock with no sharp discontinuity. Borehole data show young sediment is progressively
metamorphosed into crystalline rock. The seismic velocity gradient with depth decreases approximately at
the 4 km/s contour, which coincides with changes in the porosity and density gradient in borehole core
samples. This change occurs at �3 km depth in most of the valley, but at only �1.5 km depth in the Salton
Sea geothermal field. We interpret progressive metamorphism caused by high heat flow to be creating new
crystalline crust throughout the valley at a rate comparable to the �2 km/Myr sedimentation rate. The
newly formed crystalline crust extends to at least 7–8 km depth, and it is shallower and faster where heat
flow is higher. Most of the active seismicity occurs within this new crust.

1. Introduction

Continental rifting results in high heat flow and an elevated geotherm as hot mantle rises beneath the rift.
The later stages of rifting produce a topographic low into which rivers can flow, depositing sediment. A
combination of high temperature and rapid sedimentation may metamorphose the deep basin sediment.
Metamorphism of very young sediment has been observed in the Salton Trough of southern California [Muf-
fler and White, 1969; McDowell and Elders, 1980; Fuis et al., 1984; Cho et al., 1988; Shearer et al., 1988]. Due to
the geographic extent of high heat flow [Lachenbruch et al., 1985] and the large river delta, metamorphism
may occur at a regional scale and create a significant volume of new felsic crystalline crust. The rate of crust-
al growth by sedimentation and metamorphism is comparable to those by magmatic accretion at
subduction-related island arcs and slow seafloor spreading centers [Dorsey, 2010]. This new crust may host
shallow seismicity in the active rift [Hauksson et al., 2012], and it may eventually form a large component of
the future passive continental margin.

The Salton Trough is an active sediment-filled rift basin, at the northern end of the Gulf of California exten-
sional province (Figure 1) [e.g., Elders et al., 1972; Lonsdale, 1989; Stock and Hodges, 1989; Larsen and Reilin-
ger, 1991]. It is being formed by extension between the plate-bounding right-lateral San Andreas (SAF),
Imperial (IF), and Cerro Prieto (CPF) transform faults (Figure 1). The northern Imperial Valley and southern
Salton Sea (Figure 1) is the active part of the Salton Trough between the SAF and IF, and is characterized by
high heat flow, volcanic and geothermal activity (Figure 2), and seismicity. It is almost entirely below sea
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Figure 1. Salton Seismic Imaging Project (SSIP) study area and seismic lines used in this paper. (a) Rifts and transform faults of the plate boundary in California, Mexico, and the Gulf of
California. Arrows show relative motion between Pacific plate and North America plate. Blue box is the survey area in Figure 1b. (b) Map of SSIP seismic lines. Thick black lines are
onshore 2-D profiles, yellow-shaded areas are 3-D grids, and thick green lines in the Salton Sea are OBS arrays. Active faults are red. CPF, Cerro Prieto Fault. (c) Portions of SSIP Lines 1, 2,
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level; the elevation of the Salton Sea is 270 m. The Colorado River (Figure 1) has flowed into this active rift
basin throughout the basin’s history, carrying a high sediment load.

Heat flow in most of the Salton Trough is between 100 and 200 mW/m2 (Figure 2) [Lachenbruch et al.,
1985], much larger than the mean global heat flow of 80 mW/m2. In the Salton Sea Geothermal Field
(Figure 2) in the northern Imperial Valley, heat flow exceeds 600 mW/m2 in an arcuate zone �4 km wide
and �12 km long [e.g., Helgeson, 1968; Newmark et al., 1988], roughly parallel to the five small Late Quater-
nary volcanic domes, the Salton Buttes, at the southern shore of the Salton Sea [e.g., Robinson et al., 1976;
Schmitt and Vazquez, 2006]. Significant seismicity occurs at 3–11 km depth in the oblique Brawley Seismic
Zone (BSZ) (Figure 1) [Hauksson et al., 2012] which connects the SAF and IF.

In the Salton Trough, most of the sediment and sedimentary rock was originally transported by the Colora-
do River from the Colorado Plateau [Muffler and Doe, 1968; Herzig et al., 1988; Dorsey, 2010; Dorsey and Laz-
ear, 2013]. The lithology from boreholes is dominantly lacustrine shale and siltstone, with minor amounts of
sandstone and anhydrite, and mineralogy is consistent throughout the basin. Coarser alluvium derived
from adjacent ranges is interbedded at the edges of the valley. Mineralogy changes systematically with
depth, interpreted to be related to increasing temperature and progressive metamorphism of the sediment,
not to changes in the source of the sediment [Muffler and White, 1969; McDowell and Elders, 1980; Cho et al.,
1988; Shearer et al., 1988]. Greenschist facies metamorphism of the sediment is observed in wells through-
out the valley starting at 0.6–2 km depth, and amphibolite grade is observed at �3 km depth within the
Salton Sea geothermal field [Muffler and White, 1969; Cho et al., 1988]. Larsen and Reilinger [1991] suggested
a recent regional subsidence rate of 3 km/Myr from leveling data in the northern Imperial Valley. Schmitt
and Hulen [2008] argued that the sedimentation rate accelerates toward the center of the Salton Trough,
increasing from 2.2 to 3.8 km/Myr.

Numerous regional three-dimensional seismic velocity models have been built to study earthquake hazards
in Southern California [e.g., Magistrale et al., 1992; Magistrale et al., 2000; Lin et al., 2007; Hauksson et al.,
2012], but earthquake network data do not well constrain shallow structure in the valleys. Structure of the
Imperial Valley in the upper crust was best studied by Fuis et al. [1984], who interpreted data from five seis-
mic refraction profiles. One unreversed shot or two reversed shots were recorded on each profile on sta-
tions every 0.5–1 km. Low seismic velocity (2–5 km/s) was observed in the upper �4 km throughout the
valley, underlain by crystalline rock that has slower seismic velocity than the valley margins. They inter-
preted the shallowest crystalline rock as metamorphosed sediment, based on low seismic velocity and the
lack of a seismic reflection or velocity discontinuity associated with sediment deposited on crystalline rock.
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Figure 2. Heat flow in the Imperial Valley, compiled from Newmark et al. [1988], Sass et al. [1988], and the original data that were presented
as gridded averages by Lachenbruch et al. [1985]. Small circles are well locations. Heat flow greater than 500 mW/m2 was set as 500 mW/
m2. Data from wells were gridded in Matlab at 0.01 by 0.01 degree. Seismic lines and labels are the same as those in Figure 1. BGF, Brawley
geothermal field; SSGF, Salton Sea geothermal field.

Geochemistry, Geophysics, Geosystems 10.1002/2016GC006610

HAN ET AL. SEISMIC IMAGING OF META-SEDIMENT 4568



The Salton Seismic Imaging Project (SSIP) acquired new controlled-source seismic data in the Salton Trough
in 2011 [Rose et al., 2013]. Persaud et al. [2016] use some of these data to investigate basin structure and
faulting in the Imperial Valley. This paper uses seismic imaging from a portion of the SSIP data set to study
the transition from sediment to crystalline rock in the Imperial Valley, testing and improving models pro-
duced by the sparser data of Fuis et al. [1984]. The model of sedimentary metamorphism is tested by search-
ing for a sediment-basement depositional discontinuity that might have remained undetected by the
sparser seismic data and by correlating the higher-resolution seismic results with borehole and heat-flow
observations. The new seismic velocity models confirm metamorphism and provide additional constraints
on its depth and lateral extent.

2. Seismic Data

2.1. Data Acquisition
Seven refraction/wide-angle reflection profiles and two 3-D seismometer grids were acquired along and
across the Salton Trough by SSIP in 2011 (Figure 1b) [Rose et al., 2013]. Both in-line and offline shots were
recorded to provide three-dimensional data coverage. The recording systems were mostly single-
component ‘‘Texan’’ (Ref Tek 125a) seismographs with geophones with a corner frequency of 4.5 Hz. Three-
component 4.5 Hz geophones and RT130 (Ref Tek 130) seismographs were deployed every �1 km along
Line 2. In total, 2781 land seismometers, with spacing as dense as 100 m, were deployed at over 4200 sites.
A total of 126 buried explosive shots of 3–1400 kg were detonated. Thirty-eight ocean-bottom seismo-
graphs and 2330 small airgun shots were used in the Salton Sea.

In the Imperial Valley, three seismic lines were recorded, two of which went through the volcanic and geo-
thermal field. In order to study the transition from sediment to basement in this basin, only the valley and
near-valley portions of those three seismic profiles are used in this study (Figure 1c). Line 1 is parallel to the
transform faults and relative plate motion direction (Figure 1). Twenty shot gathers were analyzed along the
�65 km long portion of Line 1 in the Valley. Most shots were 115 kg, but a few were up to 1367 kg. The
shots were recorded by 574 seismographs in the valley at a spacing of �100 m. There were 18 shots and
776 seismographs along the �90 km long valley portion of Line 2, oriented approximately perpendicular to
the Imperial Fault (Figure 1). The receiver interval was �100 m in the west and middle of this line segment,
but �200 m in the eastern third. The shot size was 115 kg, except the shot at the Imperial Fault was 911 kg
and the shot to the east of the valley was 592 kg. The �67 km long portion of Line 3 consisted of 16 shots
and 429 seismographs. This line crossed the valley perpendicular to the transform faults and along the
Salton Sea geothermal field (Figure 2). On each side of the valley, two shots of >400 kg were fired, while in
the valley, the shot size was either 115 or 229 kg. The receiver interval was �500 m in the western third of
Line 3, �100 m in the valley, and �300 m to the east of the valley. Although larger shots were fired to the
west of the valley, the signal recorded from these shots by the receivers inside the valley was poor. This was
also observed during the seismic survey of Fuis et al. [1984] and is probably caused by basin margin struc-
ture to the west.

2.2. Data Description
Figure 3a illustrates the seismic phases that were observed throughout most of the valley. The inverse of
the slope of the seismic arrivals indicates the apparent seismic velocity, which gradually increases from slow
<2 km/s sediment near the surface (phase A) to turning (continuously refracted) waves with velocities
>5 km/s representative of crystalline rock (phase B). The boundary between A and B is gradational and
does not exhibit a sharp change in apparent velocity. No seismic reflection from the base of sediment is
observed in data filtered at any frequency. The smooth increase in velocity, low crystalline-rock velocity,
and lack of basement reflector are consistent with the observations of Fuis et al. [1984] that were inter-
preted as metamorphism of sediment, but the SSIP observations are much more densely constrained.
Strong, multiple basin reverberations (phases C) are observed, indicative of a strong increase in velocity
with depth, similar to the previous studies [McMechan and Mooney, 1980; Fuis et al., 1984]. Deeper crustal
phases, such as the Moho reflection PmP and Moho refraction Pn, are observed in the valley at distances
greater than 40 and 80 km, respectively [Han et al., 2016], but are not shown in this paper.

Arrivals very similar to those of Figure 3 are observed on all shots and stations within the central Imperial
Valley (Figures 3–5), indicating only weak lateral variation in geologic structure throughout most of the
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valley. An important exception is
within the Salton Sea geothermal
field at the southern shore of the
Salton Sea, where phase B arrives
�0.5 s earlier than the rest of the
central valley (Figures 3 and 5). Earlier
arrival times for phase B indicate
shallower crystalline rock beneath
the Salton Sea geothermal field, but
the transition from phase A to B is
gradational, similar to the rest of the
valley.

The data along Lines 2 and 3 have
larger variation where they extend
beyond the edges of the Imperial Val-
ley (Figures 4 and 5). To the west of
shot 21130 (Figure 4), the crystalline-
rock phase E arrives much earlier
than phase B, the velocity increase
from A to E is much sharper, the
apparent velocity of E is faster, and
the basin reverberation is much
weaker or absent. This shot and other
shots to the west on line 2 indicate a
much shallower basin, a sharper
sediment-rock boundary, and a faster
crystalline-rock velocity. The two
western-most shots on line 3 that are
included in the analysis (Figure 1c)
and the two eastern-most shots on
both Lines 2 and 3 display similar fea-
tures. These observations map the
edges of the main basin [Persaud
et al., 2016].

The crustal reflection phase observed
in the data, phase G in Figure 4, is only
observed on Line 2 at offset >20–
22 km and only for shot-receiver mid-
points west of the Imperial Fault. A
similar phase was observed nearby by
Fuis et al. [1984]. Phases A and B exhib-

it only very small changes across the Imperial Fault (e.g., Figure 4), indicating that basin and shallowest crystalline
rock structure are similar. These minor differences and the existence of reflector G west of the fault represent
two different rift segments. Based on travel time and offset, reflector G is at 12–13 km depth. Two-dimensional
modeling of this reflector is beyond the scope of this paper, which focuses primarily on the Imperial Valley rift
segment.

3. Travel-Time Tomography

3.1. Method
First arrivals were picked manually on all the shot gathers (e.g., Figure 6a). The estimated accuracy of those
picks is less than a half period of the dominant signals, which is 40–50 ms within the offset range used in
this study. This represents an upper limit and many picks have <25 ms accuracy.
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These first arrivals were inverted using the travel time tomography algorithm of Hole [1992]. Travel times
and rays are computed using finite differences within a 3-D seismic velocity model [Hole and Zelt, 1995].
Rays are traced in 3-D to include the crooked line geometry, but the velocity is smoothed perpendicular to
the line to create a 2-D model. The inversion uses smoothed back-projection. Weighting is used to eliminate
the effects of uneven seismograph spacing. A moving average filter is applied to smooth the velocity per-
turbation before it is added to the previous velocity model. Rays and times are computed in the new model,
and the inversion iterates to find the final model. The smoothing size is reduced gradually so that the initial
iterations model large-scale structure, which is then used as the starting model for later iterations. This
strongly reduces the effects of smooth starting models and pushes misfits toward smooth structure. The
ratio between the horizontal and vertical smoothing is kept constant. Iterations are stopped before ray
streaking artifacts are produced by model errors. The model resolution, i.e., the final smoothing size, is pri-
marily limited by the shot spacing.

The starting velocity model for 2-D tomography was built using the same tomography process, but the hori-
zontal smoothing was set large enough to keep the model 1-D, and the vertical smoothing was gradually
decreased to 1 km. This simple 1-D model produces travel times that approximate the average observed
times from all of the shots (e.g., Figure 6). For Lines 2 and 3, the 1-D starting model was derived using data
only from the central basin, which is the focus of this paper. Strong velocity contrasts at shallow depth on
the valley margins are not well represented by the smooth starting model and are less well constrained by

sparser shots, so the tomography results
are smoothed representations of actual
structure outside the basins. A range of
1-D starting models with faster and slower
velocity and with larger and smaller veloci-
ty gradients were tested. Within a reason-
able range, smooth starting velocity
models all produced similar final velocity
structure, with larger variation outside the
basin.

The grid size used in this study is 100 m. A
range of smoothing ratios were tested,
and 5:1 allowed the best spatial resolution
in a smooth model. The final tomography
horizontal smoothing of Lines 1 and 3 was
2.5 km, which is roughly the average shot
interval, and the vertical smoothing is
0.5 km. Line 2 was smoothed to 3.6 by
0.7 km due to the sparser average shot
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spacing. A smaller smoothing size results in more structural detail and a smaller data misfit, but produces
artifacts parallel to the dominant ray directions that are caused by noise or picking uncertainty.

The ray coverage is very dense and crosses at multiple angles in the center of the models (Figures 7–9), pro-
viding strong constraints. At the bottom and edges of the models, ray coverage is sparser and mostly paral-
lel to the boundaries, allowing for smearing of structure along these directions. The root-mean-square
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(RMS) data misfit for lines 1, 2, and 3, respectively is 36, 45, and 39 ms, within the picking accuracy
(Figure 10).

3.2. Velocity Models
For Line 1, which is oriented northwest-southeast parallel to the relative plate motion direction, the velocity
structure is almost 1-D (Figure 7). Velocity gradually increases from �1.8 km/s at the surface to �6 km/s at
�7 km depth approaching the maximum depth of good ray coverage. Velocity <3 km/s near the surface is
typical for unconsolidated water-saturated clastic sediment [Eberhart-Phillips et al., 1989]. The 4 km/s con-
tour, typical of a well-lithified low-porosity shale or sandstone [Han et al., 1986; Eberhart-Phillips et al., 1989;
Johnston and Christensen, 1995; Vernik and Liu, 1997], is nearly flat at �3 km depth along the Imperial Valley.
The velocity gradient with depth below 3–4 km depth is much smaller than that near the surface (Figures 7
and 15). There is no evidence of a steepening in the gradient that might indicate a smoothed discontinuity.
Velocity >5 km/s, a rough proxy for crystalline metamorphic or igneous rock with very low porosity [e.g.,
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Eberhart-Phillips et al., 1989; Christensen
and Mooney, 1995], is at �4.5 km depth
in the northern Imperial Valley, and grad-
ually deepens from the southern end of
the Brawley seismic zone to �5.5 km
depth at the south end of the line. Fractur-
ing in the seismic zone might be expected
to reduce velocity, yet slightly higher
crystalline-rock velocity is observed at a
given depth in the seismic zone. High
velocity is deeper toward the south, corre-
sponding to both proximity to the mouth
of the Colorado River and to slightly lower
heat flow. Velocities of <4.5 km/s are
slightly shallower near the Brawley geo-
thermal field at model km �21 on Line 1
(Figure 7). The SSGF, where higher velocity
occurs at much shallower depth, is the
only exception to nearly 1-D structure. This
structure near the northwest edge of the
model is not well constrained on Line 1,
but is well resolved by Line 3. Deeper con-
tours are uplifted a little to the south.

The west-east Line 2 crosses the center
of the Imperial Valley and the northern
end of the Imperial Fault, approximately
perpendicular to Line 1. The deep sedi-
mentary basin is �60 km wide along this
profile, with the deepest part near the
Imperial Fault (Figure 8). Similar to Line 1,
seismic velocity continuously increases in
the deep basin, with a similar change in

velocity gradient. There is a subtle deflection of the contour lines across the Imperial Fault, which may be
smaller than can be resolved. Resolution of the margins of the deep basin are affected by the shot spacing
and the tomography smoothing, such that lateral resolution is 3–4 km. Velocity contours rise slowly toward
the eastern side of the basin, then rise sharply, consistent with a steep fault at model km �80. This basin
margin is east of the southeastern extrapolation of the San Andreas Fault but consistent with the inactive
Sand Hills Fault, which is the along-strike extension of the Algodones Fault. In the western valley, the con-
tours are consistent with the Superstition Hills Fault at model km �30, and the basin margin at km �17
may represent an unidentified fault. A seismicity lineament connecting to the Superstition Mountain Fault is
observed at km �22 [Hauksson et al., 2012]. These structures define a complex western margin of the rift
segment west of the transform Imperial Fault, and a complex step-over zone from the active Cerro Prieto
and Imperial Faults to the San Jacinto Fault [Magistrale, 2002; Persaud et al., 2016].

Line 3 extends southwest-northeast along the southern shore of the Salton Sea and along the axis of the
geothermal field. The basin is about 45 km wide along this profile, with the deepest part near the western
margin (Figure 9). Compared to Line 2, the basin is much narrower at this location, which limits the maxi-
mum recording offset and the imaging depth of the basin. Within the basin, the velocity model is only well
constrained to �5 km depth and <5.6 km/s. The basin boundaries are consistent with steep faults, with the
western margin at or west of the Superstition Hills Fault, and the eastern margin consistent with the Sand
Hills Fault. Phase H in Figure 5 is caused by energy diffracted off the edge of the shallow crystalline rock at
the Sand Hills Fault. Similar to the other lines, velocity within the main basin increases continuously with
depth, with a change in gradient. However, the velocity gradients are much larger within the Salton Sea
geothermal field, and higher velocity occurs at much shallower depth (Figure 9). Shallow high velocity is
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also observed within the Salton Sea geothermal field along Line 1 (Figure 7), but it is better constrained
along this profile.

Travel-time tomography with smoothing successfully matches the data (Figure 10), but produces a model
that is as smooth as possible. A sharp velocity discontinuity will be imaged as a zone with elevated velocity
gradient. There is no evidence within the velocity models for a downward increase in the velocity gradient
at any depth (Figures 7–9). In addition, no strong reflectors are observed in the data (Figures 3–5). These
observations suggest that no velocity discontinuity, such as a depositional surface between sediment and
bedrock, exists. However, smooth tomography is not the ideal tool to detect discontinuities, so synthetic
seismograms and full-waveform inversion were used to further test for the presence or absence of a
discontinuity.

4. Synthetic Seismograms

Full-waveform synthetic seismograms were computed for a representative shot in the central Imperial Val-
ley. The algorithm of Pratt [1999] computes synthetic seismograms in a gridded 2-D velocity model using a
finite-difference approximation of the acoustic wave equation in the frequency domain. Synthetic data
were computed at 0.1–10 Hz for shot 10931 in the northern half of the travel-time tomography model of
Figure 7. The synthetic data successfully reproduce the first arrivals and the strong basin reverberations (Fig-
ure 3b). The reverberations were not considered in the tomography, so their production in the synthetic
data provides additional confidence in the velocity model, in particular the strong velocity gradient in the
basin.

For comparison purposes, synthetic seismograms were computed for a similar velocity model, but contain-
ing a velocity discontinuity to simulate a depositional unconformity above basement (Figure 11a). This
model was created by adding a velocity discontinuity from 4 to 5 km/s to the travel-time tomography mod-
el of Figure 7. The boundary is evident in the synthetic seismic data as a secondary reflection arrival, first
arrival amplitude weakening at critical distance, and a slightly sharper change in the slope of first arrival
(distance 10 km) and basin reverberation (distance 15 km at �4 s) (Figure 3c), none of which are detected
in the real data (Figure 3a). The lack of such evidence in the real data indicates that a strong discontinuity is
not present under the Imperial Valley.

5. Full-Waveform Inversion

To improve the vertical resolution of the velocity model and to further test for the existence of discontinu-
ities, full-waveform inversion was applied to the northern half of Line 1, where the shots are closest
together.

5.1. Inversion Method
The full-waveform tomography algorithm of Pratt [1999] inverts phase and amplitude of seismic data in the
frequency domain. An excellent starting model, accurate to within a half-period of the frequencies being
inverted, is required for convergence. Brenders and Pratt [2007a, 2007b] demonstrate that a starting velocity
model derived from first-arrival travel-time tomography works well for long-offset refraction and reflection
data. An approach that progressively inverts from low to high-frequency stabilizes the inversion by produc-
ing more detailed starting models for inversions at higher frequency.

Land crustal seismic refraction and wide-angle reflection data are usually acquired along crooked roads,
which makes 2-D full waveform inversion difficult. Due to the crooked SSIP line (Figure 1), an approximate
2-D geometry was used following Smithyman and Clowes [2012]. Similar to the travel-time tomography, the
velocity and attenuation models are assumed to be homogeneous in the direction perpendicular to the
average seismic line. Shots and receivers are projected to the straight line, and the seismic waveforms are
corrected using a time shift determined by 3-D ray tracing, which accounts for the cross-line offsets pro-
duced by the crooked-line acquisition.

Densely spaced shots and receivers are required for full-waveform inversion to converge. At least one of the
two domains must not be spatially aliased. The minimum velocity in the Imperial Valley is �1.6 km/s, and
the receiver interval is �100 m, so �8 Hz is the highest frequency that is not spatial aliased. The lowest
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frequency observed in the SSIP data is 2 Hz, so the data were inverted from 2 to 7 Hz. Brenders and Pratt
[2007b] showed that full-waveform inversion can work if the shots are spatially aliased, but only up to a lim-
it. The northern 30 km of Line 1 along the northern Imperial Valley has the densest shot spacing. Unfortu-
nately, two shots could not be used because they were recorded only by every second station, which is not
allowed by the existing software. The remaining shots are spaced �2.5 km on average, and �7 km at most.
Brenders and Pratt [2007b] showed that the image quality remains acceptable if the shot spacing is less
than 1.5 times the shortest wavelength recorded at the starting frequency, and accurate images can be
obtained in the central portion of the model when the ratio is around 3.5, but the images suffer from some
degradation. For the SSIP data, the ratio is �3 (0.8 km wavelength at 2 Hz at 1.6 km/s), so the shot spacing
is nonideal. Additional challenges are the irregular shot spacing and noise in the data. Bleibinhaus et al.
[2009] showed that the inversion of only the phase of the frequency-domain data is more stable for realistic
long-offset data, so the SSIP inversion ignored amplitude. The inversion is thus similar to the finite-
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frequency inversion method, but it uses the
phase of a long-time window that can contain
multiple arrivals rather than the travel time
of a narrowly windowed single arrival. Data
preprocessing included removal of noisy
data traces and bandpass filtering. Large-
amplitude surface waves and S waves were
muted from the data, as they are not included
in the acoustic-wave synthetic data.

5.2. Inversion of Synthetic Data
In order to test whether full-waveform inversion
could detect the presence of a basement-like

velocity discontinuity, full-waveform inversion was applied to synthetic data computed in the artificial model of
Figure 11a. The synthetic data set was produced using the same shot and receiver geometry as the real data
(e.g., Figure 3c). The starting model (Figure 11b) was derived from first arrival travel-time tomography, using
travel-times calculated from the synthetic velocity model. As expected, travel-time tomography smoothed the
sharp boundary shown by the black dash line so that it was not detected (Figure 11b).

The synthetic data were preprocessed in the same manner as would be used for the real data. The near off-
set data were muted to remove surface waves and very high amplitudes in the real data. The remaining
data were windowed for 3 s after the first arrivals and band-pass filtered. The inversion was iteratively per-
formed on a single frequency at a time, progressing gradually from 2 to 7 Hz (Table 1). The inversion for
each higher frequency used the velocity model from the previous inversion as the starting model, stabiliz-
ing the inversion at shorter wavelengths. For each frequency, the source signature was inverted first from
the most recent velocity model. Inversion for each frequency required eight iterations.

The velocity model after full-waveform inversion of 2–7 Hz data successfully sharpened the velocity contrast
at the correct depth (Figure 11c). Although velocity oscillations common from waveform inversion were
produced, the results resemble the true synthetic model and detect the discontinuity. The image quality is
best at model distances of 8–14 km and 28–34 km, which are beneath the densest shots. This synthetic
experiment shows that full waveform inversion can improve images of a discontinuity for the geometry of
the SSIP experiment.

5.3. Inversion of SSIP Data
The same procedure and parameters (Table 1) were applied to the real SSIP data. The starting velocity mod-
el was the first-arrival travel-time tomography model from Figure 7 (Figure 12a). Short-offset data, bad seis-
mic traces and a very noisy section of the data set was muted. The remaining data were windowed for 3 s
after the first arrivals. The waveform-inversion result (Figure 12b) closely resembles the travel-time inversion
velocity model, except for the high velocity below 2.5 km depth at distance 14–17 km. This part of the mod-
el is not as well constrained by the sparse shots above it, as suggested by the synthetic study, so is inter-
preted as an artifact. The model has short-wavelength oscillations about the starting model but shows no
evidence for a sharp contrast that extends across the model (Figures 12 and 13). Waveform inversion con-
firms that the transition from sediment to crystalline rock velocity is gradual.

6. Metamorphism of Sediment

6.1. Seismic Evidence
The seismic velocity throughout the Imperial Valley increases continuously with depth from <2 km/s in sur-
face sediment to >5 km/s (Figures 729 and 13215) typical of crystalline rocks [e.g., Christensen and
Mooney, 1995]. The high-quality seismic data are capable of detecting a sharp velocity contrast with depth,
but such a discontinuity is not detected by a reflection arrival in the seismic data nor by full waveform inver-
sion of the data. The mineralogy in geothermal energy and research boreholes indicates progressive meta-
morphism of Colorado River sediment with depth caused by the valley’s high geothermal gradient [e.g.,
Muffler and White, 1969; McDowell and Elders, 1980; Cho et al., 1988; Shearer et al., 1988]. A previous seismic
refraction study with several sparsely sampled lines also observed a lack of seismic bedrock reflector and a

Table 1. Full-Waveform Inversion Parametersa

Frequency
(Hz)

No. of
Iterations

Synthetic-Data
Objective Function

Reduction

Real-Data
Objective Function

Reduction

2 8 44% 22%
2.4 8 46% 22%
2.9 8 43% 24%
3.5 8 45% 34%
4.2 8 44% 46%
5 8 44% 43%
6 8 42% 52%
7 8 44% 48%

aThe objective function defined by Pratt [1999] represents misfit.
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low crystalline-rock velocity, and interpreted shallow crystalline rocks within the Imperial Valley to be meta-
morphosed sediment [Fuis et al., 1984]. The SSIP data provide higher-resolution seismic images that support
and refine this interpretation.

Beyond the margins of the deep basin, the seismic data clearly show a much sharper velocity contrast from
<3.5 to �6 km/s (e.g., west side of Figure 4). The starting velocity model, sparser shots, and smoothing
used for the tomography do not ideally image the shallow sediment-rock transition outside the deep basin.
However, the data are most consistent with 0–2 km of sediment deposited on pre-existing felsic crystalline
bedrock with velocity near 6.0 km/s.

Throughout the Imperial Valley, the velocity gradient deeper than the �4.5 km/s contour is much smaller
than that above �4.0 km/s (Figures 729 and 14 and 15). The velocity gradient at shallow depth varies with-
in the valley from 0.8 up to 2 km/s/km, such that �4 km/s occurs at variable depth. This depth generally cor-
relates with heat flow (Figures 2 and 16). At greater depth, the gradient is a much lower 0.4–0.5 s21 almost
down to the 6 km/s contour. The transition zone between high and low gradient is �1 km thick along line 1
and the central valley portions of lines 2 and 3. Toward the western margin of the deep basin along line 3
and both margins along line 2, the velocity gradient changes less sharply, but a strong change is still
observed. The true change in gradient may be more gradational at these locations, or resolution might be
worse because of the sparser shots and lateral smearing of the basin margins.

6.2. Correlation With Borehole Observations
The State 2-14 well of the Salton Sea Scientific Drilling Project [Elders and Sass, 1988] is located <0.5 km
from seismic Line 3 (Figure 1), which enables correlation of the seismic velocity model with observations
from the borehole (Figure 14). This research borehole penetrated 3.22 km of Pleistocene to Holocene sedi-
ment and metasedimentary rock in the Salton Sea geothermal field. Temperature in the borehole reached
3008C at 1700 m and 3558C at 3170 m (Figure 14e) [Sass et al., 1988]. Sedimentary layering and bulk
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composition are preserved throughout the borehole
and are consistent with a Colorado River source, but
the sediment is progressively metamorphosed as temper-
ature increases with depth [Cho et al., 1988; Shearer et al.,
1988]. Three major metamorphic zones are observed
from core samples (Figure 14a): chlorite-calcite (Chl-Cc)
zone, biotite (Bt) zone, and clinopyroxene-amphibole
(Cpx) zone. Epidote is formed beneath 0.9 km depth, at
>2508C. The Chl-Cc zone beginning at 0.6 km depth and
�1908C represents greenschist facies metamorphism and
the Cpx zone at �3.0 km depth and �3508C marks the
low-pressure transition from greenschist to amphibolite
facies [Cho et al., 1988; Shearer et al., 1988]. The rocks are
progressively lithified in a manner similar to diagenesis,
but without the formation of typical diagenetic minerals
like zeolite. The metamorphism is driven primarily by the
effects of temperature, except in sporadic steep fractures
where hydrothermal fluids dominate. A regional 770 ka
tuff is observed in the well at 1.7 km depth [Herzig and
Elders, 1988; Schmitt and Hulen, 2008], indicating >2 km/
Myr deposition and metamorphism of sediment that was
deposited as recently as 300 kyr ago.

Seismic velocity measured in the borehole and from core
samples [Daley et al., 1988; Paillet and Morin, 1988; Tarif
et al., 1988] is consistent with the seismic velocity model
from Line 3 (Figure 14b). The change in velocity gradient
at 1.6–2.1 km depth occurs within the Chl-Cc metamorphic
zone, and does not correlate with any metamorphic facies
boundary or major mineral occurrence (Figure 14). It does,
however, correlate with a change in gradient in the porosi-
ty (Figure 16d) and density of core samples [Tarif et al.,
1988] and in the electrical resistivity log [Paillet and Morin,
1988]. Most of the porosity is sedimentary matrix porosity,
not fractures. Porosity decreases rapidly within the Chl-Cc
zone from >20% to�5% due to calcite precipitation, crys-
tal overgrowth, and metamorphism of clays to feldspars

and epidote [Cho et al., 1988; Tarif et al., 1988]. Once porosity reaches�5%, metamorphism continues with depth,
but porosity closes much more slowly, perhaps due to lower permeability and less fluid flow. The top of the
change in gradient in seismic velocity is interpreted to be due to the change in gradient in porosity and density,
not to the minerals present. This change occurs at a velocity of �4.4 km/s, which is typical of a well-cemented,
low-porosity shale or sandstone [e.g., Han et al., 1986; Eberhart-Phillips et al., 1989; Johnston and Christensen, 1995;
Vernik and Liu, 1997]. This�5% porosity is very high and seismic velocity is very low for a greenschist facies meta-
sedimentary rock, probably due to the shallow depth and rapid speed of metamorphism. Consolidated, higher
porosity, weaker metasedimentary rock starts at shallower depth, near the top of the Chl-Cc zone.

The same metamorphic mineralogy is observed in geothermal wells throughout the Imperial Valley [e.g.,
Muffler and White, 1969; McDowell and Elders, 1980]. The metamorphic reactions are observed at different
depths due to different heat flow, but at very similar temperatures. The Elmore 1 well within the geothermal
field near line 3 has much higher temperature (3608C at 2120 m depth), the metamorphic zones are shal-
lower, and garnet is created near the bottom of the well [McDowell and Elders, 1980]. A change in porosity
gradient at porosity �9%, very similar to the State 2-14 well, occurs at �1.3 km depth in the Elmore 1 well,
but in middle of the Bt zone rather than the Chl-Cc zone.

Metamorphic mineralogy is available for few wells outside the geothermal field, where the heat flow is
much lower but still much higher than normal continental values. The deep Wilson No. 1 well at the
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intersection of Lines 1 and 2, with a temperature typical of most of the valley (�2608C at 4.1 km depth),
observed the same metamorphic reactions at similar temperatures but greater depth (Figure 15) [Muffler
and White, 1969]. Due to lower temperature, epidote and the biotite zone were not observed. Porosity was
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mostly closed at an unreported depth within the Chl-Cc zone. Seismic velocity at this location is lower than
in the geothermal field, and the change in velocity gradient occurs almost twice as deep at �2.8 km depth,
where the velocity is a very similar 4.0 km/s (Figure 15). This depth is within the Chl-Cc zone, but at lower
metamorphic facies within the zone. The change in velocity gradient is interpreted to be due to a change in
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porosity gradient at 5–10% porosity similar to that observed in the geothermal fields. Rapid closure of porosi-
ty always occurs within the Chl-Cc zone, indicating that metamorphism plays a role. However, at greater
depth, it occurs at a lower temperature within the Chl-Cc zone. This suggests that while pressure plays only a
minor role in the metamorphic mineralogy, metamorphism, and pressure work together to close porosity.

6.3. Depth and Extent of Metasedimentary Crust
The top of the sharp decrease in seismic velocity gradient is interpreted to be the depth where rapid closure
of porosity ends, at 5–10% porosity. This depth was measured along all of the seismic lines (Figure 16). Even
though the depth changes along the lines, it occurs at a fairly consistent velocity of �4.1 km/s. In the geother-
mal fields, the velocity at this depth is up to 5% faster, representing a more intense metamorphism. Where
the change in velocity gradient is not as sharply defined, 4.1 km/s was used as a proxy. At this depth
(Figure 16), we interpret a greenschist-facies metasedimentary rock with 5–10% porosity due to rapid meta-
morphism at shallow depth. This ‘‘boundary’’ is in fact gradational due to progressive metamorphism with
depth. It represents a change in the gradient of the closure of porosity rather than a metamorphic facies
boundary. Metasedimentary rock with higher porosity exists well above this boundary, but the top of metamor-
phism and consolidation are not well expressed by geophysical parameters. The shallowest depth for this
velocity-gradient boundary is 1.2–1.6 km in the Salton Sea geothermal field along Line 3 and at the northern
end of Line 1 (Figure 16), where the heat flow exceeds 600 mW/m2 [Helgeson, 1968; Newmark et al., 1988].
Most of the rest of the valley, however, has a much lower heat flow of 100–200 mW/m2 (Figures 2 and 16)
[Lachenbruch et al., 1985]. For the rest of the valley, the depth of the velocity-gradient boundary is at 2.5–3 km
depth, and it is very flat at �2.8 km depth along the axis of the valley on Line 1 (Figure 16). Little contrast is
observed across the Imperial Fault, even though this transform fault bounds two different rift segments. The
deepest boundary is along the western portion of Line 3, which extends west of the northwest extrapolation of
the Imperial fault. This area lies outside the main rift. The velocity-gradient boundary is difficult to define near
the margins of the valley due to sparser shots, shallower ray coverage, and lateral smoothing of the tomogra-
phy model. It may not turn shallower toward the southwest as shown in Figure 16, except outside the basin.

At the eastern and western margins of the valley along Lines 2 and 3, the raw seismic data (e.g., Figure 4)
indicate thinner sediment, a sharper sediment-rock boundary, and faster crystalline-rock velocity of �6 km/
s immediately beneath the sediment. These observations are interpreted as evidence for sediment deposi-
tion on preexisting crystalline crust outside the main rift valley. The margins of the deep basin are smeared
by tomographic smoothing and sparser shots, but are still consistent with steep faults. Along Line 2, a
change in slope of the velocity contours suggests a discontinuity at km �30 (Figure 8), near the Superstition
Hills Fault. The western boundary along Line 3 lies east of the Superstition Mountains, which expose granitic
basement, and may be as far east as the Superstition Hills Fault (Figure 9). The eastern boundary of the
basin is similar along lines 2 and 3 and is consistent with the Sand Hills Fault, which is thought to represent
an inactive strike-slip fault that predates the modern active faults.

Metasedimentary crust extends to at least 7–8 km depth based on smoothly increasing seismic velocity that is
slower than that observed outside the basin. Based on deposition rates of 2–4 km/Myr [Schmitt and Hulen,
2008], 8–16 km of sediment has been deposited in the last 4 Myr. Based on longer-offset SSIP data [Han et al.,
2016], felsic crystalline rock extends to �13 km depth. The entire felsic component of the crystalline crust may
be metamorphosed synrift sediment. Alternatively, the lower �5 km has seismic velocity that is also consistent
with prerift granitic continental crust. Dorsey [2010] and Dorsey and Lazear [2013] show that the volume of sed-
iment produced by erosion of the Colorado Plateau and carried to the Salton Trough by the Colorado River is
consistent with the 8–13 km of sediment plus metasediment constrained by the seismic data.

Abundant seismicity occurs at 3–8 km depth in the Salton Sea geothermal field, 3–11 km depth in most of
the Brawley Seismic Zone, and 8–11 km depth beneath the Imperial fault (Figure 16) [Lin et al., 2007; Hauks-
son et al., 2012]. A seismic velocity of 5.1 km/s is used as a rough proxy for stronger crystalline rock that
might support seismic stress (Figure 16). In general, the shape of this velocity contour mimics the shallower
velocity-gradient boundary at almost twice the depth. Most seismicity occurs deeper than this proxy. Within
the Brawley Seismic Zone, abundant seismicity occurs at depths much shallower than 9 km, including
events with magnitude �5 [e.g., Hauksson et al., 2013]. Thus metamorphism is creating new crystalline crust
that is strong enough for large-magnitude seismic brittle fracture. Imperial Fault seismicity occurs at depths
that may correspond to prerift crust or higher-grade metasediment.
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The interpreted metasedimentary rock is 5–10 km thick, from <3 to 8–13 km depth, which constitutes a sig-
nificant fraction of the Imperial Valley crust that is only �18 km thick [Han et al., 2016]. Assuming that conti-
nental rifting proceeds to seafloor spreading and an ocean basin, metamorphosed rift sediment will form a
significant component of the passive continental margin. Based solely on geophysical properties, metamor-
phosed synrift sediment may be mistaken for extended preexisting continent. Since high heat flow and riv-
er deltas are expected during the late stages of continental breakup, metasediment may be an important
and underrecognized component of global passive continental margins.

7. Conclusions

Three P-wave seismic velocity models in the Imperial Valley were generated from first arrival travel time
tomography of the SSIP refraction data. The results are consistent with the previous study of Fuis et al.
[1984], but provide more details on the basin structure and underlying crystalline rock. Velocity increases
continuously with depth within the valley with no velocity discontinuity, indicating a gradational transition
between sediment and underlying crystalline rock. This interpretation is confirmed by full waveform inver-
sion on one of the seismic lines. Comparison with boreholes indicates that sediment within the basin is pro-
gressively metamorphosed at shallow depth by the high heat flow in the rift. This temperature-driven
metamorphism continues with depth, producing strong, new crystalline rock. A regional sharp change in
the seismic velocity gradient correlates to a change in the rate of closing porosity in wells. This change
occurs within the greenschist facies, but at a porosity of 5–10% that is much higher than traditional meta-
morphism. This change in porosity gradient occurs at 2.5–3 km depth in most of the valley, but is much
shallower at �1.5 km depth in the Salton Sea geothermal field, corresponding to extremely high heat flow.
Velocity more typical of strong crystalline rock is observed at almost twice these depths. Abundant seismici-
ty within the Brawley seismic zone occurs within metamorphosed synrift sediment. Sedimentation and high
heat flow are actively creating new crystalline crust in the Imperial Valley, and that crust is strong enough
for brittle seismicity related to ongoing extension. This new, felsic crystalline crust will become a significant
component of the future passive continental margin.
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