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Introduction

The Imperial and Coachella Valleys are being formed by active plate-tectonic
processes. From the Imperial Valley southward into the Gulf of California, plate motions
are rifting the continent apart. In the Coachella Valley, the plates are sliding past one
another along the San Andreas and related faults (fig. 1). These processes build the
stunning landscapes of the region, but also produce damaging earthquakes.

Rupture of the southern section of the San Andreas Fault (SAF), from the
Coachella Valley to the Mojave Desert, is believed to be the greatest natural hazard that
California will face in the near future. With an estimated magnitude between 7.2 and 8.1,
such an event would result in violent shaking, loss of life, and disruption of infrastructure
(freeways, aqueducts, power, petroleum, and communication lines) that might bring
much of southern California to a standstill. As part of the nation’s efforts to avert a
catastrophe of this magnitude, a number of projects have been undertaken to more fully
understand and mitigate the effects of such an event. The Salton Seismic Imaging Project
(SSIP), funded jointly by the National Science Foundation (NSF) and the U.S. Geological
Survey (USGS), seeks to understand, through seismic imaging, the structure of the Earth
surrounding the SAF, including the sedimentary basins on which cities are built.
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" IRIS-PASSCAL Instrument Center, Socorro, N.M.
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% JW. Miller Geophysical Laboratory, University of Texas, El Paso, Texas



The principal investigators (PIs) of this collaborative project represent the USGS,
Virginia Polytechnic Institute and State University (Virginia Tech), California Institute of
Technology (Caltech), Scripps Institution of Oceanography (Scripps), and University of
Nevada, Reno (UNR).

SSIP will create images of underground structure and sediments in the Imperial
and Coachella Valleys and adjacent mountain ranges to investigate the earthquake
hazards posed to cities in this area. Importantly, the images will help determine the
underground geometry of the SAF, how deep the sediments are, and how fast earthquake
energy can travel through the sediments. All of these factors determine how hard the
earth will shake during a major earthquake. If we can improve on our understanding of
how and where earthquakes will occur, and how strong their resultant shaking will be,
then buildings can be designed or retrofitted accordingly in order to resist damage and
collapse, and emergency plans can be adequately prepared. In addition, SSIP will
investigate the processes of rifting and magmatism in the Salton Trough in order to better
understand this important plate-boundary region. The Salton Trough is a unique rift in
that subsidence is accompanied by huge influxes of infilling sediment from the Colorado
River. Volcanism that accompanies the subsidence here is muted by these influxes of
sediment. The Imperial Valley, in the central part of the Salton Trough, is apparently
made up of entirely new crust: young sediment in the upper crust and basaltic intrusive
rocks in the mid-to-lower crust (Fuis and others, 1984).

Similar to the ultrasound and computed tomography (CT) scans performed by the
medical industry, seismic imaging is a collection of techniques that enable scientists to
obtain a picture of what is underground. The petroleum industry routinely uses these
techniques to search for oil and gas at relatively shallow depths; however, the scope of
this project demanded that we image as much as 30 km into the earth’s crust. This project
generated and recorded seismic waves, similar to sound waves, which move downward
into the Earth and are bent (refracted) or echoed (reflected) back to the surface.

SSIP acquired data in a series of intersecting lines that cover key areas of the
Salton Trough. The sources of sound waves were detonations (shots) in deep boreholes,
designed to create energy equivalent to magnitude 1-2 earthquakes. The study region
routinely experiences earthquakes of these magnitudes, but earthquakes are not located in
such a way as to permit us to create the detailed images we need for earthquake hazard
assessment. Air gun bursts, generated in the Salton Sea along extensions of our onshore
seismic lines, also were utilized as sound-wave sources. Temporary deployments of
portable land seismometers, as well as ocean-bottom seismometers (OBSs) on the floor
of the Salton Sea, recorded the energy from the land shots and air gun bursts.

SSIP is similar to the Los Angeles Regional Seismic Experiments of 1994 and
1999 (LARSE I and Il, respectively; Murphy and others, 1996; Fuis and others, 2001a).
The LARSE surveys demonstrated that the USGS and collaborators can safely and
effectively conduct seismic imaging surveys in urban and nonurban areas, on lands
owned and/or managed by many different types of agencies and entities. Information was
produced that could not have been obtained any other way, and this information was key
to changing the leading ideas about earthquake hazards at that time in the Los Angeles
region. These surveys produced no significant environmental impact or damage to
structures, and they did not trigger earthquakes.



Figure 1a. Shaded relief map of southeastern California showing faults (thin magenta lines),
including the boundary between the Pacific and North American Plates (heavy magenta lines) and
the Salton Buttes volcanoes (red triangles). The Pacific Plate is to the southwest and North
American Plate is to the northeast of the plate boundary.

Geological and Geophysical Setting

The Salton Trough is the northernmost extent of the Gulf of California rift system
(for example, Elders and others, 1972; Lonsdale, 1989; Stock and Hodges, 1989). This
rift system began forming after 12 Ma, when the Rivera triple junction jumped south
many hundreds of km, placing the Pacific plate directly in contact with the western edge
of North America along the entire length of the Baja California peninsula. Late Miocene
plate-boundary deformation included extensional or transtensional faulting in the future
region of the Gulf of California, and strike-slip faulting west of the Baja California



peninsula. By about 6 Ma, nearly all of the plate- boundary slip became localized in the
Gulf basins, effectively transferring Baja California and southwestern California to the
Pacific Plate. This resulted in oblique northwest extension in a series of pull-apart basins
in step-overs between long strike-slip faults, with the San Andreas Fault (SAF) being the
northernmost of these strike-slip faults (fig. 2). Total opening is estimated to be about 300
km since 6.3 Ma along the entire length of the rift system (Oskin and others, 2001; Oskin
and Stock, 2003; Dorsey and others, 2007). In the southern Gulf, the pull-apart rifts have
extended to full seafloor spreading, while in the northern Gulf, despite the same total
extension, they have not.

Figure 1b. Shaded relief map of southeastern California showing the Salton Seismic Imaging
Project. Lines are numbered 1S/1M/1N through 11 (see text).

The Salton Trough was formed in part by oblique rifting between the strike-slip
SAF and Imperial Fault near the Salton Sea, and between the Imperial and Cerro Prieto
Faults in northern Mexico (fig. 1). The Superstition Hills-San Jacinto and Laguna Salada-
Elsinore Fault systems (fig. 1) are thought to be, in some sense, transform-fault
extensions of the Imperial and Cerro Prieto Faults, which originate from a northward
decrease in spreading rate from the Gulf of California to the Salton Sea (Lomnitz and
others, 1970; Elders and others, 1972; see the northeast-striking, red, rectangular
(schematic) spreading centers in fig. 2). All along the Gulf, the loci of extension have not
been constant, but are marked by a series of abandoned inactive basins usually on the east
side of the active rift basins (Stock, 2000; Aragon-Arreola and Martin-Barajas, 2007).



Figure 2. Tectonic map of the Gulf of California and Salton Trough, emphasizing oblique northwest
extension accommodated by a series of pull-apart basins in step-overs between long strike-slip
faults. ABF, Agua Blanca Fault; BTF, Ballenas Transform Fault; EPR, East Pacific Rise; IF,
Imperial Fault; SAF, San Andreas Fault. The figure was made using Generic Mapping Tools
software (Wessel and Smith, 1991) and the SRTM30plus world elevation database (Becker and
others, 2009).

To the west of the Salton Trough, slip on low-angle faults of the West Salton and
Laguna Salada detachment fault systems was contemporaneous with activity on the SAF
system (Axen and Fletcher, 1998). The West Salton detachment fault dips east towards
the Salton Sea, while the Laguna Salada system dips west. Motion along the West Salton
detachment fault was deactivated in the Pleistocene (approximately 1.1 Ma) when it was



crosscut by initiation of the San Jacinto Fault to the west (Kirby and others, 2007). The
West Salton detachment fault has been uplifted and exposed along the western margin of
the trough. The Superstition Hills-San Jacinto and Laguna Salada-Elsinore Faults now
take up some of the plate motion rather than all of the motion stepping right to the
Imperial Fault and SAF, as outlined above. The Laguna Salada detachment fault has late
Quaternary displacement (Axen and Fletcher, 1998; Axen and others, 1999, Fletcher and
Spelz, 2009) and faults in this region showed displacements during the April 4, 2010 El
Mayor-Cucapah earthquake sequence (Rymer and others, 2011; Hauksson and others,
2011; J.M. Fletcher and J.M. Stock, written commun., 2013).

The SAF terminates southward near the southeastern end of the Salton Sea.
Motion is transferred to the Imperial Fault via the oblique Brawley seismic zone (fig. 1).
A similar offset occurs between the Imperial and Cerro Prieto Faults at Cerro Prieto.
Step-overs that are more rectangular in geometry than the Brawley seismic zone (BSZ)
occur farther south, throughout the Gulf of California plate boundary zone (fig. 2). The
step-overs are spreading centers connecting strike-slip (transform) faults (Lomnitz and
others, 1970; Elders and others, 1972). In the Salton Trough, the oblique nature of the
step-overs, or spreading centers, appears related to rapid burial by sediment of the
Colorado River.

Two different domains of new crustal formation, one in the BSZ and the one near
the Cerro Prieto geothermal area, are kinematically linked by the Imperial Fault—an on-
land analogy to the oceanic setting in which spreading centers are linked by a transform
fault. There is volumetrically minor young volcanism and associated hydrothermal
activity at the Salton Buttes along the southeastern shore of the Salton Sea (within the
BSZ) and at Cerro Prieto (Robinson and others, 1976). VVolumetrically minor volcanic
rocks also are encountered in boreholes in the basins. Heat flow in the Salton Trough is
much higher than in the areas surrounding it, averaging 140 m\W/m? and exceeding 200
mW/m? in several active hydrothermal fields (Lachenbruch and others, 1985). Most
earthquakes within the Salton Trough (fig. 3) lie between 6 and 10 km depth (Shearer,
2002; Hauksson and Shearer, 2005; Shearer and others, 2005; Lin and others, 2007),
within the interpreted metasedimentary basement beneath the central part of the Salton
Trough or within crystalline basement on the flanks of the trough (see below).
Sedimentation rate in the area of the Salton Buttes over approximately the last 0.5 Ma is
estimated to be in the range of 2.2-3.8 mm/yr (Schmitt and Hulen, 2008).

Structure beneath the Salton Trough was imaged by a network of upper-crustal
seismic refraction lines (Biehler and others, 1964; Fuis and Kohler, 1984; Fuis and
others, 1984; Kohler and Fuis, 1986) and by a pair of whole-crustal refraction lines from
the Imperial Valley to Arizona and from the Imperial Valley to the Coachella Valley (fig.
4; Parsons and McCarthy, 1996). The sedimentary basin within the Imperial Valley is
2-6 km deep (fig. 5; Kohler and Fuis, 1986), while the Coachella Valley basin is believed
to be a few kilometers deep (Biehler and others, 1964). The western margin of the deep
part of the basin in the Imperial Valley is steep and irregular, bounded by strands of the
Superstition Hills-San Jacinto Fault system and by other buried faults (Fuis and others,
1984; Kohler and Fuis, 1986). The eastern margin is steep and linear, following an
echelon southeastward extension of the SAF. A 0.5-1 km basement scarp underlies the
Imperial Fault, dividing subbasins within the Imperial Valley (Fuis and others, 1984).



Figure 3. Map of seismicity and volcanoes in the southern part of the Salton Sea and northern
part of the Imperial Valley. Red triangles are the Salton Buttes volcanoes. IF, Imperial Fault; SAF,
San Andreas Fault; SJFZ, San Jacinto Fault zone. Adapted from Lin and others (2007, fig. 8).

Wells up to 4 km deep in the Imperial Valley have penetrated only Pleistocene
sedimentary and volcanic rocks. Pleistocene uplift of the ranges on either side of the
Trough exposes kilometers of late Miocene through Pleistocene sediments of the
Colorado River (for example, Winker and Kidwell, 1986; Dorsey and others, 2007; Kirby
and others, 2007), and these are presumed to underlie the deepest wells in the basin.

Basement beneath the Imperial Valley has a low seismic velocity of 5.6-5.7 km/s
and an apparently gradational upper surface (Fuis and others, 1984). Fuis and others
(1984) interpreted, based on projected temperature profiles in wells and petrologic data,
that basement is a metamorphosed facies of the sedimentary rocks above it. Additionally,
the fact that basement depth decreases within geothermal areas (which have steep
temperature gradients) may be further evidence that basement is metasediment. The
provenance of the sedimentary and metasedimentary rocks in the Imperial Valley is
observed to be chiefly the Colorado Plateau (Muffler and Doe, 1968; Dorsey and Lazear,
2011).



Figure 4. Map of southeastern California showing the 1979 (Fuis and others, 1984) and 1992
(Parsons and McCarthy, 1996) seismic-imaging projects in the Imperial Valley region. A,
Algodones Fault; B, Brawley Fault zone; BZ, Brawley seismic zone; CC, Coyote Creek Fault; E,
Elsinore Fault; EH, East Highline Canal seismicity lineament; I, Imperial Fault; SA, San Andreas
Fault; SdH, Sand Hills Fault; SH, Superstition Hills Fault; SM, Superstition Mountain Fault. Sup H,
Superstition Hills; Sup M, Superstition Mountain. Adapted from Fuis and others (1984); lines A-A’,
B-B’, and C-C’ refer to cross sections shown with original figure.

Older crystalline basement on the surrounding mesas and mountains has a higher
velocity of 5.9-6.0 km/s and a sharp, seismic contact with overlying sediment. A much
faster 6.9-7.5 km/s layer is encountered at 10-16 km depth beneath the Imperial Valley
(Fuis and others, 1984; Parsons and McCarthy, 1996). This faster, mafic layer extends
30-40 km east of the Imperial Valley, pinching out under the Chocolate Mountains
(Larkin and others, 1996; Parsons and McCarthy, 1996). Its western, northern, and
southern extents have not been mapped, but gravity suggests it does not extend beneath
the Peninsular Ranges or the Coachella Valley (fig. 6, 3.1 g/cc layer; Fuis and others,
1984). Such high midcrustal velocities have not been observed under the surrounding
regions.



The Moho is 21-22 km under the Imperial Valley and deepens to 27 km under the
Chocolate Mountains to the east (Parsons and McCarthy, 1996). The Moho deepens to

Figure 5. Map of southeastern California showing basement depth calculated from time-term
analysis. Adapted from Kohler and Fuis (1986, fig. 11).

Figure 6. Cross-section of southernmost California based on gravity data between San Diego (W)
and the California-Arizona border (E). Densities are in grams per cubic centimeter (g/cc). Adapted
from Fuis and others (1984).



more than 26 km under the eastern-most Peninsular Ranges (Ichinose and others, 1996;
compare with gravity model of fig. 6). Upper mantle seismic velocity is 7.6—7.7 km/s
under the Imperial Valley, typical of hot continental rift environments, and 8.0-8.1 km/s
under the Chocolate Mountains (Parsons and McCarthy, 1996). Low mantle seismic
velocity under the Salton Trough extends to 200-km depth (for example Zhao and others,
1996; Tanimoto and Sheldrake, 2002; Kohler and others, 2003;Yang and Forsyth, 2006).

Questions to be Addressed by the Salton Seismic Imaging Project

The Salton Seismic Imaging Project was designed to address several main
questions, including:

1. How does the crustal structure of the Coachella Valley differ from that of the
Imperial Valley? In particular, are there deep sedimentary basins? Does the
basement consist of older crystalline rocks or younger metasedimentary rocks?

2. What is the dip of the San Andreas and Imperial Faults, which constitute the
major parts of the plate boundary in the Salton Trough? In particular, does the
SAF dip moderately to the northeast, as postulated by Fuis and others (2012)?
Does the Imperial Fault also dip moderately to the northeast, as found by Fuis and
others (1984)?

3. What is the shape of, and the velocity distribution, within the sedimentary basins
of the Salton Trough?

4. Is the basement of the Imperial Valley composed of young metasedimentary
rocks, as postulated by Fuis and others (1984)? In particular, are there any blocks
of older crystalline rocks left behind from the rifting process in this region?

5. If basement rocks differ between the Coachella and Imperial Valleys, where is
the suture? Is it under the Salton Sea?

6. How is the Salton Trough subsiding? Most of the earthquakes were determined to
be strike-slip and aligned along steeply dipping faults (fig. 3; Hardebeck and
Hauksson, 2001). Subsidence cannot be accommodated on these seismically
illuminated faults, so how does it happen?

7. What is the nature of magmatism? In particular, is it localized and minor, as seen
today in the Salton Buttes and Cerro Prieto, or is it diffuse or nonstationary as
postulated by Lachenbruch and others (1985)?

8. What is the geometry of the mafic midcrustal layer as it extends northward
toward the Coachella Valley? In particular, does it deepen and pinch out, as it
does under the Chocolate Mountains and Peninsular Ranges (fig. 6)?

9. How do Moho depth and mantle seismic velocity vary in the Salton Trough
region? Can prior results be substantiated and improved upon?

The first three questions are important to the assessment of earthquake hazards in
the Salton Trough. Predictions for ground shaking following major earthquake rupture(s)
depend strongly on fault dip and on the local seismic-velocity distribution, depth, and
shape of sedimentary basins. The USGS is focused on answers to these questions in order
to improve the ground-motion predictions of, for example, the ShakeOut exercise (Jones
and others, 2008; Perry and others, 2008), an earthquake preparedness exercise for the
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public and emergency managers. In addition, the crustal velocity structure of the entire
region must be well known in order to accurately locate earthquakes. The last six
questions are important to understanding the nature of rifting and magmatism in the
Salton Trough. University collaborators (Virginia Tech, Caltech, Scripps, and UNR),
funded by NSF, are focused on answers to these questions. In addition to U.S.
universities, Mexican institutions, including Centro de Investigacion Cientifica y de
Educacion Superior de Ensenada (CICESE) in Ensenada, Mexico, and Universidad
Autonoma de Baja California in Mexicali, Mexico, participated in the project to obtain
answers to some of these questions for the northern part of Baja California.

Prior Crustal-Structure Work

Crustal-structure investigations of the Salton Trough began with the early seismic
refraction profiles of Kovach and others (1962) and Biehler and others (1964). These
profiles were relatively short (less than 12 km) and located in geographically separate
areas of the Salton Trough. With the help of well data, these authors documented
basement depth ranging from approximately 1.5 to 2.5 km in the Coachella Valley, and
from 1 to 6 km in the Imperial Valley. In 1979, the USGS conducted a geographically
extensive seismic refraction survey of the Imperial Valley (Fuis and others, 1984),
followed in 1992 by two additional regional profiles (Parsons and McCarthy, 1996) (fig.
4). In the 1979 survey, 100 seismometers were deployed in nearly 1,200 locations, and 42
shots were detonated at 7 shot points. Seismometer spacing was generally on the order of
1-km intervals. The 1979 survey was quite modest in comparison with the SSIP, where
2,709 seismometers were deployed at 4,341 locations, generally spaced 100-200 m apart
(except in the mountains), and 126 shots were detonated at 123 on-land shot points.
Additionally, in SSIP, 48 OBSs were deployed at 78 underwater locations, and 2,381 air-
gun shots were fired in the Salton Sea.

From the large areal coverage in the 1979 survey (fig. 4), basement depth was
mapped over much of the Imperial Valley and surrounding region (fig. 5; Kohler and
Fuis, 1986). As discussed above, basement beneath the central part of the Imperial Valley
was discovered to have relatively low velocities (5.6-5.7 km/s) and was interpreted to
consist of a metamorphic facies (greenschist facies) of the young sediments above it. In
addition, the crustal cross section (fig. 6), documented in the central part of the Imperial
Valley from the 1979 seismic survey, was extended east and west using gravity modeling
to interpret the pinch-out of the mafic midcrustal layer beneath the Peninsular Ranges and
Chocolate Mountains (Fuis and others, 1984; Lachenbruch and others, 1985). From the
regional profiles of 1992, the pinch-out of the mafic midcrustal layer was confirmed
beneath the Chocolate Mountains (Parsons and McCarthy, 1996).

Experiment Design

Generally, the SSIP was laid out as a series of intersecting lines that produce an
approximate 3-D image of the subsurface, mainly in the Coachella and Imperial Valleys
(fig. 1b). The survey included an axial line beginning at the southwest tip of Arizona and
extending northwestward through the Mexicali, Imperial, and Coachella Valleys to a
point north of Palm Springs, California. Cross lines were laid out in northeasterly
directions straddling the SAF and Imperial Fault, which are both located within the
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valleys. These lines extended beyond the edges of the valleys so that we could image the
full shapes of the sedimentary basins beneath the valleys. The following paragraphs
describe each line, and the PIs’ objectives in designing them.

Line 1 was composed of segments 1S (south), 1M (marine), and 1N (north)

(fig. 1b). 1S is the part of the line from the southwest tip of Arizona that extended
northwestward across a corner of Mexico, back into the U.S. east of El Centro, Calif., and
northwestward to the Salton Sea. Segment 1N began on the north shore of the Salton Sea
and extended to the northwest end of the Coachella Valley. Segment 1M was the marine
component (in the Salton Sea) connecting 1S and 1N. This axial line was intended to
image the deepest parts of the sedimentary basins in the Salton Trough (estimated to
reach depths as great as 6 km). Shaking severity from earthquakes increases with basin
depth; therefore, knowing the basin depth and its variations is important for evaluating
the earthquake hazard. This long line also would allow us to investigate the composition
of the crust and the underlying mantle, and would provide an answer to the question: at
what point northwestward in the Salton Trough do magmatic contributions to the crust
cease? Currently, the northernmost surface manifestations of magmatic intrusions are the
(active) Salton Butte volcanoes at the southeast end of the Salton Sea. There is, however,
an intrusive basaltic middle to lower crust that deepens northward beneath the Salton Sea
(Fuis and others, 1984). Line 1 should resolve where this basaltic intrusion pinches out.

Line 2 extended from a point on the international border east of San Diego, Calif.
northeastward to the Colorado River south of Blythe, Calif. (fig. 1b). This line crossed
the Peninsular Ranges, Imperial Valley, and Chocolate Mountains. The line was intended
to improve upon the image of the sedimentary basin shape obtained on line 1S, by
extending it to the east and west. This would allow for a better evaluation of earthquake
shaking hazard within the Imperial Valley. This line would also image the geometry (dip)
of the Imperial fault, so that earthquake-energy radiation from this plate-boundary fault
can be better estimated. This fault has generated two large earthquakes in the last 70
years, the 1940 M6.9 and 1979 M6.4 earthquakes. Other active faults in the Peninsular
Ranges, such as the Elsinore and San Jacinto Faults, can also generate moderate
earthquakes and thus should be imaged. In addition, this line was intended to image the
older rocks on either side of the Imperial Valley and the boundaries between these rocks
and the new crust. This new crust consists of sediment in the upper crust and intrusive
basaltic rocks in the mid-to-lower-crust (Fuis and others, 1984). Where does this mafic
layer pinch out westward?

Line 3 extended from Line 2 on the west side of the Imperial Valley,
northeastward through the Salton Buttes volcanoes, along the south shore of the Salton
Sea, and into the Chocolate Mountains (fig. 1b). This line crossed one of the rifts in the
Salton Trough, the Brawley seismic zone (fig. 3), where magmatic intrusions into the
crust are active. In addition to addressing sedimentary basin depth, this line was intended
to investigate the quantity and shapes of magmatic materials that have been added to the
upper part of the crust, and the sizes and locations of active magma chambers below the
volcanoes. This line also was intended to distinguish between the steep, seismically
active faults of the BSZ (fig. 3) and any (aseismic) normal faults, which are required for
subsidence to occur. Our investigation also may be of general use to the geothermal
industry in this area. Finally, this line was intended to investigate branches of the San

12



Jacinto Fault known as the Superstition Hills and Superstition Mountain Faults. The
Superstition Hills Fault ruptured in an M6.6 earthquake in 1987.

Lines 4, 5, and 6 were intended, like lines 2 and 3, to extend our knowledge of
sedimentary basin thickness (and hence earthquake shaking severity) in as many
locations as feasible in the Coachella Valley (fig. 1b). Rapid urban and suburban growth
in the Coachella Valley requires expedited evaluation of earthquake shaking hazard. The
location of line 4 was chosen so that we could straddle the SAF and obtain an image of
not only the sedimentary basins on either side of the fault, but also of the fault itself (and
its dip). Microseismicity suggests that the fault dips moderately northeastward here (Lin
and others, 2007); hence, it is important to confirm or reject this possibility because of its
implications for energy radiation during a major earthquake. Line 5 was chosen to
address the sedimentary basin depth beneath Palm Desert, Calif., one of the large
suburban cities of the Coachella Valley, and was designed to take advantage of access
southwestward into the Peninsular Ranges along Highway 74. Line 6 was chosen to
address the basin depth in the vicinity of Palm Springs, the largest urban area in the
Coachella Valley, while also taking advantage of access through the Little San
Bernardino Mountains along the “Kickapoo Trail” (a dirt road from Desert Hot Springs
to Yucca Valley). Line 6 was intended to image the SAF where it has split into three
branches, the Garnet Hill, Banning, and Mission Creek faults. The M 6+ earthquakes of
1948 (Desert Hot Springs) and 1986 (North Palm Springs) appear to have occurred on
either the Banning or Garnet Hill branches, which dip moderately northward, and it is
important to investigate the structure of the fault zone here (northward dips) for
earthquake hazard evaluation. Lines 5 and 6 terminated near the ruptures of the 1991
M6.1 Joshua Tree and 1992 M7.3 Landers earthquakes, respectively.

Line 7 was a 9-km-long profile that crossed the SAF at Salt Creek, on the
northeast shore of the Salton Sea. There, microseismic evidence suggests that the SAF
dips 57-59° NE (Lin and others, 2007). Therefore, line 7 was the best location to obtain a
crisp image of the fault, in order to confirm or reject the northeastward dip hypothesis.
We deemed it important to obtain independent seismic imaging data for this stretch of the
SAF for earthquake hazard evaluation. Line 7 was extended offshore with air guns and
OBSs.

Lines 8 and 9 were deployments of seismometers along the southwestern and
northeastern shores of the Salton Sea, respectively, to supplement data from Line 1M in
the sea itself (fig. 1b).

Lines 10 and 11 were actually arrays of seismometers in the Coachella and
Imperial Valleys, respectively (fig. 1b), deployed in order to make maps of basement
topography, as was done in the 1979 Imperial Valley seismic survey of Kohler and Fuis
(1986).

Mexican Pls deployed additional Texan seismometers on line 1S in Mexico in
106 locations.

Division of Labor

The SSIP tasks were divided according to each organization’s capabilities and
resources. The USGS took charge of the acquisition of permits, borehole drilling (128
drilled holes and 61 hand-augered holes), loading and detonating the explosive charges,
and remediation of blast sites. With funding from NSF, Virginia Tech and Caltech Pls
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took responsibility for the deployment of seismometers (at 4,235 locations) and assisted
the USGS with some of the permitting, supervision of borehole drilling, and cleanup.
Scripps and UNR Pls used NSF funds to coordinate and execute the deployment of OBSs
at 78 locations in the Salton Sea and the firing of 2,381 air gun shots from a specially
constructed barge assembled on the Salton Sea. Table 1 illustrates the timing of these
tasks.

Table 1. Experiment schedule.

Duration
Tasks Start date (days) End date
Permitting 4/1/08 1078 3/15/11
Drilling 10/6/10 160 3/15/11
Loading 1/12/11 62 3/15/11
Deployment 2/28/11 17 3/17/11
Shooting 3/2/11 14 3/16/11
Cleanup 4/15/11 122 8/15/11

Experiment Schedule

The SSIP proposal was submitted to the NSF in 2007 by John Hole of Virginia
Tech, Joann Stock of Caltech, and Gary Fuis of the USGS. The proposal was funded in
early 2008. Permitting began shortly afterwards, in the spring of 2008, and continued
until drilling was completed. Drilling began on October 6, 2010, and was nearly
continuous until March 16, 2011. The USGS and Virginia Tech contracted one drilling
company, which subcontracted to two other drilling companies at certain times during the
project in order to ensure that all shot points would be drilled on schedule. The
explosives-loading phase began on January 12, 2011, and continued until the last shot
holes were drilled and loaded on March 15, 2011. While the USGS was busy
coordinating drilling, and loading shot holes, Caltech and Virginia Tech led the
seismometer deployment effort. Seismometer deployment began on February 28, 2011,
and the first seismic shots were detonated on the night of March 2. During the period
February 28 through March 16, instruments were deployed, picked up, and redeployed,
for a total of 4,235 individual instrument deployments. All instruments were picked up on
March 17, 2011, following the final night of shooting. The cleanup effort was substantial.
The USGS coordinated and completed drill/blast site remediation between April and
August 2011. Data processing and analysis began as soon as the Incorporated Research
Institutions for Seismology Program for Array Seismic Studies of the Continental
Lithosphere (IRIS PASSCAL) compiled and distributed all shot data (May 2011). The
data were made available to all participating universities and organizations. All land data
will be publicly available after March 2013 through the IRIS Data Management Center
(www.iris.edu/dms/dmc).

Permitting

Permitting for the SSIP began in spring 2008 and continued through the weeks of
shooting. Permitting was a very time-consuming and essential component of the project.
It required hundreds of letters, emails, and telephone calls, and had to be done in a
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systematic way. The correspondence table (table 2) indicates the magnitude of the
permitting effort. We attempted to permit about 331 different sites for shot points. In
addition to shot point permits, many permits also were sought out to facilitate the
installation of seismometers on private land. Most instruments, however, were installed
along easements and roadways, and therefore did not require permits.

Table 2. Permitting: entities involved.

Number of
Number of permitted
Type of entity entities sites with
consulted shot points
completed
Federal Government agencies 9 53
Native American tribes 37 6
State Government agencies 9 5
County agencies 3 0
City or regional organizations 6 10
Private landowners 179 49
Totals 243 123

The permitting process began with scouting. Shot points were scouted (according
to the PIs’ plans for each seismic line) using Google Earth™ and/or by visiting potential
sites. Next, land ownership was determined by searching databases and parcel owner
information online and/or by consulting with county and city assessors’ offices. Once
ownership was determined, a letter asking permission and a map showing the location of
the proposed shot point location(s) were sent to the landowner(s).

It was necessary to visit each shot point site in order to verify that our buried
explosions would not damage nearby structures, utilities, or roads, and to ensure
compliance with the National Environmental Policy Act (NEPA). We had to ensure that
drilling and shooting would pose no threats to cultural resources, including
archaeological features, as well as threatened or endangered species of wildlife and
plants. To protect cultural resources on government (State and Federal) lands, we
contracted a commercial archaeological firm to visit and document each shot point site.
We then contacted the 37 Native American Tribes who had formerly occupied parts of
the region within the footprint of the SSIP, and provided our archaeological report. To
protect cultural resources on county, city, or private lands, we performed a literature
search (by contract) and photographed each site and its surroundings. Results from all
sites were reviewed for NEPA compliance by the California State Historic Preservation
Office (SHPO). Seismometer installations, involving generally a shovel-deep hole, were
exempt from NEPA documentation except for those along the southwestern half of Line
7. On this part of Line 7, a Native American monitor accompanied our deployment
crews. To protect threatened and endangered species on government (State and Federal)
lands, we took actions described below. Finally, before the start of drilling, we marked
the exact location of each proposed shot hole so that utility companies could confirm that
we would not be drilling into underground pipelines or cables.

Permitting for shot points on land owned by the Torres Martinez Desert Cahuilla
Indian Tribe, on lines 1 and 4, required some additional steps. An excavation permit was
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first obtained from the tribe, under the supervision of the Bureau of Indian Affairs.
During drilling on tribal land, a Native American monitor was present to inspect drill
cuttings for potential artifacts. In total, we drilled seven shot holes on Torres Martinez
lands in the Coachella Valley.

In areas recognized as habitat for threatened and endangered species, certified
biologists had to be present during all activities, including drilling, loading, shooting, and
cleanup. Shot sites proposed on Bureau of Land Management (BLM) land, under the
jurisdiction of the Palm Springs Field Office (Riverside and San Diego Counties), were
inspected by a staff biologist months before drilling and shooting began. The biologist
then trained Pls, USGS personnel, and the contracted drillers on the endangered desert
tortoise’s behavior and habitat, and on avoiding other sensitive species. The USGS “drill
watcher” was designated the official on-site desert tortoise monitor for the Coachella
Valley BLM sites. For seismometer sites in the fringe-toed lizard preserve near the center
of line 5, a certified biologist accompanied the deployment crew. Shot sites in the BLM
El Centro Field Office’s jurisdiction (Imperial County), which included military bases
and bombing ranges, required a certified biologist to be on site during all activities. We
used both USGS and private biologists to monitor our activities. In Imperial County, the
BLM was concerned about multiple species of endangered lizards, as well as the
endangered desert tortoise. None of the listed species were detected at any shot-hole sites,
nor determined to be impacted by drilling, shooting, or cleanup.

Land Shot Size Determination

Shot size was determined in much the same way as it was during LARSE 11 (Fuis
and others, 2001b). In this procedure, amplitude data from prior experiments (peak
ground velocity, in cm/s) were plotted againt distance and fit with two curves: one with
no distance weighting, and one where individual data points were weighted by distance.
The latter curve systematically predicted higher amplitudes than the former curve at
distances less than 10 km; hence shot size was determined by averaging the predictions
from the two curves.

The calibration shots that were detonated in the Imperial Valley in 2009 (Murphy
and others, 2010) demonstrated that shots in soft lake sediments followed the no-
distance-weighting curve quite closely. Therefore, for such sites, we used that curve
alone. For all other sites in SSIP, we used the averaged predictions of both curves.

“Distances of concern” were the distances to the nearest man-made structures.
Several peak ground velocity thresholds were tested to determine the maximum sizes
allowable for each shot. For example, for occupied modern structures, peak ground
velocities were kept below 2.5 cm/s (1 in/s) at a 95-percent confidence level to avoid
human complaints. For unoccupied modern structures, peak ground velocities were kept
below 5 cm/s (2 in/s) at a 95-percent confidence level to avoid cosmetic damage. Lastly,
for engineered structures (canals, bridges, dams, and so on), peak ground velocities were
kept below 12.5 cm/s (5 in/s) at a 90-percent confidence level to avoid damage.

Shot sizes ranged from 3-1,367 kg (6—3,000 Ibs; table 3). The smaller shots were
simply boosters loaded into 3-5 m deep (10-15 ft) hand-augered holes. The largest shots
consisted of two or three 20-cm (8-in.) diameter holes drilled to as much as 43 m (140 ft)
depth, loaded with blasting agent (totaling as much as 1,367 kg, or 3,000 Ibs), and
detonated simultaneously.
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Table 3. Land shot-hole loading details for 23 shot points. Full details for all shot points from the Salton Seismic Imaging Project are given in
appendix VIII.
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Land Shot Drilling, Loading, and Shooting

Shot hole description

(See appendix | for drilling logs and appendix Il for drill sample inventory.)

SSIP shots were explosions detonated at the bottoms of drill holes measuring
either 15 cm (6 in.) or 20 cm (8 in.) in diameter and more than 18 m (60 ft) deep (fig. 7).
The shot holes were drilled by a commercial water-well-drilling rig and cased as needed
with steel pipe. At all sites underlain by unconsolidated sedimentary deposits, the holes
were fully cased with sealed caps at the bottom. The explosives used were commercial
ammonium-nitrate-based product (blasting agent) and typically were pumped into the
drill hole by a contracted pump truck (fig. 8). Where access by the pump truck was not
possible, the explosives were loaded into shot holes in “chubs,” which were nylon bags
measuring 12.7 cm (5 in.) wide and 0.92 m (3 ft) long and prefilled with blasting agent.

The target depth of each drill hole depended on the proposed charge size,
according to the approximate formulas:

1. For 15-cm (6 in.) diameter shot holes:
Target hole depth (m) = 18 m + shot size (kg)/(20.9 kg/m)
(Or, target hole depth (ft) = 60 ft + shot size (Ibs)/(14 lbs/ft))
2. For 20-cm (8 in.) diameter shot holes:
Target hole depth (m) = 18 m + shot size (kg)/(37.3 kg/m)
(Or, target hole depth (ft) = 60 ft + shot size (lbs)/(25 lbs/ft))

However, at each shot point, the actual shot size was limited by the shot hole’s proximity
to man-made structures.

Shot holes were drilled and cased as shown in figures 7a and 7b, in soft sediment
and in hard rock, respectively. In the case of shot holes in sediments, the holes were
cased to the bottom and capped in order to prevent collapse or infilling by mobile clays.
The casings were filled with clean water to prevent them from rising buoyantly to the
surface. For these locations, we were not able to obtain an accurate measurement of the
depth to the water table upon drilling or loading the shot hole. In the case of shot holes in
hard bedrock, the holes were cased only in the upper 2-5 m, as needed, to prevent
collapse of soil and weathered rock into the open hole, as well as to facilitate loading.

During drilling, loading, shooting, and cleanup, USGS personnel used handheld
Garmin GPS units (model GRSMAP 60CSx) in order to survey and locate shot holes.
Details and notes were recorded on standardized forms for drilling (fig. 9), loading (fig.
10), and shooting (fig. 11). Cleanup records also were kept. See appendix | for completed
drilling logs for all shot holes. An inventory of drill samples taken in each shot hole is
given in appendix II.
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Shothole Diagram

(for shotholes in sediment)
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Figure 7a. Cross-sectional diagram of shot holes drilled into soft sediment. Note that in sediment,
steel casing is installed for the entire depth, with a steel cap welded to the bottom.
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Shothole Diagram
(for shotholes in bedrock)
Dirt cover
(temporary) Lock
Steel cap with
Ground | locking bar
surface AL . °Jo
AT e
; fs ok Steel casing
N e depth,
P, 4° as needed
5'-60’ |p 