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Abstract—Aeromagnetic data were analyzed to determine the
bottom of magnetic bodies that might be related to the Curie point
depth (CPD) by 2D spectral and 3D inversion methods within the
Salton Trough and the surrounding region in southern California.
The bottom of the magnetic bodies for 55 x 55 km windows
varied in depth between 11 and 23 km in depth using 2D spectral
methods. Since the 55 x 55 km square window may include both
shallow and deep source, a 3D inversion method was used to
provide better resolution of the bottom of the magnetic bodies. The
3D models indicate the depth to the bottom of the magnetic bodies
varied between 5 and 23 km. Even though both methods produced
similar results, the 3D inversion method produced higher resolution
of the CPD depths. The shallowest depths (5-8 km) occur along
and west of the Brawley Seismic Zone and the southwestern por-
tion of the Imperial Valley. The source of these shallow CPD
values may be related to geothermal systems including hy-
drothermal circulation and/or partially molten material.
Additionally, shallow CPD depths (7-12 km) were found in a
northwest-trending zone in the center of the Salton Trough. These
depths coincide with previous seismic analyses that indicated a
lower crustal low velocity region which is believed to be caused by
partially molten material. Lower velocity zones in several regions
may be related to fracturing and/or hydrothermal fluids. If the
majority of these shallow depths are related to temperature, they
are likely associated with the CPD, and the partially molten ma-
terial extends over a wider zone than previously known. Greater
depths within the Salton Trough coincide with the base of basaltic
material and/or regions of intense metamorphism intruded by mafic
material in the middle/lower crust.

Key words: Aeromagnetic anomalies, Curie point depth, heat
flow, inversion, spectral methods, salton Trough.

1. Introduction

The distribution of temperature variations is im-
portant in determining the rheological properties of
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the lithosphere that can aid in determining the extent
of rifting within a region (CHapMAN and FuUrLONG
1992). Although the local temperature distribution is
not commonly measured, it may be determined by
variations in regional heat flow (PoLLACK ef al. 1993).
The heat flow measurements are usually made in bore
holes on land that are spaced tens to hundreds of
kilometers apart and are not uniformly spaced. Ad-
ditionally, heat flow measurements may be affected
by near-surface and surface temperature variations
including groundwater flow and long-term surface
temperature variations. To determine the temperature
variations in regions where heat flow measurements
are absent, geochemical or geophysics methods can
be used to indirectly infer the temperature at given
depths. Geochemical methods include helium isotope
ratios from gases in hot springs (SaNo and WAKITA
1985) and silica concentration in hot springs (SWAN-
BERG and MorGan 1978). Geophysical methods
include magnetics, magnetotellurics (MT), and seis-
mic velocity estimates from tomographic studies that
can be used to indirectly infer the presence of high
heat flow. Magnetotellurics and seismic methods only
provide indirect evidence of low electrical resistivity
or seismic P- and S-wave velocities that may indicate
high heat flow but do not provide estimates of tem-
peratures. However, the magnetic method can be used
to estimate the Curie point depth (CPD) by deter-
mining the bottom of magnetic sources (e.g., SPECTOR
and GraNT 1970; BHATTACHARYYA and Leu 1975;
SHUEY et al. 1977; BLAKELY 1988; TaNAKA et al. 1999;
Ross et al. 2006; Espinosa-CArRDENA and CaMPOS-
EnriQuez 2008; BouLiGAND et al. 2009). The use of
the CPD in determining the heat flow is still prob-
lematic because the bottom of magnetic source may
not reflect temperature, but rather litholigic variations
and estimating the bottom depth determined from
magnetic interpretation methods can suffer from poor
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accuracy (Tanaka et al. 1999; Ravar et al. 2007).
Furthermore, the CPD may depend on composition
and the Curie temperature of the magnetic minerals.

The depth to the Curie isothermal point using
magnetic data can be accomplished by two different
methods. The most popular technique is the spectral
method, where the depth is estimated by calculating
the spectrum due to either an isolated anomaly using
one-dimensional spectral methods (e.g., BHAT-
TACHARYYA and Leu 1975), the two-dimensional (2D)
azimuthally averaged spectrum of a region of mag-
netic data (e.g., SPECToR and GRANT 1970; SHUEY
et al. 1977, Maus and DivMrr 1996; BLAKELY 1988;
TANAKA et al. 1999), or fractal-based spectral meth-
ods (e.g., Maus et al. 1997; BouLiGaND et al. 2009).
In all cases, the spectra are used to determine the top
and bottom of a magnetic source, with the bottom of
the source that assumed to be at the CPD. While the
spectral methods are widely used, Maus and DiMRrI
(1996) have showed that if used improperly, the
spectral methods have limited depth information. The
other method is to use forward modeling or inversion
methods to model isolated magnetic anomalies (By-
ERLY and StoLt 1977; HonG 1982; Mickus 1989) or
three-dimensional (3D) inversion of a region of
magnetic data (HUSSEIN ef al. 2012) to determine the
depth of the magnetic sources. In all these methods,
the depth to the bottom of the source is assumed to be
at the Curie temperature of magnetic minerals (for
instance magnetite is 580 °C). However, neither
spectral nor modeling methods work with complete
reliability and the estimated depths must be assessed
using outside constraints from other geological and
geophysical investigations (RAVAT et al. 2007).

In the present study, we applied the 2D power
density spectral method and 3D inversion of aero-
magnetic anomalies within and surrounding the
Salton Trough region of California to determine the
depth of the bottom of magnetic sources.

The Salton Trough region is complex tectonic
region that is the product of late Cenozoic deforma-
tion related to the evolution of the Pacific and North
American plate boundary in southern California
(ATwaTER 1970; AXEN et al. 2000; DoORSEY et al.
2007; SteeLy et al. 2009). Specifically, the Salton
Trough is a large transtensional basin that lies along
the oblique-divergent plate boundary in southern
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California that contains up to 10—12 km of nonmarine
sediments (Dorsey et al. 2007). The transextensional
tectonic regime is associated with high heat flow
values that peak at the southern end of the Salton Sea
and regions within the Imperial Valley (LACHENBRUCH
et al. 1985) (Triangles in Fig. 3). Regional geo-
physical studies have indicated the presence of
thinned crust and the possibility of partially molten
material under the Salton Trough (ELDERS ef al. 1972;
Fuis et al. 1984; HusseIN et al. 2011). To determine
the extent of the regional high heat flow values and
the relationship to the tectonic evolution of the Salton
Trough, a magnetic analysis in the form of spectral
and 3D inverse methods was undertaken.

2. Tectonic and Geophysical Setting

The present day configuration of the North
American-Pacific plate boundary in the Gulf of
California and Salton Trough region started ap-
proximately 6 Ma (OskiN et al. 2001). In the Salton
Trough region, the San Andreas, San Jacinto, and
Elsinore accommodate approximately 80 % of the of
the 50-55 mm/year plate motion between the Pacific
and North American plates (DEMETS and DixoNn 1999;
Fig. 1). Using traditional geological methods (e.g.,
geomorphology, trenching), the amount of slip along
the San Andreas Fault was found to be twice that
along the San Jacinto Fault (LINDSEY et al. 2013). The
slip rate found along the Elsinore Fault was consid-
erably less than the other two faults (FiaLko 2006;
Fay and HumpHrEYS 2005). The San Jacinto Fault is
more seismically active and structurally complex
than the other two faults because it consists of a
complex zone of overlapping strike-slip segments
(SanDERS and MAGISTRALE 1997; WEsNousky 1986).

The Salton Trough subsided from the late Mio-
cene to early Pleistocene due to regional extension
and transtension (AXEN and FLETCHER 1998; DORSEY
2010; Dorsey and UmHOEFER 2012). The present day
Salton Trough differs from analogous structures to
the south in the Gulf of California primarily because
of the large volumes of sediment deposited through
the growth of the Colorado River delta during the
past 5 million years which may have played a strong
role in reducing the apparent structural relief in the
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Figure 1
General location map of the Salton Trough and surrounding regions ign southern California showing topography and major faults (bold lines).
The major faults include Blue Cut Fault (BCF), Brawley Seismic Zone (BSZ), Cerro Prieto Fault (CPF), Elsinore Fault (EF), Imperial Fault
(IF), Imperial Valley (IV), Laguna Salada Fault (LSF), San Andreas (SAF), Sands Hill Fault (SAHF), San Jacinto Fault Zone (SJFZ),
Superstition Hills Fault (SHF), Western Salton Detachment Fault (WSDF). Mountain ranges include San Jacinto (SJM), Orocopia (OM),
Chuckwalla (CM), Little San Bernandino (LSBM), Pinto (PM). Triangle shows the location of the Salton Sea geothermal field. AZ Arizona,
CA California, BC Baja California, CP Cerro Prieto, SN Sonora, PO Pacific Ocean, SS Salton Sea

Salton Trough (Parsons and McCartHY 1996; Dor-
SEY et al. 2007). Seismic reflection/refraction and
gravity studies have indicated that the total thickness
of the sediment in the Salton Trough varies between 5
and 12 km (ELDERS et al. 1972; Fuis et al. 1984,
HusseN et al. 2011). This large volume of sediment,
especially the felsic material deposited by the Col-
orado River, has been metamorphosed by the active
magmatism and high heat flow values (Fuis er al
1984; Dorsey 2010).

The Salton Trough is a region with high heat flow,
Quaternary rhyolitic volcanism, abundant and shal-
low seismicity, geothermal energy production, and
continued subsidence (ELDERS et al. 1972; Doser and
KaNaMoRI 1986; Sass et al. 1988; HErRzIG and JACOBS
1994; Scamitt and VazQuez 2006). The above char-
acteristics have been investigated by a large number

of geophysical surveys including seismic reflection/
refraction, gravity, and heat flow (e.g., BIEHLER 1964;
ELDERS et al. 1972; Fuis et al. 1984; LLACHENBRUCH
et al. 1985; Sass et al. 1988; Parsons and McCARTHY
1996; BrotHERS et al. 2009; HUsSEIN et al. 2011).
Seismic reflection/refraction and gravity modeling
showed that the crust is thin (21-22 km) beneath the
Salton Trough with thicker crust (27-28 km) beneath
the Chocolate Mountains and Eastern Peninsula
Ranges (Fuis et al. 1984; Parsons and McCARTHY
1996; HaN et al. 2013a, b).

The recent Salton Seismic Imaging Project (SSIP)
(HaN et al. 2013a, b) which consisted of a detailed
seismic refraction/reflection profile along the central
portion of the Salton Trough showed that the crustal
thickness varied between 17 and 18 km and that the
crystalline basement has higher velocities beneath the
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Salton Sea geothermal region. This high velocity is
possibly related to either to metamorphism, hy-
drothermal mineralization, or magmatism. The
seismic refraction/reflection results were supported
by broadband seismic studies (tomography, receiver
functions, ambient noise analyses) (ZHU and KaNa-
MoRI 2000; BARAK et al. 2011; HUsSEIN et al. 2011;
ArLam and Ben-Zion 2012) where the dip on the
crust/mantle boundary is highest within the Eastern
Peninsula Ranges (LEwis et al. 2000). Additionally,
the middle to lower crust beneath the Salton Trough
has higher velocities and densities than the sur-
rounding region and have been interpreted to be
oceanic crust (Fuis et al. 1984). The detailed broad-
band seismic analysis by Barak et al. (2011) and
KinseLLA ef al. (2012) showed that the Moho thinned
beneath the Salton Trough and the upper mantle
consists of low velocity material. Receiver function
and Rayleigh—-wave tomographic analyses have
shown that the upper mantle beneath the Salton
Trough has lower velocities possibly caused by as-
thenospheric upwelling of partially molten material
(Znu and Kanamort 2000; YanG and Forsyta 2008).

3. Aeromagnetic Data

Aeromagnetic data were compiled from surveys
over the study area that had different parameters in-
cluding line spacings, flight elevations, and the year
of data collection (BANKEY et al. 2002). The data from
each individual survey were reprocessed for diurnal
variations, flight heading, and errors in flight eleva-
tion. The data had the Definitive Geomagnetic
Reference Field removed for the date of the original
survey. Then the individual surveys were merged and
regridded into regional compilations (BANKEY ef al.
2002). The regional grids were resampled into a grid
with a spacing of 1 km, and the original grids were
either downward or upward continued to a constant
0.305 km above the Earth’s surface. Finally, the re-
gional grids were merged together to produce a final
grid of North America. However, this grid had spu-
rious long wavelength anomalies that were caused by
merging the multiple surveys, so the final grid had
wavelengths greater than 500 km removed. More
details about the merging of the individual surveys
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can be found in BANKEY et al. (2002). The aero-
magnetic data for Salton Trough and the surrounding
region were gridded at 1.0 km spacing and contoured
at 50 gammas to produce a magnetic anomaly map
(Fig. 2).

Magnetic anomalies usually reflect lateral varia-
tions in magnetic mineralogy (which mostly consists
of magnetite) of the rocks from crustal to mid to
lower crustal depths depending on the heat flow in the
region. Shorter wavelength anomalies can commonly
be correlated to surface or near-surface geology;
however, longer wavelength anomalies may be
caused by either deep magnetic mineralogy variations
or variations in the CDP caused by regional heat flow
differences. Within the Salton Trough region, the
magnetic anomalies generally reflect the magnetic
susceptibility variations within the Proterozoic base-
ment rock types, Mesozoic intrusions, and Cenozoic
volcanic rocks (Griscom and MUFFLER 1971; LAN-
GeENHEIM and JAcHENS 2003; LANGENHEM et al. 2004,
2005, LancenHEmM and PoweLL 2009). The Salton
Trough is mainly characterized by a smooth magnetic
anomaly pattern (anomaly 1, Fig. 2) that is caused
mostly by the thick sedimentary section (Fuis et al.
1984; Parsons and McCarTHY 1996) that attenuates
the magnetic signature of the rock types beneath the
Salton Trough (Fig. 2). Given the high heat flow
within the Salton Trough (LACHENBRUCH et al. 1985),
the magnetic signature of the rock unit may be lower
due to possible shallow Curie isothermal depths.
Superimposed on the smooth magnetic pattern are
several short wavelength magnetic maxima (anomaly
2, Fig. 2) that may be due to magnetic material as-
sociated with volcanic material (Griscom and
MurrLER 1971). Northwest of the Salton Sea the
magnetic anomalies are caused by a pluton in the
upper part of the Eastern Peninsular Ranges mylonite
zone (LANGENHEIM et al. 2004). A conspicuous mag-
netic anomaly occurs over the Salton Sea geothermal
anomaly (Fig. 2) and five rhyolitic domes at the
southern end of the Salton Sea and over the Cerro
Prieto geothermal field (Fig. 1) in northern Baja
California. The southern Salton Sea magnetic
anomaly is thought to be associated with igneous
intrusive material buried at approximately 2 km in
depth and extends at least 30 km to the northwest
(Griscom and MurFLER 1971). It is also coincident
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Figure 2
Reduced to the pole magnetic map using an inclination of 58° andgdeclination of 13° of the Salton Trough and surrounding regions. Bold
numbers represent anomalies discussed in the text. Bold black lines represent major known faults. The white triangle and white square are the
locations of the Salton Sea and Cerro Prieto geothermal fields, respectively. Contour interval is 50 gammas. AZ Arizona, CA California, BC
Baja California, SN Sonora, SS Salton Sea

with a large amplitude gravity maximum which ar-
gues for a mafic source rather than a granitic source.
The magnetic maximum at the Cerro Prieto
geothermal anomaly occurs over rhyodacitic volcanic
domes that contain numerous diabase sills (DE BOER
1980; GOLDSTEIN et al. 1984) with the source of the
magnetic anomaly being a body that extends to 6 km
beneath the surface (GOLDSTEIN et al. 1984; EspINOsA-
CARrDENA and Campros-ENrIQUEZ 2008).

Besides the magnetic anomalies occurring with
the known geothermal anomalies, there are other
magnetic maximum (anomalies 2, Fig. 2) within the
Salton Trough. These anomalies are not associated
with known magnetic rock types considering their
size and amplitude that they may be caused by ig-
neous material beneath the Cenozoic sediments
within the Salton Trough or the source could reside in
the crystalline basement. There are scattered volcanic

rocks cropping out southwest of Cerro Prieto (Mo-
RAN-ZENTENO et al. 1994) which supports this
interpretation.

Even though the magnetic field over the Salton
Trough is relatively smooth with several short
wavelength maxima, a closer look at the data indi-
cates that there are regions with low amplitude
maxima and minima. Even though not obvious in
Fig. 2, a residual magnetic anomaly map constructed
by band-passing wavelengths between 10 and 75 km
indicates several low amplitude anomalies (anomalies
1-4, Fig. 3) within the Salton Trough. Anomalies 2
and 4 reflect thicker sediments as imaged by seismic
refraction surveys (Fuis et al. 1984; KoHLER and Fuis
1986; Parsons and McCaARrRTHY 1996), an ambient
noise analysis from broadband seismic stations
(KiNnseLLA et al. 2012), and integrated geophysical
study (HusselN et al. 2011). Anomaly 3 has been
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Figure 3
Regional magnetic anomaly map of the Salton Trough and surroundi%lg regions created by passing wavelengths between 10 and 75 km. Bold
black lines represent major known faults. Black triangle is the location of the Salton Sea geothermal plant. White squares represent heat flow
measurements less than 70 mW/m?, white triangles represent heat flow measurements between 70 and 100 mW/m?, and white circles
represent heat flow measurements greater than 100 mW/m? (BLackweLL and RicHARDs 2004). Contour interval is 50 gammas. AZ Arizona, CA
California, BC Baja California, SN Sonora, PO Pacific Ocean, SS Salton Sea

modeled as a dense mafic intrusion by seismic re-
fraction, gravity, and a seismic ambient noise
analysis (Fuis er al. 1984; Parsons and McCARTHY
1996; Barak et al. 2011; KiNsELLA et al. 2012). SSIP
results have shown that the highest basement ve-
locities occur to the west of anomaly 3 and anomaly 5
(Fig. 3; Han et al. 2013a, b). These high velocities
were been interpreted to be either magmatic material,
intense metamorphism or hydrothermal mineraliza-
tion (HAN er al. 2013a, b). Anomaly 3 is also
associated with a gravity maximum (Fuis ef al. 1984),
and gravity modeling has indicated that the top is
between 12 and 15 km (ParsoNs and McCARTHY
1996). However, a seismic ambient noise analysis
indicates that the top may be at 9 km (BARAK et al.
2011), and the SSIP models indicate a shallower
(2—4 km) source for the high-density/velocity base-
ment lithologies. The seismic ambient noise analysis

indicated that the deeper high-density body (mafic?)
associated with anomaly 3 (Fig. 3) extends nearly to
the California/Baja California border nevertheless the
lack of stations near the border limited the resolution
of their results. However, from the residual magnetic
anomaly map (Fig. 3), the mafic body may extend at
least 25 km south of the Baja California border. The
source of anomaly 1 (Fig. 3) is more problematic but
could be an extension of either the dense, deeper
mafic material, or the shallower high velocity mate-
rial imaged under the Brawley Seismic Zone (Han
et al. 2013a, b). If anomaly 1 (Fig. 3) is caused by a
mafic body, it may be relatively thin so that the
seismic noise analysis did not image the body.
Outside the Salton Trough, the magnetic field
mainly reflects the magnetic properties of the base-
ment rocks (Griscom and JacHeENs 1990; Mickus and
JAMES 1991; LANGENHEM et al. 2005; LANGENHEIM and
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PoweLL 2009). The western Peninsula Ranges
(Fig. 1) consist of a series of magnetic maxima
(anomaly 3, Fig. 2), which extends to the southern
end of the Baja Peninsula, that is probably associated
with mafic lithologies within the mainly Jurassic—
Cretaceous arc rocks and older oceanic rocks (LAN-
GENHEM and JacHens 2003). Even though Cenozoic
volcanic rocks are exposed in the southern Peninsula
Range, they are thin and have a highly variable
magnetic susceptibility which makes them unlikely to
produce such high amplitude magnetic anomalies
(LANGENHEIM and JAcHENs 2003; LANGENHEIM et al.
2005). These high amplitude magnetic anomalies are
in contrast to the region northeast of the San Andreas
Fault where the magnetic anomalies consist of a
series of short wavelength magnetic maxima and
minima of smaller amplitudes (Fig. 2). These mag-
netic maxima in general coincide with Precambrian
metamorphic and igneous rocks and Mesozoic ig-
neous rocks (Mickus and JAMES 1991; LLANGENHEIM
and PoweLL 2009). The higher amplitude magnetic
anomalies occur over the Jurassic intrusive rocks
(Pinto Mountains, anomaly 4, Fig. 2) rather than the
Cretaceous intrusive bodies (Coxcomb Mountains,
anomaly 5, Fig. 2; LANGENHEIM and PoweLL 2009).
One problem with using aeromagnetic data in
determining the CPD is that any given magnetic
anomaly may be caused by either increasing tem-
perature that causes the magnetization of the
mineral to disappear or by the lack of magnetic
minerals at a certain depth (Ross et al. 2006).
Without detailed heat flow data and/or drilling in-
formation, this determination may be difficult.
Within the Salton Trough, the majority of the wells
with heat flow measurements are within the Salton
Sea geothermal area (Fig. 3). Even though there are
heat flow values in the Salton Trough (LACHEN-
BRUCH et al. 1985; NEWMARK et al. 1988; Sass et al.
1994), the detailed thermal structure is only known
in general terms. To use magnetic data to determine
the CPD, there must be deep crustal magnetic
sources. HUSSEIN et al. (2012) constructed a re-
gional magnetic anomaly map by subtracting an
upward continued magnetic field from the total field
magnetic field to show that the majority of mag-
netic sources are deep. In this study, we used the
pseudogravity transformation (Baranov 1957) to
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emphasize the more voluminous magnetic sources
(LANGENHEIM et al. 2004). The pseudogravity
transformation converts the magnetic field into an
equivalent gravity field where all the magnetic
minerals are replaced by dense material. This
transformation emphasizes the longer wavelength
magnetic anomalies most likely caused by volu-
minous and perhaps deeper sources (LANGENHEIM
et al. 2004). The pseudogravity transformation map
(Fig. 4) indicates that the Salton Trough contains a
relatively smooth magnetic potential field. Still,
there are several maxima (anomalies 1-5, Fig. 4)
that are related to deeper sources.

4. Curie Point Depth Analysis

4.1. Spectral Analysis

Spectral methods have routinely been used in the
analysis of magnetic data to determine the CPD by
analyzing magnetic data over large regions (e.g.,
SHUEY et al. 1977; BLAKELY 1988; Ross et al. 2006).
The main problem with these methods is that small-
scale variations in the CPDs are difficult to determine
because the determination of the depth to the bottom
of a magnetic source is a function of the region
analyzed (BouLiGanDp er al. 2009; HuUSSEIN et al.
2012). In general, the width of the area analyzed must
be at least three to four times the actual depth to the
bottom of a magnetic source in order to be confident
of the determined depth.

In order to determine the spectrally determined
depth, the method of TANAKA et al. (1999) and MANEA
and Manea (2011) which was in turn based on the
technique of BHATTACHARYYA and Leu (1975) and
OkuUBO et al. (1985) was used to estimate the bottom of
magnetic sources. TANAKA et al. (1999) showed that by
determining the radially averaged power density spectra
of the magnetic anomalies over a region, one could
estimate the depth to the bottom of a magnetic source.
To determine the top of a magnetic source, the radially
averaged power density spectra [In (Par (Ikl)l/z)] are
plotted, and a straight line is fit through the lower
wavenumber portions (0.03—-0.2 rad/km) of the curve.
The depth to the centroid of a magnetic source is
determined in a similar fashion; however, the quantity



544 K. Mickus, M. Hussein

C
-117 -116

Pure Appl. Geophys.

-115

pmGal
100

-115

0

50 100

Figure 4
Psuedogravity anomaly map of the Salton Trough and surrounding regions. Bold black lines represent major known faults. Bold numbers
represent anomalies discussed in the text. Black triangle is the location of the Salton Sea geothermal plant. Contour interval is 2 mGal

[In (D7 (Ik1)")/Ik] is plotted, and a straight line is fit
through the higher wave numbers (0.5-0.8 rad/km). The
basal depth of the magnetic source is then calculated
from Z, = 2Zy — Z,, where Z, is the top bound and Z, is
the centroid.

Since we are trying to map CPD’s of relatively
small features (e.g., geothermal areas within the
Salton Trough), small windows are needed to
estimate the radially averaged power spectra. A
previous study that included the Salton Trough
(BouLiGanDp et al. 2009) used a 100 x 100 km
window to show that the CPDs ranged from 13 to
17 km. BouLiGaND et al. (2009) showed that large
window sizes are needed to recover low wavenum-
bers in the radial power spectrum that represent the
depth to the bottom of magnetic sources. However, a
100 x 100 km window is too large to reliably image
small-scale CPD variations (RAVAT et al. 2007) as the
higher wavenumbers are needed to image the shal-
lower depths. To estimate the depths to the shallower

magnetic sources, we tried a variety of window sizes
from 20 x 20 to 100 x 100 km and found that a
55 x 55 km window best delineated CPD depths
between 5 and 20 km. Additionally, we overlapped
our analysis regions by 10 km on each side in order
to minimize the well-known edge effects of using the
Fast Fourier Transform.

Two examples of the power spectrum analysis
from two different regions within the Salton Trough
are shown in Figs. 5 and 6. One problem with using
the spectral methods is determining what wavenum-
bers to use to measure the slope as slight variations in
the location of the slope can lead to different depths
(RAvAT et al. 2007). To determine the variations in
the depths to the bottom of magnetic sources, we
measured the wavenumber slopes at three different
locations for both the top and centroid of the
magnetic source. The variability for the top of the
magnetic source was between 0.1 and 0.3 km, while
the variability in depth values for the centroid of the
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Figure 5
Spectra for a: for the top of the magnetic source and b: for the

centroid of magnetic source of block 6 (Fig. 7). The bolded straight

lines in a and b represent the slopes used to determine the top and

centroid of the magnetic source. These values were then used to

estimate the Curie isothermal depth. Z; represents the top of the

magnetic source and Z. represents the centroid of the magnetic
source

magnetic source was between 0.7 and 1.3 km. The
above range in depth values would lead to errors
between 0.8 and 2.3 km in the CPDs.

Figure 7 shows the results of the power spectrum
analysis to determine the bottom of the magnetic
sources. The estimated depths range from 11.2 for
block 20-23 km for block 3. These numbers roughly
agree with the results of BouLIGAND et al. (2009) who
concluded using a larger window that the Salton
Trough had CPD depths between 12 and 14 km with
shallow values (<10 km) in the Mojave region
northeast of the Salton Trough. Two regions of
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Figure 6
Spectra for a: for the top of the magnetic source and b: for the
centroid of magnetic source of block 11 (Fig. 7). The bolded
straight lines in a and b represent the slopes used to determine the
top and centroid of the magnetic source. These values were then
used to estimate the Curie isothermal depth. Z, represents the top of
the magnetic source and Z. represents the centroid of the magnetic
source

particular interest include blocks 10 and 16 where
the known geothermal fields (Salton Sea and Cerro
Prieto) exist. The high heat flow values
(>1000 mW m~2) in these geothermal fields (Sass
et al. 1994) suggest that the CPD should be shallower
than the power spectrum analysis determined values of
16.4 and 14.8 km, respectively. These depths show the
limitation of the power spectrum method in determin-
ing CPD values of spatially small anomalies. Of
particular interest are the shallower depths in blocks 6,
11, 16, and 20. The shallow values in block 11 can be
associated with the low seismic velocities found in the
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Figure 7
Regional magnetic anomaly map of the Salton Trough and surroun%ing regions. The white grid represents the block in which the spectral
analysis was performed to determine the bottom of magnetic source. The smaller white number in the upper right corner of each box
represents the block number and the larger white number near the center of each box represents the spectrally determined Curie isothermal
depth in kilometers. Bold black lines represent major known faults. White triangle is the location of the Salton Sea geothermal field. Contour
interval is 50 gammas

lower crust by seismic ambient noise analyses (KIN-
SELLA et al. 2012). Part of the low seismic velocities is
attributed to fracturing in the basement or hydrother-
mal fluids in the northwest portion of block 11, and
this low velocities continue into block 10 (HAN et al.
2013a, b). If the shallower CPD values are associated
with hydrothermal fluids related to magmatic activity,
the shallow CPD values to the northwest and southeast
of block 11 may represent the extension of these low
velocity regions. Additionally, the deeper CPD values
in blocks 7 and 15 can be explained by the mafic
underplating at 15-20 km in depth imaged by the
above seismic studies.

4.2. Three-Dimensional Inversion

The second method of determining the CPD is to
model magnetic anomalies due to isolated magnetic

anomalies or a region that contains several magnetic
anomalies using forward or inverse methods. The
most commonly used approach has been to model
isolated anomalies using vertical prisms (BHAT-
TACHARYYA and LEu 1975; SHUEY ef al. 1977) bodies
with a rectangular or cylindrical shape (ByErLy and
StoLt 1977) or arbitrarily shaped two- and two-and-
one-half-dimensional bodies (Hong 1982; Mickus
1989). Recently, HusseIN et al. (2012) determined the
depth to the bottom of magnetic sources of a region
containing numerous magnetic anomalies using 3D
inversion methods. One problem with the above
methods except the 3D inversion method is that they
model an anomaly due to an isolated body that
requires trying to perform a residual anomaly
separation. This procedure usually introduces some
sort of error in determining the true anomaly related
to a body.
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The advantages of using 3D inversion are that one
does not have to isolate positive magnetic anomalies
or determine if the anomaly is over thick volcanic,
plutonic, or metamorphic rocks that has to be done in
the methods by HonG (1982) and Mickus (1989).
However, one has to interpret the given depths to
determine if they truly represent the CPD or just the
depth to the bottom of the magnetic mineralogy. In
some regions, there may not be enough suitable
anomalies to accurately determine regional CPD
variations. Within the Salton Trough and the sur-
rounding area, the residual magnetic anomaly map
(Fig. 3) and the pseudogravity anomaly map (Fig. 4)
indicate that there are several short wavelength, low
amplitude anomalies that should be suitable for
determining the depths to their source.

To estimate the depth and geometry of the sources
of the various anomalies observed in Figs. 2 and 3, a
3D inversion of the reduced to the pole magnetic data
was performed using a routine by Li and OLDENBURG
(1996). To obtain reliable solution without outside
constraints, different inversion parameters (e.g.,
weighting of the data, data errors, choice of objective
function, starting model, and size of model mesh)
were considered and varied to test the consistency of
our models with the geology. Incorrect choices of
these parameters could lead to results that have no
relationship to the actual geology despite a low RMS
error (L1 and OLDENBURG 1996).

The 3D inversion of potential field data requires a
large amount of computer memory and thus time if a
large number of body cells and data points are used.
Since we are trying to model a large area, we
modeled the central portion of the Salton Trough
including blocks 6, 7, 10, 11, 14, 15, 18, and 19
(Fig. 7). For each model, the minimum-sized cell
block is 400 m which gradually increases toward the
north—south and east-west edges and toward the
bottom of the model. The depth of the blocks was set
at 40 km. We tried a variety of starting models
(magnetic susceptibilities), and variations in the
above inversion parameters in order to determine
which features in the model produced by the inver-
sion process were consistently determined. To show
the final results, various slices were made (Figs. 8, 9)
to illustrate the main features of the models. As with
potential field methods, the resolution of the
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boundaries decreases with depth, so depth weighting
is necessary in order to avoid having the bodies being
concentrated near the surface (Li and OLDENBURG
1996). To test the resolution of our models, we
inverted the data using different starting models with
and without depth weighting. For each model, we ran
ten inversion models and determined the depth to the
bottom of the magnetic sources under the Salton Sea
geothermal area and the Chocolate Mountains. Under
the Salton Sea geothermal area, the depth varied by
1.0 km, while it varied by 2.3 km under the Choco-
late Mountains.

Figures 8 and 9 indicate that the depth to the
bottom of magnetic sources range from 5 to 6 km to
approximately 23 km. There is considerable uncer-
tainty in determining the cut off depth, but in general,
the depths were chosen at the bottom of the higher
magnetic susceptibility values (orange on Figs. 8 and
9). In general, the deeper magnetic sources were
found on the eastern edge of the study area (Fig. 10)
under the Precambrian metamorphic and Mesozoic
granitic rocks within the Chocolate Mountains (JEN-
NINGs 1977). The shallowest depths are along the
eastern edge of the eastern Peninsula Range where
there are numerous short wavelength magnetic
maxima. Within the Salton Trough, the depths to
the bottom of the magnetic sources varied widely
(7-19 km) with the deeper values occurring southeast
of the Salton Sea geothermal area which contains,
based on seismic studies (e.g., PARrsons and
McCartHY 1996; BARAK et al. 2011; HaN et al.
2013a, b) a high velocity layer (mafic?).

5. Discussion

Curie point depth analyses can be used to estimate
the thermal and/or geologic structure of a region. Our
analysis of the CPD within the Salton Trough and the
surrounding region was attempted using power den-
sity spectrum methods and inverting magnetic data for
3D magnetic susceptibility distributions. The power
density spectrum method roughly estimated the CPDs
but probably overestimated these depths in a number
of regions including blocks 6, 10, and 12 (Fig. 7) as
compared to the CPD’s determined from the 3D in-
version (Fig. 10). The problem with the power density
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Figure 10
Regional magnetic anomaly map of the Salton Trough and surrounding regions showing the Curie isothermal depth points as determined from
the 3D inversion of the magnetic data. All depths are in kilometers. Bold black lines represent major known faults. White triangle is the
location of the Salton Sea geothermal field. Contour interval is 50 gammas

spectrum methods is that they cannot separate the
depths to the top and bottom of magnetic sources
unless the region analyzed is much larger (3—4 times)
than the maximum depth to the bottom of a body
(Blakely, personal communication, 2012) and thus
cannot image small-scale variations within the CPDs.
This limitation has been noted by other authors (e.g.,
TaNAKA et al. 1999; BouLiGanD et al. 2009) and is
obvious in blocks 6 and 7 where the inversion imaged
several regions with shallow CPDs (7-8 km), while
the power spectrum results were greater than 12 km.
Given the complex magnetic anomaly pattern within
the Eastern Peninsula Ranges where anomalies were
modeled with both shallow (<10 km) and deep
(>10 km) (LancenHEmM and JacHens 2003), such a
result is not surprising. However, the power spectrum
analysis did produce results that roughly agreed with
the results of BouLIGAND et al. (2009) who found that
within the Salton Trough the CPDs varied between 12

and 14 km. Our results produced more variation to the
CPD with several regions (e.g., blocks 10, 14, and 15)
producing deeper values (Fig. 7). This is probably
because of our smaller analysis windows imaged lat-
erally smaller CPD variations.

The 3D inversion models (Figs. 8, 9) provided
more spatially detailed depths to the bottom of the
magnetic sources than the power spectrum method.
Assuming that most of these depths represent the
Curie isothermal point, the CPDs are shown in
Fig. 10. The depths were selected by determining
the maximum depths shown in the bodies in
Figs. 8 and 9, which are east—west slices in the
middle of the 3D model. The other depths were
chosen at east—west slices at distances one quarter
and three quarters from the southern edge of each
block.

The estimate of heat flow from CPD analyses is
dependent on the temperature used for the most
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common magnetic mineral, magnetite. The most
commonly used value is 580 °C (HAGGERTY 1978). To
estimate the heat flow from CPDs, we used the one-
dimensional conductive heat flow equation where the
temperature gradient is constant. In such an active
rifting environment as the Salton Trough, convective
heat flow may be just as or more important as con-
ductive heat flow. However, using a conductive heat
flow equation will provide a first-order estimation of
the regional heat flow and provide information on the
regional heat flow. The one-dimensional conductive
heat flow equation (Fourier’s law) is

g = kdT/dz, (1)

where ¢ is the heat flux, d7/dz is the temperature
gradient, and k is the thermal conductivity. TANAKA
et al. (1999) showed the Curie temperature, and C
can be defined as

C = (dT/dz)D, (2)

where D is the CPD, provided that there are no heat
sources or sinks between the earth’s surface and the
CPD. Then, the CPD becomes

D = kC/q. (3)

An additional variable that affects the estimated heat
flow is the thermal conductivity. Thermal conduc-
tivity values normally range between 1.3 and
33 W m~ ' K' for granites to 2.5-5.0 W m~' K™
for metamorphic rocks (LiLLIE 1999). TaNAKA et al.
(1999) used a range of kC (1000-2500 W m Y to
show that high flow values (>150 mW m™?) in spa-
tially small areas (individual composite volcanoes)
using the power density spectrum method cannot
image local CPDs.

However, the 3D inversion results imply that local
CPDs may be estimated. Using Eq. 3, CPD’s between
8 and 12 km, and heat flow values between 120 and
1400 mW m~? (BLackwELL and RicHARDs 2004), the
thermal conductivities for the Salton Trough were
estimated to be between 2.5 and 192 W m™~' K.
The high thermal conductivity values are concen-
trated around the Salton Sea geothermal area (Fig. 3)
and do not necessarily reflect the thermal conduc-
tivities of the entire region. Using the estimated
thermal conductivities and CPDs between 8 and
12 km, the estimated heat flow values within the
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Salton  Trough range between 133  and
1500 mW m™2. These heat flow values in general are
in accord with the measured values (LACHENBRUCH
et al. 1985; Sass et al. 1988, 1994) that show that the
Salton Trough is a region of high heat flow
(>140 mW m~?). Rapid extension, igneous intru-
sions, and mafic underplating within the lower crust
(Sass et al. 1988) have been used to explain this re-
gion of high heat flow. The magnetic analysis could
not image the source of the extremely high heat flows
within the Salton Sea geothermal area (Fig. 3). The
high values (>1200 mW m~2) are not associated
with the northwest-trending magnetic maximum
(central anomaly 2, Fig. 2) and are thought to be local
anomalies associated with hydrothermal circulation
(Sass et al. 1994).

If the bottom of the magnetic sources (Figs. 7, 8,
9, 10) indicates that if the bottoms of the magnetic
sources are indeed the CPD, then the shallow CPDs
may be related to elevated heat flow values. These
values (<10 km) occur within specific regions and
include the regions between the San Jacinto and
Elsinore Faults, along the Brawley Fault Zone south
and southwest of the Salton Sea geothermal area,
southwest of the Elsinore Fault, and regions within
and northeast of the Chocolate Mountains (Fig. 10).
Even though the regional heat flow regime of the
Salton Trough is considered to be high (Sass et al.
1994), the measured heat flow values do include more
moderate heat flow values (50-100 mW m72)
(Fig. 3). One curious result was that the known
geothermal areas (Salton Sea geothermal area and
Cerro Prieto) were associated with relatively deep
CPDs. Similar CPDs were found in the Cerro Prieto
geothermal field (GoLDpSTEIN et al. 1984; Fig. 1).
These results imply as concluded by Sass er al
(1994) that these geothermal regions are related to
narrow zones of hydrothermal flow, and regional
magnetic analyses cannot isolate such small CPDs.

Our results suggest that the overall heat flow
pattern may be more complicated because the areas
of shallow CPDs are isolated regions (Fig. 10). The
deeper CPD values in the southwest portions of the
Imperial Valley near the Elsinore Fault coincide with
higher velocities in the basement (HaN et al. 2013a,
b). However, this region of deeper CPD values is
narrow, and the region to the north and southwest and
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the CPD depths are shallower. Even though the SSIP
models in this region indicate higher basement ve-
locities (HaN et al. 2013a, b), deeper imaging seismic
ambient noise analyses indicate that below 9 km the
seismic velocities are lower (Barak et al. 2011).
Combined with the shallow CPD values, the lower
velocities may indicate that this region has some type
of deep heat source related to hydrothermal pro-
cesses. Deeper CPD values southeast of the Salton
Sea occur in the same region as high velocities (Fuis
et al. 1984; BAraK et al. 2011) caused by metamor-
phosed sediments with intruded by mafic material.

The region of shallow CPD values along the
Brawley Fault Zone coincides with low velocities
imaged by SSIP who primarily interpreted these ve-
locities to be caused by faulting within the basement
(Hanetal. 2013a, b). The shallow CPD values and high
heat flow values (Fig. 3) imply that these low values
may be partially related to high heat flow possibly
caused by hydrothermal circulation or partially molten
material. This zone of shallow CPDs seems to trend to
the northwest along the San Jacinto Fault zone and to
the southeast to the west of the Cerro Prieto geothermal
field (Fig. 1). The CPD analysis alone cannot deter-
mine the source of the shallow CPD values as
additional detailed seismic reflection/refraction sur-
veys are needed to confirm the depths of these sources.
Additionally, a MT survey may aid in determining if
there is a partially molten body at depth.

6. Conclusions

The magnetic field of Salton Trough and the sur-
rounding area was analyzed to determine the bottom
of the magnetic bodies and how these relate to the
regional CPD. Two methods were applied: (1) 2D
power spectrum methods and (2) inversion of mag-
netic data for a 3D magnetic susceptibility
distribution. The power spectral method determined
that the CPD varied between 11 and 23 km with the
deeper values being outside of the Salton Trough in
the Eastern Peninsula Ranges and the Chocolate
Mountains region. Within the Salton Trough, the CPD
ranges from 11 to 19 km with the shallowest depths
occurring in the center of the Salton Trough. The
shallowest depths occur over the area where seismic
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studies indicate low seismic velocities possibly re-
lated to hydrothermal circulation, fracturing in the
basement, or partially molten material. The deeper
values occur over regional magnetic maxima and ar-
eas with higher seismic velocities within the lower
crust which may be related to basaltic material or a
combination of mafic intrusions and metamorphose
sediments. Even though these values agreed with re-
gional magnetic studies, the power spectral methods
could not image small-scale variations in the CPD, as
the high heat flow values under the Salton Sea
geothermal area and the Cerro Prieto region imply
shallow CPDs, and power spectrum results indicate
deep CPDs (16 and 18 km, respectively).

The results of the 3D inversion of the magnetic
data showed that the shallowest CPD depths (5-8 km)
are found over the Brawley Seismic Zone and the
southwest portion of the Imperial Valley near the
Elsinore Fault. The shallow CPD values near the
Brawley Seismic Zone may be related to hydrother-
mal circulation, while the shallow values near the
Elsinore Fault occur over low seismic velocities be-
tween 9 and 21 km in depth that are below high
velocity basement lithologies. The source of the low
seismic velocities may be related to partially molten
material or hydrothermal circulation. The shallow
depths within the Brawley Seismic Zone also occur to
the west of this zone, and this region occurs over the
seismically imaged low velocity region thought to be
associated with hydrothermal circulation or partially
molten material. If the shallow CPD values are caused
by such a geothermal system, this region extends at
least 50 km to the northwest and southeast of the
detailed seismic refraction profiles. To determine if
magma or some type of geothermal system is present
at mid-crustal levels in the Salton Trough, additional
geophysical analyses including MT and seismic re-
flection/refraction are recommended. While the
spectral and 3D inversion methods produced similar
CPDs in several regions, the 3D inversion method
produced higher lateral resolution of the CPD.
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