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Seismic evidence for a fossil slab origin for the Isabella anomaly
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S U M M A R Y
A teleseismic receiver function image of a slab-like feature that extends from the Pacific coast
to the foothills of the Sierra Nevada beneath central California connects the expected location
of the subducted remnant of the Monterey microplate to the high-velocity Isabella anomaly in
the upper mantle. The observed structure indicates that this anomaly is a relic of the subduction
zone that preceded capture of the Monterey microplate by the Pacific plate and is not due to the
delamination of the lithosphere beneath the Sierra Nevada Mountains, as had been previously
proposed. The fossil slab connection is also supported by surface wave tomographic images.
The images are derived in part from a new linear broad-band array across the western part of
central California.

Key words: Body waves; Interface waves; Seismic tomography; Crustal structure; Subduc-
tion zone processes.

1 I N T RO D U C T I O N

Seismically fast bodies have been identified in the upper mantle
beneath several regions of the western U.S. Many of these features
are associated with active subduction of the Juan de Fuca and Gorda
plates beneath Cascadia (e.g. Obrebski et al. 2011; Sigloch 2011;
Porritt et al. 2014), but there exists additional anomalies whose ori-
gins are not as clear. For example, the Siletzia Curtain (Schmandt &
Humphreys 2011), Wallowa (Darold & Humphreys 2013), Nevada
(Roth et al. 2008; West et al. 2009) and Isabella (e.g. Jones et al.
1994; Wang et al. 2013) high-velocity bodies are all considered to
be anomalous, each with an indistinct origin. Here, we focus on
discerning the tectonic origin of the Isabella anomaly.

The Isabella anomaly is located in the upper mantle beneath
California’s southern Great Valley, a ∼100 km wide sedimentary
basin (Fig. 1). Previous seismic tomography studies have identi-
fied maximum compressional and shear wave speed perturbations
of ∼5 per cent and ∼6–8.5 per cent, respectively, for this high-
velocity body extending from ∼70 to ∼200–300 km depth (Zandt
2003; Schmandt & Humphreys 2010; Wang et al. 2013; Jones et al.
2014). The precise dimensions and geometry of the seismically fast
volume are not well-constrained by these previous studies, with
some denoting a structure that dips steeply to the east (Boyd et al.
2004; Wang et al. 2013; Jones et al. 2014), while others identify
a vertical cylinder-like structure (Zandt 2003), both of which have
variable diameters. Relatively sparse station coverage in the region
overlying the Isabella anomaly has led to these resolvability issues
and has inhibited imaging the structural connection between the

anomaly and the overlying lithosphere, which could elucidate its
origin.

The two prevailing hypotheses for the tectonic origin of the Is-
abella anomaly attribute it to either a fossil slab fragment (e.g. Wang
et al. 2013; see also Porritt 2013; Cox et al. 2016) or the foundered
lithospheric root of the Sierra Nevada batholith (e.g. Frassetto et al.
2011; Saleeby et al. 2012, and references therein). In the founder-
ing lithosphere, or delamination, hypothesis, the dense ultramafic
root of the southern Sierran batholith destabilized and was removed
during the last 8–10 Myr in a downwelling process that produced
the Isabella anomaly (Ducea & Saleeby 1998; Zandt et al. 2004).
Such removal of mantle lithosphere is suggested to occur based pri-
marily on observations of anomalous crustal thickness, subsidence
of a portion of the southern Great Valley basin, uplift of the Sierra
Nevada (Saleeby et al. 2012; Levandowski & Jones 2015) and a
compositional change in volcanism (Ducea & Saleeby 1998). In
the fossil slab hypothesis, the partially subducted remnant of the
Monterey microplate, which was captured by the Pacific plate af-
ter spreading ceased ∼19 Ma (Lonsdale 1991), is identified as the
Isabella anomaly at depth. The extinct ridge segments forming the
western edges of this fragment of the Farallon plate are still pre-
served offshore today (Lonsdale 1991) at latitudes coincident with
the Isabella anomaly (Fig. 1). In addition, the variability in topog-
raphy and crustal thickness that is used to suggest delamination
is also demonstrated to be similar to observations in active sub-
duction zones, supporting a fossil slab interpretation (Porritt 2013;
Wang et al. 2013). The fossil slab hypothesis does not preclude
the possibility of southern Sierran delamination, but, rather, asserts
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Figure 1. Topographic-bathymetric and station map. The locations of CCSE stations (red dots) and all regional broad-band stations (pink squares in top left
inset) used in this study are shown. The western edge of the Monterey microplate (MM) is evident in the bathymetry. Quaternary faults, including the San
Andreas Fault (SAF), are depicted by dark grey lines. The approximate boundary of the Isabella anomaly (IA) at 90 km depth from Jiang et al. (2018a) is
indicated by the cyan ellipse. The blue line denotes the location of the 2-D profile (A-A′) in Fig. 3. Epicentral locations of teleseismic events used for the
receiver function analysis (red dots; Supporting Information Table S1) and surface wave tomography (green dots; Supporting Information Data Set S1) are
shown in the bottom right inset map.

that any such lithosphere foundering is not the source of the Isabella
anomaly. A hybrid fossil slab and delaminated lithosphere interpre-
tation for the tectonic origin of the Isabella anomaly has also been
proposed (Bernardino et al. 2019). In this interpretation, the shal-
low, westernmost portion of the Isabella anomaly was derived from
the subducted remnant of the Monterey microplate, while the east-
ern, deepest portion was formed by the foundered lithospheric root
of the Sierra Nevada batholith (Bernardino et al. 2019).

The Central California Seismic Experiment (CCSE 2015) was
designed to distinguish between these hypotheses through en-
hanced seismic imaging of the Isabella anomaly with a dense
broad-band array. We employ receiver function analysis and sur-
face wave tomography techniques to image the seismic structure
of the crust and uppermost mantle beneath central California and
identify the structural connection between the anomaly and the
overlying lithosphere. The trajectory and strength of this connec-
tion can be used to infer the tectonic origin of the Isabella anomaly,
with a shallowing eastward (i.e. towards the Sierra Nevada) tra-
jectory suggestive of delamination and a shallowing westward
(i.e. towards the Pacific coast) trajectory suggestive of a remnant
slab.

2 DATA A N D M E T H O D S

The seismic data used in this study were recorded by the CCSE
array and > 460 other broad-band stations which operated between
1997 and 2015 in the southwestern U.S. (Fig. 1). The CCSE ar-
ray consisted of 53 broad-band seismometers which recorded data
between December 2013 and October 2015. Thirty-eight of these in-
struments were deployed in a linear array spanning from the Pacific

coast, across the Great Valley, to the Sierra Nevada foothills at an av-
erage station spacing of 7 km (Fig. 1). The remaining CCSE stations
were located to the north and south of this line, primarily scattered
throughout the southern Great Valley. Permanent networks (CI, BK)
and other temporary arrays, such as the Sierra Nevada EarthScope
Project (Gilbert et al. 2012; Jones et al. 2014), Sierra Paradox Ex-
periment (Boyd et al. 2004) and EarthScope Transportable Array
(TA) collected data in the broader southwestern U.S. region.

Receiver functions are generated for 61 Mw > 6 teleseismic earth-
quakes recorded by the CCSE array. These earthquakes are located
at depths of 7–664 km and backazimuths of 44◦–333◦. Continuous
noise data and a total of 777 Ms > 5.5 teleseismic earthquakes
recorded by the broader set of stations were used by Jiang et al.
(2018a) in ambient noise and two-plane wave tomography, respec-
tively, to obtain Rayleigh wave phase velocities at periods of 7–100 s
in a companion study to this paper. The earthquakes in this larger
data set are located throughout all 360◦ of backazimuth (Fig. 1).
Event information is taken from the Advanced National Seismic
System (ANSS) Comprehensive Earthquake Catalog (ComCat) and
the International Seismological Centre Bulletin event catalogue
(International Seismological Centre 2015; Supporting Information
Table S1 and Data Set S1).

2.1 Receiver functions

Receiver functions (RFs) are constructed using standard methods,
following Ma & Clayton (2015, 2016). Three-component wave-
forms for each event are rotated to R-T-Z coordinates and bandpass
filtered to 1–50 s. An iterative time-domain deconvolution tech-
nique (Kikuchi & Kanamori 1982; Ligorrı́a & Ammon 1999) is
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1190 S.L. Dougherty et al.

used to generate P-to-S RFs with a low-pass Gaussian filter with a
parameter of 2.5 applied. This filter parameter is chosen to allow
the highest frequencies (for highest resolution) that do not create
significant spurious arrivals in the RFs. We perform a qualitative as-
sessment of the results from a few different filter bands to select the
filter parameter that produces the clearest signals. The correspond-
ing cut-off frequency for the selected filter parameter is ∼1.2 Hz
(Ma & Clayton 2016). The quality (A, B, C, D) of all RFs obtained
for each event is assessed visually by inspecting the apparent noise,
or artefact, level and only those events with the highest quality
rankings (i.e. A or B) are retained for further analysis. Out of the
61 earthquakes for which RFs are generated, 31 meet these crite-
ria (Fig. 1, Supporting Information Table S1). The RFs at the 38
CCSE stations along profile A-A′ (Fig. 1) for these 31 events are
then stacked. Based on the success that Ma & Clayton (2015, 2016)
found using free-surface multiples in their RF imaging along sim-
ilarly dense station profiles in other regions, we explore the PpPp
and PpPs phases (Fig. 2) in our RFs and also find strong signals
from these multiple phases.

Common conversion point (CCP) migration (Dueker & Sheehan
1997) is performed using the PpPp phase with a bin size of 1.5 km in
horizontal space and 0.1 km in depth space. A 1-D model extracted
from a reference 2-D velocity model (Supporting Information
Fig. S1) at each station location along A-A′ is used for the time-
depth conversion. This reference model across the CCSE array
is constructed from a previous compilation of seismic refraction
and reflection surveys that were conducted in central California
(Fliedner et al. 2000) and includes the low-velocity Great Valley
basin, which is important for correctly migrating the RFs with depth
(Dougherty et al. 2016). This model has been validated through 2-D
waveform modelling using local earthquakes recorded by the CCSE
array (Dougherty et al. 2016). Two alternative velocity models are
also tested, with their resultant CCP migrated images exhibiting
small shifts in interface depths (± ∼2–5 km), but otherwise no
change in the imaged structure (Supporting Information Figs S2
and S3). A test with a 1-D global reference model (iasp91; Kennett
& Engdahl 1991) illustrates the importance of including the Great
Valley basin in the velocity model used for migration (Supporting
Information Fig. S4). The CCP migrated images from this test de-
pict larger shifts in interface depths (± ∼3–8 km), steepening of
dipping interfaces and a loss of detail (e.g. pair of west dipping
interfaces reduced to single diffuse interface) for structures beneath
the Great Valley. CCP migration results from 30 events are stacked
to produce the final image. One event is excluded (Supporting In-
formation Table S1) due to low-quality results produced at several
stations. A hit count cross-section is used as a resolution proxy for
the CCP migrated image (Supporting Information Fig. S5). The de-
scribed CCP migration procedure is repeated using the Ps (Support-
ing Information Fig. S6) and PpPs (Supporting Information Fig. S7)
phases.

2.2 Rayleigh wave tomography

Surface wave tomography was performed in our companion study to
this paper (Jiang et al. 2018a), with results along a new cross-section
approximately coincident with RF profile A-A′ (Fig. 1) presented in
this study. The techniques used to produce the tomography results
shown in this study are briefly summarized here. The reader is
referred to Jiang et al. (2018a) for further details.

For ambient noise tomography, a previous set of Rayleigh wave
phase velocities generated from 2005–2007 data (Lin et al. 2008)

was supplemented with new noise correlations between stations
which operated between 1997 and 2015. The frequency–time anal-
ysis (FTAN) method (Levshin & Ritzwoller 2001) was applied to
determine the phase velocities between stations. The complete set of
phase velocities were then used in a ray-theory based tomographic
inversion (Barmin et al. 2001) to generate short-period (7–25 s)
Rayleigh wave phase velocity maps for the broader study region.

The FTAN method was also applied to the 777 teleseismic earth-
quakes that comprise the larger event data set to isolate the funda-
mental Rayleigh wave on each seismogram and obtain the phase
and amplitude. The two-plane wave tomography method (Forsyth
& Li 2005; Yang & Forsyth 2006) was then used to invert this phase
and amplitude information for 25–100 s period regional Rayleigh
wave phase velocity maps. This inversion was performed using the
2-D finite-frequency sensitivity kernels of Zhou et al. (2004).

The 7–100 s phase velocity dispersion curves for 1-D shear wave
velocity (Vs) were inverted using a Bayesian Markov chain Monte
Carlo method (Shen et al. 2013) on a 0.2◦ × 0.2◦ grid. The three
main steps to this Vs inversion include (1) the determination of
parameters to represent the model space, (2) the generation of a
Markov chain of candidate models and (3) a χ 2 misfit evaluation.
The model space consisted of a set of 1-D Vs profiles from 0 to
250 km depth at all grid points, which were then assembled into a
3-D Vs model after running up to 300 000 iterations.

3 R E S U LT S

3.1 Receiver functions

The stacked RFs and final CCP migration image both exhibit a high
level of interpretable detail (Fig. 3). In this study, we focus on the
dominant signals from the basin, Moho and dipping structures.

Prominent reverberations within the Great Valley basin can be
observed in the stacked RFs at stations CC14 through CC31 and
are strongest in the deepest part of the basin (Fig. 3). Sedimentary
basins are known to produce such reverberations due to the high-
velocity contrast between the sediments and underlying basement
rocks (or within sedimentary layers themselves) and the laterally
varying basin geometry (e.g. Zelt & Ellis 1999; Zhu & Kanamori
2000; Yu et al. 2015). The low-amplitude, broader and/or delayed
direct P arrivals at these stations (Fig. 3) can also be attributed to
basin effects wherein either the direct P phase is masked by the
reverberations (Yu et al. 2015) or the reverberations arrive shortly
after direct P, limiting its resolvability (Cassidy 1992; Zelt & Ellis
1999). Similarly, basin reverberations can also interfere with and
obscure subtler phases associated with deeper structure, such as the
Moho (e.g. Zelt & Ellis 1999; Zheng et al. 2005; Li et al. 2007).
The PpPs phase converted from the basement underlying the basin
can be identified amidst the other basin multiples in Fig. 3.

The Ps phase generated at the Moho is visible only from the coast
to the San Andreas Fault (SAF) and beneath the Sierra Nevadan
foothills in the stacked RF profile (Fig. 3). It is notably missing
beneath the Great Valley, likely due to the effects of basin rever-
berations noted above and/or a weak velocity contrast caused by
a high-velocity lower crust. This absence of the Moho Ps phase
beneath the Great Valley was also noted by Zandt et al. (2004). The
Moho Ps phase is observed to arrive earlier in the west (∼3–4 s) and
later in the east (∼4–6 s), suggesting a west to east deepening of the
Moho along the profile. This is consistent with previous findings
in central California of a shallower Moho in the west and a deeper
Moho beneath the Sierran foothills (e.g. Colburn & Mooney 1986;
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Fossil slab origin for Isabella anomaly 1191

Figure 2. Ray path schematic. Ps, PpPp and PpPs phases arriving at a single three-component station are illustrated.

Figure 3. Receiver function profile. Top: topography along profile A-A′ in Fig. 1. SAF: San Andreas Fault; GV: Great Valley. Middle: stacked receiver functions
for 31 events (Supporting Information Table S1) recorded at the 38 CCSE stations located along the profile (Fig. 1). Basement PpPs (dark grey dots), Moho Ps
(cyan dots), slab PpPp and west dipping reflector (WDR) PpPp (green dots) phases are indicated. See the text for details. Bottom: CCP migration of the PpPp
phase. Green dots delineate the inferred slab and WDR structures.
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Fliedner et al. 2000; Frassetto et al. 2011). A Moho converted arrival
is unclear in the PpPp CCP migrated image (Fig. 3).

A negative polarity PpPp phase delineates a continuous structure
that is nearly horizontal between the coast and the SAF at ∼20–
25 km depth before dipping eastward at ∼60◦ beneath the Great
Valley down to ∼70 km depth (Fig. 3). This structure can be ob-
served in both the straight RFs and the CCP migrated image, but the
PpPp signal is strongest in the CCP results. We interpret this signal
to be representative of a slab-like structure. It is important to note
here that due to the polarity change that occurs at the free surface
for the P wave reflection, the PpPp phase is generally negative in
RFs for an interface with increasing velocity, or positive impedance
contrast, downward (Li et al. 2007; Tonegawa et al. 2013). Further
details on our converted phase identification are provided in the
supplemental document.

Beneath the eastern Great Valley, a pair of very strong subparallel
PpPp arrivals can be seen within the crust in both the stacked RF
and CCP images (Fig. 3). These west dipping discontinuities, or
reflectors, begin near the surface at the easternmost edge of the
valley and reach a maximum depth of ∼28 km at a point about
70 km to the west. The location, geometry and strength of these
interfaces suggest that they correspond to a pair of structures that
were previously identified in a seismic reflection survey across the
eastern Great Valley (Supporting Information Fig. S8; Wentworth
et al. 1987; Miller & Mooney 1994).

3.2 Rayleigh wave tomography

In our Rayleigh wave tomography model, the Isabella anomaly is im-
aged as a subhorizontal body between ∼50 and ∼90 km depth west
of the SAF (Fig. 4). East of the SAF, the anomaly dips rather steeply
eastward beneath the Great Valley and Sierra Nevada foothills down
to ∼150 km depth. This depiction of the Isabella anomaly repre-
sents the eastern continuation of the slab structure identified from
the RFs. In the uppermost mantle, the anomaly is dominated by Vs
values of 4.4–4.55 km s−1, exhibiting a peak Vs perturbation of
∼6 per cent relative to the regional average across the entire model
area (Fig. 4). The observed steep easterly dip and peak Vs pertur-
bation are consistent with findings from some previous relatively
low-resolution (compared to this study) seismic imaging studies of
the Isabella anomaly (Boyd et al. 2004; Wang et al. 2013; Jones
et al. 2014). However, the clear, nearly horizontal westward exten-
sion of the anomaly towards the coast was not present in any of the
earlier studies, except for Jiang et al. (2018a).

In both map view and cross-section, the top ∼30–40 km of the im-
aged Isabella anomaly is located more than 50 km west of the Sierra
Nevada with no visible connection to this topographic high (Fig. 4).
Slow lower crust observed beneath the Sierra Nevada (Fig. 4), how-
ever, is suggested by Jiang et al. (2018a) to indicate a possible lo-
calized lithosphere foundering event that is not connected to the Is-
abella anomaly. This inference is made from their joint Rayleigh and
S wave tomographic inversion in a companion study to this paper.

4 D I S C U S S I O N

4.1 Remnant monterey slab

The stacked RFs, CCP migrated image and Rayleigh wave tomo-
graphic model all clearly show the Isabella high-velocity anomaly
is an east dipping body which is connected to a structure that ex-
tends westward to the Pacific coast. We interpret this structure as

the remnant slab of the Monterey microplate. This interpretation is
consistent with the results of some recent seismic imaging studies
(Wang et al. 2013; see also Porritt 2013; Cox et al. 2016; Jiang
et al. 2018a; Schardong et al. 2019) and geodynamic modelling
of along strike slab translation by Pikser et al. (2012). The lack of
an eastward trajectory towards the Sierra Nevada for the structural
connection between the Isabella anomaly and overlying lithosphere,
coupled with the anomaly’s imaged location well west of the Sierra
Nevada, argues against the delamination, or foundered lithospheric
root, hypothesis for the origin of this anomaly (e.g. Frassetto et al.
2011; Saleeby et al. 2012, and references therein). However, a hybrid
origin with a Monterey slab remnant and delaminating lithosphere
beneath the Sierra Nevada batholith cannot be ruled out (Bernardino
et al. 2019).

The main criticism of the fossil slab hypothesis focuses on the
question of whether a remnant subducted plate could remain at-
tached and intact while being translated hundreds of kilometres
along strike after being captured by the Pacific plate when sub-
duction ceased in the Miocene (Nicholson et al. 1994). There are
several lines of evidence which provide support for both the feasi-
bility of this scenario and the present-day existence of a remnant
Monterey slab at a location coincident with the Isabella anomaly.
3-D geodynamic models of fluid flow are able to reproduce the lat-
eral translation of the Monterey slab beneath North America and
demonstrate that the persistence of the slab, without significant de-
formation, is physically feasible (Pikser et al. 2012). The oceanic
crust of the Monterey microplate in its current position has also been
traced from the fossil trench landward, at least as far east as the SAF,
using seismic refraction and reflection (Miller et al. 1992; Brocher
et al. 1999; and references therein). Along the creeping section of
the SAF overlying the remnant Monterey slab, a deficit in the water
budget necessary for the serpentinization of rocks along the fault,
which is believed to be responsible for the observed aseismic creep
and anomalously low shear stress (e.g. Hickman & Zoback 2004;
Moore & Rymer 2007, and references therein), could be satisfied
with water produced from dehydration of the slab (Pikser et al.
2012) and/or the overlying mantle wedge (Kirby et al. 2014). Simi-
larly, an isolated group of non-volcanic tremor sources offset 10 km
eastward from the creeping SAF segment at nearly 30 km depth
suggests the presence of the fossil slab at the base of the crust,
which may provide a fluid source for tremor production (Shelly
2015). Teleseismic shear wave splitting parameters measured along
the CCSE also reveal anomalous nearly fault-parallel anisotropy in
the lithosphere within a ∼50 km wide zone east of the SAF, coinci-
dent with the location of the Isabella anomaly (Jiang et al. 2018b).
This zone of margin-parallel shear in the uppermost mantle may be
explained by the translation of the fossil Monterey slab fragment
with the Pacific plate (Jiang et al. 2018b).

A lateral offset in the depicted location of the remnant slab in
the Rayleigh wave tomography model (Fig. 4) relative to the CCP
migrated image (Fig. 3) may also raise questions (Supporting In-
formation Fig. S9), and we propose a few possible explanations. It
is widely recognized that surface wave tomography tends to smear
velocity anomalies laterally (e.g. Levandowski & Jones 2015) and
suffer from increasingly poor lateral resolution with depth (e.g.
Jones et al. 2014). Such smearing and resolution effects may com-
bine to produce what can be considered a low-frequency represen-
tation of the slab in our Rayleigh wave tomography model. Jiang
et al. (2018a) conducted synthetic testing of the surface wave in-
version methods employed to produce the results shown in this
study for a dipping slab and found poor resolution, which makes
it difficult to ascertain the true geometry of the slab, including
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Fossil slab origin for Isabella anomaly 1193

Figure 4. Rayleigh wave tomography. Top: map of Vs at 60 km depth plotted as perturbations relative to the regional average across the entire model area. The
locations of the 2-D cross-section (B-B′; black line), San Andreas Fault (SAF; green line) and Isabella anomaly (IA) are indicated. Bottom: cross-section of
topography and absolute Vs in the crust and mantle along profile B-B′. Note the different colour bars for each compositional layer of the model. Zero kilometre
distance corresponds to ∼19 km along profile A-A′ (Fig. 3). GV: Great Valley; SN: Sierra Nevada.

the precise location of the bend from nearly horizontal to steeply
dipping. These difficulties related to resolvability could produce the
observed discrepancies between our Rayleigh wave tomography and
CCP migrated images. An inherent inability to precisely resolve the
thickness of the slab with tomographic methods may provide addi-
tional freedom to connect the upper boundary of the slab as defined
in the CCP migrated image to that in the tomography model. The
choice of parameters used in the tomographic inversion also has an
effect on controlling the position of the slab (see, e.g. Rawlinson
& Spakman 2016). For comparison, similar discrepancies between
surface wave tomography (e.g. Obrebski et al. 2011) and RF (e.g.
Bostock et al. 2002) images can also be observed in the Cascadia
subduction zone, where the lateral offset in the depicted location of
the Juan de Fuca slab is 50–75 km or more.

4.2 West dipping reflections

A pair of nearly parallel west dipping interfaces within the crust
beneath the eastern Great Valley are prominent features in both the
stacked RFs and the CCP migrated image (Fig. 3). These features
are not the main target of this study and warrant further in-depth
analysis, but are discussed briefly here due to their prominence in
our results.

A seismic reflection survey across the eastern Great Valley to
the Sierra Nevadan foothills imaged a pair of strong subparallel
reflectors dipping ∼30◦–35◦ W through the mid-crust (Supporting

Information Fig. S8), separated by ∼7–8 km (Zoback & Wentworth
1986; Wentworth et al. 1987; Miller & Mooney 1994). The loca-
tion and geometry of these reflectors is consistent with the west
dipping interfaces evident in our receiver function images. The in-
terpretation of these features is challenging because (1) this region
has experienced a complex geologic history that is still debated
(Shervais et al. 2004; Dickinson 2008) and (2) the basement struc-
ture is obscured by Great Valley sediments. Seismic, gravity and
magnetic observations have been used to suggest that the Great Val-
ley is underlain by a large ophiolite body that was emplaced in the
Mesozoic (e.g. Godfrey & Klemperer 1998). However, Dickinson
(2008) suggests that this region represents a long-lived subduc-
tion complex that includes ophiolite fragments, analogous to the
Kings-Kaweah belt which outcrops in the Sierra Nevadan foothills
and predates the Franciscan Complex of the Coast Range. Crustal
shortening occurred as oceanic material accreted onto the continen-
tal margin along west dipping thrust faults (Schweickert et al. 1984).
Remnants of these thrust faults are proposed as one possible expla-
nation for the observed reflections (Zoback & Wentworth 1986;
Wentworth et al. 1987). An alternative interpretation attributes the
west dipping reflections to either major shear zones formed during
accretion or synbatholithic ductile shear zones that accommodated
crustal extension during intrusion of the Sierra Nevada batholith
(Miller & Mooney 1994). Miller & Mooney (1994) further recon-
ciled these two possibilities by suggesting that Nevadan Orogeny
shear zones acted as lines of weakness along which extension re-
lated to batholithic intrusion was later accommodated. Discerning
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the most likely cause of the observed west dipping reflectors, or
interfaces, is beyond the scope of this study.

5 C O N C LU S I O N S

The CCSE enabled high-resolution seismic imaging of the Isabella
anomaly in the upper mantle beneath central California, which
clearly depicts the structural connection between this anomaly and
the overlying lithosphere for the first time. The top of the Isabella
anomaly is found to project westwards toward the coast at a nearly
horizontal orientation. We interpret this structure as indicative of
a fossil slab origin for the anomaly, attributed to the partially sub-
ducted remnant of the Monterey microplate.

Prominent west dipping crustal interfaces beneath the eastern
Great Valley basin are also evident in our receiver function imaging
and correlate with a pair of subparallel reflectors observed in prior
active source reflection imaging. These features warrant further
investigation to determine their tectonic origin.
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S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at GJI online.

Figure S1. 2-D velocity model of the upper 45 km lithosphere
structure in central California along a W–E profile across the CCSE
array (CCSE 2015) from the coast (inverted triangle) to the Sierra
foothills. (a) P-wave velocities and general structural geometries
are simplified and modified from Fliedner et al. (2000). (b) S-wave
velocities are estimated using a Vp/Vs ratio of 1.73. The mantle
half-space is extended to 100 km depth to perform the time–depth
conversion in the CCP migration. Locations of the San Andreas
Fault (SAF) and Great Valley (GV) basin are indicated for reference.
Figure S2. Top: topography along profile A-A′ in Fig. 1. SAF: San
Andreas Fault; GV: Great Valley. Middle: CCP migration of the
PpPp phase using (bottom) an alternative 2-D velocity model of the
upper 100 km lithosphere structure in central California which in-
cludes a high-velocity wedge of material beneath the eastern Great
Valley. P-wave velocities and general structural geometries are sim-
plified and modified from Fliedner et al. (2000). Green dots delin-
eating the inferred slab and west dipping reflector structures from
the CCP migration in Fig. 3 using our preferred velocity model
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(Fig. S1) are shown for reference. Note the slight deepening of
interfaces beneath the eastern Great Valley in this CCP image.
Figure S3. Top: topography along profile A-A′ in Fig. 1. SAF:
San Andreas Fault; GV: Great Valley. Middle: CCP migration of
the PpPp phase using (bottom) an alternative 2-D velocity model
of the upper 100 km lithosphere structure in central California
which includes a high-velocity body in the upper mantle and a
general shallow basin structure. Model is derived from Rayleigh
wave tomography. P-wave velocities are estimated using a Vp/Vs
ratio of 1.73. Green dots delineating the inferred slab and west
dipping reflector structures from the CCP migration in Fig. 3 using
our preferred velocity model (Fig. S1) are shown for reference. Note
interface depths are several kilometers shallower in this CCP image.
Figure S4. Top: topography along profile A-A′ in Fig. 1. SAF:
San Andreas Fault; GV: Great Valley. Middle: CCP migration of
the PpPp phase using (bottom) iasp91 1-D global reference model
(Kennett & Engdahl 1991). Green dots delineating the inferred
slab and west dipping reflector structures from the CCP migration
in Fig. 3 using our preferred velocity model (Fig. S1) are shown
for reference. Note, beneath the Great Valley, interface depths are
several kilometers deeper, the dip of the inferred slab interface is
significantly steeper below ∼40 km depth, and there are no longer
two clear west dipping reflector structures in this CCP image.
Figure S5. Top: topography along profile A-A′ in Fig. 1. SAF:
San Andreas Fault; GV: Great Valley. Bottom: Hit count cross-
section for CCP migration of the PpPp phase using our preferred
2-D velocity model (Fig. S1). Black circles delineating the inferred
slab and west dipping reflector structures from Fig. 3 are shown for
reference.
Figure S6. Top: topography along profile A-A′ in Fig. 1. SAF: San
Andreas Fault; GV: Great Valley. (bottom) CCP migration of the Ps
phase using our preferred 2-D velocity model (Fig. S1). Green dots
delineating the inferred slab and west dipping reflector structures
from the CCP migration in Fig. 3 using the PpPp phase are shown
for reference.
Figure S7. (top) Topography along profile A-A′ in Fig. 1. SAF:
San Andreas Fault; GV: Great Valley. (bottom) CCP migration of

the PpPs phase using our preferred 2-D velocity model (Fig. S1).
Green dots delineating the inferred slab and west dipping reflector
structures from the CCP migration in Fig. 3 using the PpPp phase
are shown for reference.
Figure S8. (a) Seismic reflection profile across the mid-to-eastern
Great Valley (GV) showing the base of the sediments and basin,
along with a pair of subparallel west dipping reflectors (WDRs)
at greater depth (see, e.g. Zoback & Wentworth 1986; Wentworth
et al. 1987). (b) Map of reflection profile location (pink line) and
CCSE stations (red dots). SAF: San Andreas Fault; SN: Sierra
Nevada.
Figure S9. Top: topography along profile A-A′ in Fig. 1. SAF: San
Andreas Fault. (bottom) Schematic cross-section overlaying the re-
ceiver function and Rayleigh wave tomography results. Green dots
delineate the inferred slab and west dipping reflector structures from
the CCP migration in Fig. 3. Projected locations of the 4.45 km/s
(black dashed line) and 4.4 km s−1 (grey dashed line) S-wave veloc-
ity contours delineating the inferred slab from the Rayleigh wave
tomography in Fig. 4 along profile A-A′ are shown for comparison.
Note the lateral offset in the depicted location of the inferred slab
between the receiver function and tomography results. GV: Great
Valley basin.
Table S1. Event information for earthquakes used in the re-
ceiver function analysis from the Advanced National Seis-
mic System (ANSS) Comprehensive Earthquake Catalog
(ComCat).
Data Set S1. Event information for earthquakes used in Rayleigh
wave tomography from the 1997–2009 International Seismolog-
ical Centre Bulletin event catalogue (International Seismologi-
cal Centre 2015) and the 2014–2015 ANSS ComCat event cat-
alogue. Columns are origin time in YYYYMMDDHHMMSS
format, longitude (degrees), latitude (degrees), depth (km), and
magnitude (Ms).
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