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Insights on the dip of fault zones in Southern California

from modeling of seismicity with anisotropic point
processes
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Abstract Accurate models of fault zone geometry are important for scientific and hazard applications. ‘
Gareth Funning

While seismicity can provide high-resolution point measurements of fault geometry, extrapolating these mea- Handling Editor:
surements to volumes may involve making strong assumptions. This is particularly problematicin distributed Alice-Aghes\'GébEiél
fault zones, which are commonly observed in immature faulting regions. In this study, we focus on character- Copy & Lavout Editor:
izing the dip of fault zones in Southern California with the goal of improving fault models. We introduce a novel * Abhineet Gupta
technique from spatial point process theory to quantify the orientation of persistent surficial features in seis-
micity, even when embedded in wide shear zones. The technique makes relatively mild assumptions about
fault geometry and is formulated with the goal of determining the dip of a fault zone at depth. The method is
applied to 11 prominent seismicity regions in Southern California. Overall, the results compare favorably with
the geometry models provided by the SCEC Community Fault Model and other focused regional studies. More
specifically, we find evidence that the Southern San Andreas and San Jacinto fault zones are both northeast
dipping at seismogenic depths at the length scales of 1.0-4.0 km. In addition, we find more limited evidence
for some depth dependent variations in dip that suggest a listric geometry. The developed technique can
provide an independent source of information from seismicity to augment existing fault geometry models.
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1 Introduction

The geometrical properties of fault zones are basic, yet
fundamental quantities in earthquake science. Earth-
quake rupture simulations need fault geometry models
that faithfully capture these attributes in order to ade-
quately quantify expected seismic hazard with physics-
based approaches (Shaw et al., 2018; Rodgers et al.,
2019; Melgar et al., 2016). Fault zones are the locus of
intense deformation processes spanning a wide range
of strain rates and contain valuable information on the
long term history of these processes (Ben-Zion and Sam-
mis, 2003); the geometry of a fault zone at a range
of length scales, including any depth-dependent vari-
ations, can aid in reconstructing this history and con-
straining the physical processes involved (Norris and
Toy, 2014; Schulte-Pelkum et al., 2020).

A fault zone’s geometry is commonly assessed from a
variety of sources. These include focal mechanisms de-
termined with seismological methods (Lin et al., 2007;
Shelly et al., 2016), high-resolution seismicity catalogs
(Chiaraluce et al., 2017; Ross et al., 2017a), various types
of seismic imaging (Sato et al., 2005; Fuis et al., 2017,
Lay et al., 2021; Bangs et al., 2023), geological data and
mapped fault traces (Fletcher et al., 2014), and geode-
tic data (Lindsey and Fialko, 2013). These diverse in-
formation sources have their own uncertainties and
sensitivities, making them complimentary when mul-
tiple sources are available; however it is not always
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straightforward to assimilate them. Several databases
of fault geometry models have been produced with the
goal of incorporating community consensus and pro-
viding established models with a documented prove-
nance. These include faults at global scale (Bird, 2003;
Hayes et al., 2012, 2018) and also some regional scales
(Plesch et al., 2007, 2020Db).

In this study, we aim to characterize the dip of fault
zones in Southern California with high-resolution seis-
micity. We introduce a simple technique from the sta-
tistical field of spatial point processes that can measure
fault zone dip independently from traditional methods,
with the goal of augmenting the information available
for constructing fault models. We first apply the method
to four synthetic catalogs to demonstrate its suitabil-
ity. We then apply the technique to eleven prominent
seismicity regions across southern California to quan-
tify the dip for different fault zone sections. These find-
ings are compared with those of the SCEC Community
Fault Model and other previous works in the area. We
demonstrate that the method can reliably recover fault
dip, including depth-dependent variations under some
circumstances. Our primary scientific findings are that
the San Jacinto and San Andreas fault zones appear to
have significant northeasterly dips, whereas the Elsi-
nore fault zone and Brawley Seismic Zone appear to be
nearly vertical fault zones.
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2 Methods

2.1 Preliminaries

Let X C RP be a stochastic collection of points, i.e., a
spatial point process (Daley and Vere-Jones, 2003). Fora
spatial domain W C R, let N(W) denote the number
of points of X that are contained within W. For those
readers familiar with measure theory, N(-) is a count-
ing measure on W. Since X is a stochastic process, the
mean number of points in W is given by the so-called
intensity measure,

AW) =E(N(W)), (1)

where E (-) denotes an expected value. Let us also de-
note the volume of W in R? as |W|. Then, for a sta-
tionary point process, the quantity A = A(W)/|W]| is
independent of the choice of W. While A(W) describes
the expected number of points within a particular fixed
volume, it does not describe spatial correlation of event
density, i.e., knowing A(W) does not tell you anything
about A(V) for some other disjoint V C RP.

Instead, we need a different type of quantity to char-
acterize the spatial correlation of points. For a typical
point u € X, one such choice is the K-function (Ripley,
1976),

K(r)=
%E (number of neighbors within radius r|  (2)
X hasapointatu).

The quantity A K (r) therefore quantifies the mean num-
ber of neighbors that any typical point will have within a
sphere of radius r. The K-function is a cumulative func-
tion of r and was first introduced to seismology by Ka-
gan and Knopoff (1980), where it is often referred to as
a correlation integral; most commonly the K-function
has been used to infer the fractal distribution of a set of
hypocenters by fitting a power law to an empirical es-
timator of the K-function. A useful property of K (r)
is that it describes how point patterns are arranged in
space, independently of the choice of W. This is be-
cause K (r) is a second-order quantity and is analogous
to a covariance, whereas A(W) is a first-order quantity
and is analogous to an expected value.

The function K(r) has an inherent normalization
property, which is seen by considering that for a Pois-
son process in 2D,

Kpois(r) = 777”2a (3)

i.e. K45 depends only on r (and not on A). This is im-
portant as it allows for K ,;s(r) to be used as areference,
and if K(r) > Kpuis(r), it is said that X is clustered,
since more of the points then locate within the sphere
of radius r than expected for the equivalent Poisson pro-
cess. This is only possible because K is conditional on
a typical point existing at the center of the sphere.

The K-function can be estimated using the following
empirical formula,

K(r) = m(nlz/V—|1) >N 1{dy < rley;. (4)

i jFe

In this equation, 1(-) is the indicator function, d;; is the
Euclidean distance between points ¢ and j, e;; is an edge
correction factor, m is the number of points in the ob-
servation window, and |W| is the area (volume) of the
observation window.

2.2 The cylindrical K-function

The K-function, as given above, is derived by assuming
the point process is both stationary and isotropic, i.e.
the likelihood of a point at u given a point at v depends
only on the distance between them r = ||u—wv||. Seismic-
ity, however exhibits strong spatial anisotropy at scales
from local to global (Ross et al., 2022; Nasirzadeh et al.,
2021; Mgller and Toftaker, 2014; Rubin et al., 1999). Seis-
micity lineations, i.e., collections of hypocenters that
align in the form of linear features, are commonly ob-
served in the highest resolution catalogs (Gillard et al.,
1996; Shearer, 2002). Sometimes, hypocenters align in
the form of planar or surficial features (Ross et al., 2020;
Cox, 2016). Both linear and planar seismicity features
are evidence of anisotropic point patterns since the like-
lihood of a point at a location u given a point exists at
v depends on not just the spatial separation between
them, but also the orientation of the vector connecting
them, i.e. K = K(u —v).

Within the spatial statistics literature, there has
been interest in detection and characterization of
anisotropy in point processes (Mgller and Toftaker,
2014; Mgller et al., 2016; Safavimanesh and Redenbach,
2016; Nasirzadeh et al., 2021). One important develop-
ment has been the cylindrical K-function (Moller et al.,
2016), in which a cylinder is used in place of a sphere
to characterize anisotropy that is effectively columnar.
A cartoon example of this approach is shown in Fig-
ure 1, in which a cross section of seismicity is depicted.
Here, the seismicity exhibits a dipping fabric that is or-
thogonal to the vector 7. When a cylinder defined by
this normal vector is used (e.g., blue cylinder), the value
of K is maximized, as the cylinder on average will en-
close more points than a cylinder aligned with any other
orientation (e.g., red cylinder). By computing K over
all azimuths and polar angles, it is possible to detect
anisotropy and quantify its orientation.

For a unit vector n = [cosysinf,sinpsinb,cosb)],
let C,(r,t) denote a cylinder with radius r, height 2¢,
and normal vector n. For an observed set of points,
{z1,...,xm}, the cylindrical K-function (Moller et al.,
2016) is then computed as,

1 m m
Kcyl(rat707 90) = F Z Z 1{xj —T; € C”l}e'ij7 (5)

where the condition z; — z; € C, is true if the vector
separating ; and z; locates inside C,,, and e;; is an edge
correction factor. In this study, we use the translation-
based edge correction, a routine choice in point pro-
cesses in which the window W is translated by the vec-
tor z; — z; and the amount of overlap between the trans-
lated window and the original window is computed,

o 14
TETWAW ;- )

(6)
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Figure 1 |Illustration of method. A cylindrical K-function
is computed by placing a disc with normal vector 7 centered
on each event (stars). On average, the number of events
contained in the discis highest when the discis aligned with
seismicity lineations (blue box), resulting in a large value of
K. Similarly, K is low when poorly aligned with seismicity
lineations (red box). The best dip estimate is equal to the
dip of 7 for which K is maximized. The method can detect
dipping fabric even in distributed seismicity, such as in the
cartoon, if a persistent orientation is present.

We propose K,,; as a method to infer the dip of fault
zones from seismicity, even when weakly localized as
in Figure 1, due to these aforementioned properties.
While Mgller et al. (2016) focused on detecting colum-
nar structures with K, by using highly elongated cylin-
ders (i.e., r < t), it can also be used to detect coherent
surface-like structures in seismicity if the diameter of
the cylinder is longer than its height (i.e., it is more aptly
described as a disc, as in Figure 1). This disc-based for-
mulation is the one we use in this study.

2.3 Demonstration with synthetic catalogs

We begin with four synthetically generated seismicity
catalogs to demonstrate the method and provide addi-
tional insights into its usage. Furthermore, we use this
opportunity to walk through the novel summary dia-
gram used to visualize the results in this study.

Case 1: A single vertical planar fault. We randomly
generate 1000 hypocenters drawn from a uniform
distribution on a planar N-S trending vertical fault with
a length of 50 km and seismogenic thickness of 20 km.
We set r = 0.1 km, t = 1.0 km, and compute K.,; on a
grid with 2° spacing using equation 5. Figure 2 shows
the seismicity in both map view and cross-section. It
also shows K, for this catalog in an upper-hemisphere
stereographic projection, where the polar angle 6 of the
fault normal vector is given on the radial axis and the
angle ¢ is given as the traditional azimuthal angle for
such a diagram. Here, K, correctly attains maxima at
both ¢ = 90° and ¢ = 180°, reflecting the symmetry of
this particular dataset. The correct dip is also attained

3

with little ambiguity.

Case 2: A single dipping planar fault. We randomly
generate 1000 hypocenters drawn from a uniform
distribution on a N-S striking 30° dipping planar fault
with a length of 50 km and seismogenic thickness of
20 km. As with the previous example, K., correctly
recovers both the fault normal azimuth and the dip of
the fault. Note that only one mode is present now in the
Ky plot, as the break in symmetry leads to the other
mode occurring in the lower hemisphere, and thus not
in the plot.

Case 3: Distributed fault zone with vertical dip. We
simulate seismicity occurring within a distributed fault
zone having a vertical dip. Following the work of Mgller
et al. (2016), we choose 20 random vertical faults (with
dimensions 50 kmx20 km) that strike north-south.
For each fault, we generate 500 random hypocenters
that are then displaced randomly in the fault normal
direction with Gaussian noise of 100 m to add com-
plexity. The realization of this Poisson plane cluster
process that we use is shown in Figure 2. K, correctly
identifies the same overall pattern as seen for the
single planar vertical fault case, as there is just a single
dominant orientation for the anisotropy even though
20 faults are present in the catalog. This demonstrates
the potential for measuring fault dip even when the
seismicity and fault zone is highly distributed, provided
that the anisotropy is persistent across much of the
seismicity.

Case 4: Distributed fault zone with conjugate faults.
We simulate seismicity occurring within a distributed
fault zone having conjugate faults with dips of around
45°. The dip is randomly perturbed so that not all an-
gles are identically 45°. We create 20 faults that strike
north-south, with half dipping to the west and half dip-
ping to the east. For each fault, we randomly locate
500 hypocenters within it. The hypocenters are then
displaced randomly in the fault normal direction with
Gaussian noise of 100 m to add complexity. The result-
ing catalog is shown in Figure 2. K, correctly indicates
two orthogonally dipping faults with the same strike.
This demonstrates the potential for measuring multiple
fault dip angles, when present.

2.4 Application to Southern California seis-
micity
We now shift our focus to using K.,; to quantify the dip
for fault zones in Southern California. We use a high-
resolution relocated seismicity catalog that covers the
entirety of southern California and the northern part
of Baja California for the period 1981-2019. The cat-
alog used is based on the methodology of Hauksson
etal. (2012) and has been updated for recent years (Fig-
ure 3). It contains 679,495 earthquakes that have been
relocated with waveform cross-correlation, which form
the highest quality subset. We focus only on the relo-
cated events in this study. The catalog is publicly avail-
able from the Southern California Earthquake Data Cen-
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Distributed fault zone
with conjugate faults

Distributed fault zone
with vertical dip

Single vertical fault

Single dipping fault

Figure2 Method Demonstration with synthetic catalogs. Each column is a different seismicity catalog (described in main
text). Events are colored by depth to enhance visibility. Upper row: map view of seismicity. Middle row: East-west cross sec-
tion with seismicity projected onto it. For plotting purposes, seismicity is shown thinned by 95%. Bottom row: Stereographic
projection of K, for each catalog. Warmer colors indicate more intense clustering along a given fault normal azimuth and

dip.

ter (Southern California Seismic Network, 2013). We
use only the hypocenters and magnitudes for these cat-
alogs.

We also considered using the the Quake Template
Matching (QTM) catalog for southern California (Ross
et al., 2019), which contains 10 times more events but
spans only the period 2008-2017. Ultimately, we opted
for the Hauksson et al. (2012) catalog because it is much
longer in duration and the hypocenters are generally
more precise; the many extra smaller events detected in
the QTM catalog have fewer phase picks available and
lead to an overall slight degradation in location accu-
racy as compared with the Hauksson et al. (2012) events,
which is less desirable for this study.

For our analyses, we subset the catalog into 11 non-
overlapping fault zone sections. They are denoted by
red boxes in Figure 3 and described in more detail in
Table 1; the number of earthquakes within each region
is also given. These regions were chosen based on a
variety of factors, including scientific or hazard impor-
tance, longstanding fault segment demarcation by the
community, an abundance of seismicity, or clear ge-
ometrical boundaries. The list contains four sections
of the San Jacinto Fault Zone, two sections of the San
Andreas Fault Zone, four sections of the Elsinore Fault
Zone, and the Brawley Seismic Zone. For all but one of
the regions, there are thousands of earthquakes avail-
able, which is important to ensure the statistical estima-
tors are robust.

4

iegwn Region Name (';IqurCEstrs
1 San Jacinto Fault Zone (Claremont) 14,340
2 San Jacinto Fault Zone (Hot Springs) 24,066
3 San Jacinto Fault Zone (Trifurcation Area) 29,914
4 San Jacinto Fault Zone (Borrego Mountain) 24,662
5 Southern San Andreas 723

6 San Gorgonio Pass 23,614
7 Brawley Seismic Zone 9,402
8 Elsinore Fault Zone (Whittier) 3,396
9 Elsinore Fault Zone (Julian) 17,644
10 Elsinore Fault Zone (Coyote Mountain) 6,864
11 Elsinore Fault Zone (Yuha) 21,939

Table1l Description of the focusareasin Southern Califor-
nia

For each region, we compute K., using the hori-
zontal coordinates as defined in Figure 3 and using the
depth range [0, 22] km. We then use equation 5 to com-
pute for three sets of parameters, (¢, ) = (50 m, 500 m),
(100 m, 1000 m), and (200 m, 2000 m). We compute K.,;
for 6 € [0,n] and ¢ € [0, 27], i.e., the whole range pos-
sible, as we aim to estimate the dip of each fault zone
without any prior knowledge. This framework also pro-
vides a means to perform hypothesis testing if several
candidate scenarios for the dip are believed to be possi-
ble (which is covered in more detail in the discussion).
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The domains for § and ¢ are discretized with spacing of
1°; this choice is mainly a balance between having suf-
ficiently fine spatial resolution and computational effi-
ciency, since the results are largely insensitive to them.
Given K.y, the best estimate of the fault normal vector
is defined by the values of § and ¢ for which K, is max-
imized (as in Figure 1). The best fault zone dip estimate
isthend =7 — 6.

2.5 Dip uncertainty estimates

The polar diagrams for K., are useful for visual exami-
nation of the results and identifying the most likely dip
angle(s), but do not communicate the uncertainty as-
sociated with these measurements. To obtain uncer-
tainty estimates, we use a bootstrapping approach de-
signed for spatial resampling of these empirical estima-
tors (Loh, 2008). We use this method to resample lo-
cal K., functions with replacement, compute an aver-
age K., function for each bootstrap sample, measure
d = m — 6 corresponding to the peak of K,;, and repeat
this process 1000 times. The ensemble of ¢ values result-
ing from the bootstrap procedure provides an estimate
of the uncertainty.

2.6 Parameter selection and resolution

The two parameters ¢ and r control the resolution of
the method and here we give some additional insight
and guidance around their usage. Generally speaking,
it will be unknown beforehand what length scales are
useful for measuring the dip. Thus, it is desirable to
to compute K., for a range of values. Figure 4 shows
two schematic scenarios and the potential for resolving
faults with the method. In Figure 4, a red disc of radius
r and a blue disc of radius 2r are shown, with ¢t < r for
both. In (a), the seismicity pattern has structure with
an effective length scale of about 2r. For this case, both
the red and blue discs can resolve this anisotropy since
the length scale is less than or equal to the diameter of
the disc. Thus, the diameter of the disc is effectively an
upper bound to the length scale of the anisotropy. In
(b), the seismicity pattern exhibits a length scale com-
parable to the whole window. In this case, both the red
and blue discs can resolve the anisotropy, however since
both discs have a diameter smaller than the length scale
of the seismicity, they are unable to provide information
about larger length scales.

If the true hypocenter configuration exhibits pla-
nar anisotropy, then making the disc thickness ¢ as
small as possible will increase sensitivity for detecting
anisotropy. However, the lower limit for whether ¢ will
be useful is closely related to the location errors in the
respective direction. Thus, we recommend initially set-
ting the value of ¢ to be comparable to the estimated rel-
ative location error of most events.

Practically speaking, there will be limits to the value
of r that can be used. The largest values of r used
should depend on the dimensions of the spatial window,
W; in particular, K., will become unreliable as 2r ap-
proaches values of roughly 1/4 the shortest spatial di-
mension of W. This is true despite the use of an edge
correction factor, as there will be little usable signal left

5

to correct at these scales, similar to amplifying noise in
seismic deconvolution. At the same time, r should still
be much larger than ¢, in order to have sufficient sensi-
tivity in detecting anisotropy. As the aspect ratio r/t ap-
proaches 1:1, K.,; becomes effectively unable to iden-
tify anisotropy. Additionally, r should be large enough
that enough events locate within the discs to constrain
K, to a desirable level (preferably as measured from
the aforementioned bootstrap procedure).

For this study, we use a single fixed aspect ratio of
r/t = 10, in part to simplify the process of choosing
these parameters. This allows for the same level of sta-
tistical power in resolving anisotropy, while still allow-
ing the spatial resolution to vary. Larger aspect ratios
may lead to similar results for the regions in which there
are plentiful events. Given the variably-sized regions
in Figure 3, the smallest regions will have the lowest
maximum values of r. In an effort to ensure unifor-
mity across the regions, we chose a maximum value
of r = 2 km, which results in a value of ¢ = 200 m.
We then decreased r by powers of 2, which results in
(r,t) = (1000 m, 100 m), (500 m,50 m). The latter of
these parameter pairs is essentially the lower limit of
what is possible, and still have enough points to resolve
Koy

Since K., is a cumulative function of r and ¢, there
may be questions relating to the ability for it to resolve
different dip values if present at strictly different length
scales. Indeed using such cumulative descriptive met-
rics is not ideal for this case; a more suitable quantity
for this scenario may be the anisotropic pair correlation
function, (Mgller and Toftaker, 2014; Ross et al., 2022).
However, K., can still be of some use, depending on
the circumstances. To show this, we create a simple
synthetic catalog consisting of vertical and horizontal
faults having the same strike, as in Figure 5. Here, the
vertically dipping faults have an effective length scale
of 3 km whereas the horizontal faults have a length
scale of 1 km. We compute K,,; for this dataset using
t = 0.25 km and two values of 7, r = 1 km, r = 3 km.
A bootstrap analysis is used to show the dip uncertainty
estimates for each value of r. Indeed both faults are re-
liably recovered.

3 Results

In this section we summarize the main findings for each
region and evaluate them in the context of information
available from other sources and methods. For south-
ern California, the most comprehensive resource avail-
able documenting fault zones and their geometry is the
Community Fault Model (CFM) produced by the South-
ern California Earthquake Center (SCEC; Plesch et al.,
2007). This database has been assembled by the SCEC
community from a multitude of data sources includ-
ing focal mechanisms, seismicity, seismic data, geology,
and geodetic deformation. The CFM has comprehen-
sive coverage across southern California, and we use
version 5.3 (Plesch et al., 2020a) as a baseline for evalu-
ating our results. In addition, we compare our results to
those of other studies whenever available, on a case-by-
case basis. Next, we walk through the results for each
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Figure 3 Map of seismicity in Southern California. Black dots
with numbers matching region names provided in Table 1. Blue
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Figure 4 Cartoon illustrating the spatial resolution of the
method. In a), the point pattern has an effective length scale
of less than 27, and the pattern can be resolved by K., to <
2r. In b), the pattern has an effective length scale generally
largerthan 4r, but with the two discs shown, the pattern can
only be resolved to < 4r.

fault zone.

3.1 SanJacinto Fault Zone

The San Jacinto Fault Zone (SJFZ) is a major strike-slip
system in the southern California plate boundary area
that branches off from the San Andreas in the Cajon
Pass and extends southeast to the Imperial Valley. The
SJFZ has multiple primary strands and several major
stepovers (Sharp, 1967). Northwest of the town of Anza,
the Clark fault is believed to be the main seismogenic
structure of the SJFZ (Share et al., 2017), whereas just
southeast of Anza, the Coyote Creek fault branches off
of the Clark fault and takes over as the primary fault
(Qiu et al., 2017). The seismicity in the SJFZ tends

6

-116.50° -115.50°
indicate relocated epicenters. Red lines denote focus areas
square indicates the town of Anza, California.

to exhibit weak spatial clustering but strong geometric
anisotropy (Ross et al., 2022). The SJFZ exhibits consid-
erable variation in the seismogenic depth along-strike
that is attributed to variations in heat flow (Doser and
Kanamori, 1986), with depths approaching 20 km at the
northwest end in the Cajon Pass, to roughly 10 km near
the Salton Trough. While historically considered to be a
nearly vertical fault zone, more recent works have con-
cluded that the main structures in the central SJFZ are
dipping to the northeast, particularly at depth (Plesch
et al., 2020a; Ross et al., 2017a; Schulte-Pelkum et al.,
2020). Schulte-Pelkum et al. (2020) conclude that most
of the central SJFZis dipping NE in the range ~65° —80°.

We analyze four key seismicity regions of the SJFZ in
Figure 6 (see also Table 1) with cylindrical K-functions:
Claremont, Hot Springs, Trifurcation area, and Borrego
Mountain. The results in Figure 6 are computed over
the entire [0, 22] km depth range, and should therefore
be interpreted as average values; however it should be
noted that for the SJFZ, seismicity generally does not oc-
cur above 5 km or so (Hauksson and Meier, 2019), and
thus the results largely reflect the deeper part of the
fault zone. Each row uses a different combination of
(t,r). We notice from the diagrams that in each case, the
largest value of K,; indicates a fault normal azimuth in
the range of 29° — 64°. In fact, except for the Claremont
section, the SJFZ regions have a consistent estimate of
the fault normal azimuth in the range 29° — 39°. The
radius of the polar plot indicates the dip of the normal
vector, and can be used to estimate the average dip of
the fault zone; the bootstrap histograms in the bottom
row of Figure 6 show the estimated dips and their uncer-
tainties. In the Hot Springs section, § = 68°—72° NE, the
Trifurcation area estimates are § = 77°—84° NE, and the
Borrego Mountain estimates are 6 = 75° — 79° NE. The
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Figure 5 Synthetic catalog demonstration of two fault dip orientations at different length scales (1 km and 3 km, respec-
tively). Events are colored by depth to enhance visibility. Lower right panel shows bootstrap recovery results for K, at two

different length scales.

SCEC CFM has most of these faults listed as subvertical
NE dipping faults, with the Hot Springs, Trifurcation,
and Borrego Mountain dip values given as 6 = 82° NE,
0 = 88° — 89° NE, and § = 88° — 89° NE, respec-
tively. However, our results for the Claremont section
indicate the opposite sense of dip, with § estimated to
be 78° — 88° SW; this is in fact close to the CFM results,
which has ¢ = 84° SW. The results in this figure have ef-
fective length scales of 1, 2, and 4 km, and since there is
little variation in the dip for these different parameters,
they indicate that the dip estimates are robust at these
scales. The results do not imply anything about dip at
larger scales.

The abundance of seismicity in the central SJFZ al-
lows us to further quantify the dip in depth slices to look
for possible depth-dependent variations. Ross et al.
(2017a) argued the SJFZ trifurcation area exhibits listric-
type behavior based on combined examination of relo-
cated seismicity, focal mechanisms, and mapped sur-
face fault traces. Ross et al. (2017a) concluded that the
SJFZ is nearly vertical in the upper 10 km and dipping
70° NE below this. Here, we independently investi-
gate this idea with K.,; by splitting the seismicity into
three depth bins: 0-8 km, 8-13 km, and >13 km, con-
taining 5584, 16862, and 7466 events, respectively. Fig-
ure 7 shows K, for the three depth bins. The best esti-
mates of ¢ are 88° NE, 76° NE, and 53° NE, respectively,
which indeed suggest that the fault zone is listric in
this area, consistent with the conclusions of Ross et al.
(2017a). For cross sections of the seismicity in this area,
the reader is recommended to see Figure 7 of Schulte-
Pelkum et al. (2020) or Figure 2 of Ross et al. (2017a).

3.2 San Andreas Fault Zone

The portion of the San Andreas Fault Zone (SAFZ) from
the Cajon Pass to its terminus at Bombay Beach is just
one of the three major sub-parallel strike-slip systems
in southern California. There are important questions
about its geometry along this part of the plate bound-
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ary and it has been the subject of extensive analysis
(Fuis et al., 2012, 2017; Lindsey and Fialko, 2013; Fat-
taruso et al., 2014; Schulte-Pelkum et al., 2020), much
of which has focused on whether the main seismogenic
fault is vertical or dipping northeast, a question that
is of prime importance for earthquake rupture simu-
lations as it will affect both the magnitude of potential
earthquakes and also the shaking pattern (Graves et al.,
2008, 2011).

The San Gorgonio Pass (SGP) region of the SAFZ is
concentrated around the San Bernardino Mountains.
The seismicity here is weakly clustered spatially (Ross
et al., 2022) and extends down to a depth of ~20 km,
the effective lower limit for seismicity in southern Cal-
ifornia (Hauksson et al., 2012). The slip rate in this
area is about 24 mm/year and there are several ma-
jor strands: the Mission Creek, Banning, and Garnet
Hill faults (Gold et al., 2015; Fuis et al., 2017; Blisniuk
et al., 2021). There are also numerous minor strands
that may not extend to the surface (Fuis et al., 2017,
Schulte-Pelkum et al., 2020). Since the start of the in-
strumental era of seismology in southern California,
two significant earthquakes occurred in this area, 1948
My, 6.5 Desert Hot Springs (Richter et al., 1958; Nichol-
son, 1996) and 1986 M,, 6.0 North Palm Springs (Jones
et al., 1986; Nicholson, 1996; Mori and Frankel, 1990).

Figure 8 shows K., results for the SGP region. The
estimates of ¢ and ¢ indicate a NE dipping fault zone,
with ¢ in the range 54° — 70°, depending on the scale
of the cylindrical elements used. More specifically, we
find that § decreases as the length scale is increased,
which suggests that the larger (older) structures in this
fault zone are oriented more horizontally, whereas the
younger (smaller) structures are slightly more vertical.
For comparison, the CFM (Plesch et al., 2020a) has the
Banning Fault dipping 72° NE and the Mission Creek
Fault dipping 82° NE. Fuis et al. (2017) identify seis-
mic reflectors in this area that are dipping in the range
~55° — 65° NE, with some more steeply dipping struc-
tures too. The 1948 M 6.5 and 1986 M,, 6.0 main-
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section is nearly vertical on average, whereas the other three sections dip moderately to the northeast.
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Figure 7 Estimating the depth dependence of ¢ for the SJFZ Trifurcation Area. This section of the fault zone exhibits evi-
dence of listric strike-slip behavior. Left, middle, and right panels use 5584, 16862, and 7466 events, respectively.

shocks in this area have focal mechanism dips of about
45° (Jones et al., 1986; Nicholson, 1996). Our results re-
flect average values of fault zone dip over the entire SGP
region, which includes many smaller structures in be-
tween the Banning and Mission Creek faults.

Southeast of the SGP is the Coachella Valley section
(Southern San Andreas) of the SAFZ. This portion runs
from about Palm Springs to Bombay Beach, the south-
ernmost terminus of the system. In this section also,
there is debate over whether the fault zone is dipping
(Fuis et al., 2017; Lin et al., 2007; Schulte-Pelkum et al.,
2020). The SCEC CFM 5.3 has the Southern San Andreas
fault as being pure vertical (0 = 90°), whereas others
including Fuis et al. (2017); Lindsey and Fialko (2013)
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conclude the SAFZ dips ~50° — 60° NE. Our K., results
for the Coachella section of the SAFZ are shown in Fig-
ure 8. The method unambiguously identifies a NE dip-
ping fault zone. At the smallest length scale examined,
r = 50 m, t = 500 m, our best estimate of § is just under
60° NE. However, as the scale increases, so does ¢: for
r = 100 m, t = 1000 m, § = 73° NE, and for the largest
scale, r = 200 m, ¢ = 2000 m, our best estimate of § is
80°.

The trend of § increasing with scale for the Southern
San Andreas is opposite to what was observed for the
SGP. We interpret these deviations between the small-
est and largest scales to reflect down-dip curvature of
the fault zone, with a listric type behavior that is more
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vertical in the upper ~8-10 km and more horizontal be-
low this. However it is important to remember that all
scales exhibit clear evidence of a northeast dipping fault
zone.

3.3 Brawley Seismic Zone

The Brawley Seismic Zone is one of the more com-
plex faulting regions in California, serving as the plate
boundary transition between the SAFZ and the Imperial
and Cierro Prieto faults in Baja California. The region is
known for having considerable swarm activity (Hauks-
son etal., 2013, 2017, 2022), conjugate/orthogonal faults
(Thatcher and Hill, 1991; Ross et al., 2022), and prolific
geothermal activity (Brodsky and Lajoie, 2013).

The SCEC CFM lists all of the major faults in the Braw-
ley Seismic Zone as being vertical strike-slip. Our find-
ings for this region are shown in Figure 8 and have
dip estimates that are relatively consistent between the
three different length scales. However, there are clear
differences in the strike distribution between these
scales; the K, identifies two clear modes in the strike
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distribution for (¢ = 200 m, » = 2000 m) with roughly
equal occurrence, separated by about 60° in azimuth.
The conjugate faulting eventually disappears for (t =
50 m, r = 500 m) and a NW-SE trending orientation is
the only one visible. Thus, we can say quantitatively that
the NW-SE structures are generally larger than 2 km in
length. This orientation is the most closely aligned with
the Southern San Andreas, and may reflect the current
orientation that new damage and cracking is being pro-
duced for. This might imply that the NW-SE trending
seismicity structures are relic structure from previous
faulting that has not healed.

3.4 Elsinore Fault Zone

The Elsinore Fault Zone (EFZ) is the youngest of the
three major fault systems composing the southern Cal-
ifornia plate boundary. The EFZ also has the lowest slip
rates of the three, being ~5 mm/year (Magistrale and
Rockwell, 1996). In the northwest, the EFZ emerges
near the eastern end of the Los Angeles basin and ex-
tends southeast for roughly 200 km before becoming
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Figure9 Cylindrical K-functionsforthe Elsinore Fault Zone. Regions in the first three columns exhibit prominent seismicity
anisotropy that is orthogonal to the main strike of EFZ. Most of the EFZ seismicity has nearly vertical dip, except Whittier
section. Yuha Desert section has conjugate seismicity with a high angle.

the Laguna Salada Fault Zone near the United States-
Mexico border. EFZ seismicity is more scarce compared
with some of the other regions we have examined, and
so we examine here four sections that have sufficient
events to perform a K,; analysis.

The Whittier section of the EFZ is located in the east-
ern LA Basin and is viewed as a transition region from
the compressional regime of the transverse ranges to
the strike-slip regime of the Elsinore system (Hauksson,
1990). The Whittier fault branches off from the dom-
inant trend of the EFZ at an angle of ~15° and has a
strike of about 300°. Beneath the Whittier fault is the
Puente Hills blind thrust (Shaw and Shearer, 1999). The
Whittier faultis listed in the SCEC CFM as dipping to the
northeast at 77°. Events in the area typically have fo-
cal mechanisms with considerable obliquity (Yang and
Hauksson, 2011), with the largest in recent memory be-
ing the 2008 M,, 5.4 Chino Hills earthquake (Hauksson
etal., 2008). There has been some discussion of the ori-
entation of the structures here, with both nodal planes
being considered as plausible. Shao et al. (2012) ana-
lyzed the kinematic rupture process of the Chino Hills
earthquake and tested both nodal planes, concluding
that the plane aligned with the Whittier fault was most
likely. Figure 9 shows our K, results for the Whittier,
which indicates for all three scales a NW fault zone dip-
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ping 51° — 64° and a strike of 34° — 40°. These values are
close to the parameters of the “auxiliary plane” for most
focal mechanisms in the area; for example the Chino
Hills earthquake had an auxiliary plane with a strike of
42° and a dip of 55°. Importantly, K.,; does not show
any evidence of a second mode aligned with the Whit-
tier fault. From this, we thus conclude that at least at the
scale of 1-4 km, the active seismogenic structures in the
area are a mixture of left-lateral and thrust slip that are
not aligned with the Whittier fault. At larger scales, it
is very possible that fault zone structures align with the
Whittier fault and dip northeast as given in the CFM.

The Julian and Coyote Mountain sections cover most
of the central and southern EFZ. The major fault traces
within these sections are relatively straight and trend
southeast. Both sections are listed in the CFM as be-
ing nearly vertical (81° — 87°) with a strike of around
305°. For these sections, the peak K., value (Figure 9)
indicates a strike of 204° — 210° and a dip of 82° — 86°;
thus our results identify the orthogonal plane as being
the dominant one visible in the seismicity at the scale
of 1-4 km. This is similar to the results for the Whit-
tier section. Indeed many of these are large enough to
be visible by eye in Figure 3. There is some recognition
of the strike direction parallel to the EFZ in the Coyote
Mountain results, particularly for the 4 km scale. There-
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fore the faulting geometry appears to be more complex
here and scale dependent.

The final region of the Elsinore that we examine is the
Yuha Desert. This area serves as the transition between
the Elsinore and Laguna Salada systems and is under-
lain by the Paso Superior detachment fault (Fletcher
etal., 2014). It was the site of extensive aftershock activ-
ity following the 2010 M,, 7.2 El Mayor-Cucapah earth-
quake, including the 2010 M, 5.7 Ocotillo, California
earthquake (Kroll et al., 2013). There also was a shal-
low M, 6.5 slow slip event that occurred here as part
of this sequence (Ross et al., 2017b). The Yuha Desert
area contains numerous fault traces orthogonal to the
main trend of EFZ. Indeed our K., results corrobo-
rate this, with two modes with azimuthal separation of
nearly 70°. At the two largest scales, ¢ > 100 m and
r > 1000 m, the SE trending mode is stronger, whereas,
for the smallest scale, the two modes are about equal in
strength. There is no evidence for any significant devia-
tion from vertical here, with the » = 2000 m scale having
a best estimate of § = 78° NE.

4 Discussion and conclusions

In this study we have outlined a new method for quan-
tifying the average dip of fault zones using seismicity.
Overall our results for southern California seismicity re-
gions compare favorably with those of the SCEC CFM
and other sources. While it is just one type of infor-
mation, it is independent from that considered in the
CFM. This study demonstrates the potential for using
this method to augment existing CFM databases and ul-
timately improve upon the known geometrical proper-
ties of fault zones.

Our primary findings for the major fault zones exam-
ined support the idea that the San Andreas and San Jac-
into fault zones in southern California are dipping (at
least in an average sense) toward the northeast. Most
of the Elsinore Fault Zone is close to vertical, with the
lone exception perhaps being the Whittier section at
the northwest terminus of the fault zone near the LA
Basin. Our findings suggest a progressive steepening of
dip spatially, going from SAFZ in the northeast to EFZ
in the southwest, which may provide clues as to the tec-
tonic origins of this geometry. These conclusions are
consistent with those of Schulte-Pelkum et al. (2020).

Our findings explicitly quantify anisotropy in seis-
micity at each length scale desired. There are hints
of some changes with increasing length scale that may
have broader implications about the tectonic history of
the region. For example we found minor changes in dip
with length scale that may suggest younger faults be-
ing formed in recent years may be inconsistent with the
larger scale plate boundary faults surrounding them.
Additional more detailed analysis is warranted for these
cases to further substantiate these observations and
possible implications.

The method is not without limitations and these
should be emphasized for further clarity on its usage.
First, it should be understood that the cylindrical K-
function represents average properties over the win-
dow. Within the window, the properties may vary spa-
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tially, i.e., the seismicity may be viewed as an inhomoge-
neous point process. While the cylindrical K-function
is formulated under the assumption of stationarity, it
can still provide useful information even if there are rel-
atively mild deviations from this assumption. An impor-
tant consequence of the lack of stationarity is that the
results will depend on the spatial window chosen. They
should be interpreted only for the specific region. This
further implies that the results should not be extrapo-
lated to regions outside of the spatial window. Another
important limitation results from the “disc” geometry
used to construct the cylindrical K-function, which was
chosen expressly with the purpose of detecting persis-
tent planar features in seismicity. While not the focus of
this study, other types of seismicity features, e.g., linear
features, may not be detected with a disc geometry and
would require alternatives.

Location errors are the main source of measurement
uncertainty in our calculations and their effects should
be appropriately considered. The length scales of im-
portance in our study are the values of 2r, i.e., the diam-
eter of the disc used in computing K.,;. The values used
are 1 km, 2 km, and 4 km. The seismicity catalog only
included events with successful double-difference relo-
cations and therefore the relative location error is the
most important term to consider. For this catalog, 90%
of the events are estimated to have relative horizontal
and vertical errors of 0.1 km, which is at least an order
of magnitude smaller than the length scales considered.
We therefore do not expect artifacts related to location
errors.

Acknowledgements

The author is grateful to the David and Lucile Packard
Foundation for supporting this study through a Packard
Fellowship.

Data and code availability

The seismicity catalog used in this study is from Hauks-
son et al. (2012) and is publicly available from the
Southern California Earthquake Data Center (https:
//scedc.caltech.edu; Southern California Seismic Net-
work, 2013). Maps were created with PyGMT (Uieda
et al., 2023).

Competing interests

The authors have no competing interests.

References

Bangs, N. L., Morgan, J. K., Bell, R. E., Han, S., Arai, R., Kodaira, S.,
Gase, A. C., Wu, X., Davy, R., Frahm, L., Tilley, H. L., Barker, D.
H. N., Edwards, J. H., Tobin, H. J., Reston, T. J., Henrys, S. A,,
Moore, G. F., Bassett, D., Kellett, R., Stucker, V., and Fry, B.
Slow slip along the Hikurangi margin linked to fluid-rich sedi-
ments trailing subducting seamounts. Nature Geoscience, 16(6):
505-512, June 2023. doi: 10.1038/s41561-023-01186-3.

SEISMICA |volume 3.1|2024


https://scedc.caltech.edu
https://scedc.caltech.edu
http://doi.org/10.1038/s41561-023-01186-3

SEISMICA | RESEARCH ARTICLE | Dip of fault zones in California

Ben-Zion, Y. and Sammis, C. G. Characterization of Fault Zones.
pure and applied geophysics, 160(3):677-715, Mar. 2003. doi:
10.1007/PL00012554.

Bird, P. An updated digital model of plate boundaries.
Geochemistry, Geophysics, Geosystems, 4(3), 2003. doi:
10.1029/2001GC000252.

Blisniuk, K., Scharer, K., Sharp, W. D., Burgmann, R., Amos, C.,
and Rymer, M. A revised position for the primary strand of
the Pleistocene-Holocene San Andreas fault in southern Califor-
nia. Science Advances, 7(13):eaaz5691, 2021. doi: 10.1126/sci-
adv.aaz5691.

Brodsky, E. E. and Lajoie, L. J.  Anthropogenic Seismicity
Rates and Operational Parameters at the Salton Sea Geother-
mal Field.  Science, 341(6145):543-546, Aug. 2013.  doi:
10.1126/science.1239213.

Chiaraluce, L., Di Stefano, R., Tinti, E., Scognamiglio, L., Michele,
M., Casarotti, E., Cattaneo, M., De Gori, P.,, Chiarabba, C.,
Monachesi, G., Lombardi, A., Valoroso, L., Latorre, D., and Mar-
zorati, S.  The 2016 Central Italy Seismic Sequence: A First
Look at the Mainshocks, Aftershocks, and Source Models. Seis-
mological Research Letters, 88(3):757-771, Mar. 2017. doi:
10.1785/0220160221.

Cox, S. F. Injection-Driven Swarm Seismicity and Permeabil-
ity Enhancement: Implications for the Dynamics of Hydrother-
mal Ore Systems in High Fluid-Flux, Overpressured Faulting
Regimes—An Invited Paper. Economic Geology, 111(3):559-587,
May 2016. doi: 10.2113/econgeo.111.3.559.

Daley, D. J. and Vere-Jones, D. An introduction to the theory of point
processes: volume I: elementary theory and methods. Springer,
2003. doi: 10.1007/b97277.

Doser, D. I. and Kanamori, H. Depth of seismicity in the Impe-
rial Valley Region (1977-1983) and its relationship to heat flow,
crustal structure and the October 15, 1979, earthquake. Journal
of Geophysical Research: Solid Earth,91(B1):675-688, 1986. doi:
10.1029/JB091iB01p00675.

Fattaruso, L. A., Cooke, M. L., and Dorsey, R. J. Sensitivity of up-
lift patterns to dip of the San Andreas fault in the Coachella Val-
ley, California. Geosphere, 10(6):1235-1246, Dec. 2014. doi:
10.1130/GES01050.1.

Fletcher, J. M., Teran, O. J., Rockwell, T. K., Oskin, M. E., Hud-
nut, K. W., Mueller, K. J., Spelz, R. M., Akciz, S. O., Masana, E.,
Faneros, G., Fielding, E. J., Leprince, S., Morelan, A. E., Stock, J.,
Lynch, D. K., Elliott, A. J., Gold, P,, Liu-Zeng, J., Gonzalez-Ortega,
A., Hinojosa-Corona, A., and Gonzalez-Garcia, J. Assembly of
a large earthquake from a complex fault system: Surface rup-
ture kinematics of the 4 April 2010 El Mayor-Cucapah (Mexico)
Mw 7.2 earthquake. Geosphere, 10(4):797-827, Aug. 2014. doi:
10.1130/GES00933.1.

Fuis, G. S., Scheirer, D. S., Langenheim, V. E., and Kohler, M. D. A
New Perspective on the Geometry of the San Andreas Fault in
Southern California and Its Relationship to Lithospheric Struc-
ture. Bulletin of the Seismological Society of America, 102(1):
236-251, Feb. 2012. doi: 10.1785/0120110041.

Fuis, G. S., Bauer, K., Goldman, M. R., Ryberg, T., Langenheim, V. E.,
Scheirer, D. S., Rymer, M. J., Stock, J. M., Hole, J. A., Catchings,
R. D., Graves, R. W., and Aagaard, B. Subsurface Geometry of
the San Andreas Fault in Southern California: Results from the
Salton Seismic Imaging Project (SSIP) and Strong Ground Mo-
tion Expectations. Bulletin of the Seismological Society of Amer-
ica, 107(4):1642-1662, July 2017. doi: 10.1785/0120160309.

Gillard, D., Rubin, A. M., and Okubo, P. Highly concentrated seis-
micity caused by deformation of Kilauea’s deep magma system.
Nature, 384(6607):343-346, Nov. 1996. doi: 10.1038/384343a0.

Gold, P. O., Behr, W. M., Rood, D., Sharp, W. D., Rockwell, T. K.,

12

Kendrick, K., and Salin, A. Holocene geologic slip rate for the
Banning strand of the southern San Andreas Fault, southern
California. Journal of Geophysical Research: Solid Earth, 120(8):
5639-5663, 2015. doi: 10.1002/2015JB012004.

Graves, R. W., Aagaard, B. T., Hudnut, K. W., Star, L. M., Stewart,
J.P.,and Jordan, T. H. Broadband simulations for Mw 7.8 south-
ern San Andreas earthquakes: Ground motion sensitivity to rup-
ture speed. Geophysical Research Letters, 35(22), 2008. doi:
10.1029/2008GL035750.

Graves, R. W., Aagaard, B. T, and Hudnut, K. W. The
ShakeOut Earthquake Source and Ground Motion Simula-
tions. Earthquake Spectra, 27(2):273-291, May 2011. doi:
10.1193/1.3570677.

Hauksson, E. Earthquakes, faulting, and stress in the Los Angeles
Basin. Journal of Geophysical Research: Solid Earth, 95(B10):
15365-15394, 1990. doi: 10.1029/JB095iB10p15365.

Hauksson, E. and Meier, M.-A. Applying Depth Distribution of Seis-
micity to Determine Thermo-Mechanical Properties of the Seis-
mogenic Crust in Southern California: Comparing Lithotectonic
Blocks. Pure and Applied Geophysics, 176(3):1061-1081, Mar.
2019. doi: 10.1007/s00024-018-1981-z.

Hauksson, E., Felzer, K., Given, D., Giveon, M., Hough, S., Hut-
ton, K., Kanamori, H., Sevilgen, V., Wei, S., and Yong, A. Pre-
liminary Report on the 29 July 2008 Mw 5.4 Chino Hills, East-
ern Los Angeles Basin, California, Earthquake Sequence. Seis-
mological Research Letters, 79(6):855-866, Nov. 2008. doi:
10.1785/gssrl.79.6.855.

Hauksson, E., Yang, W. Z., and Shearer, P. M. Waveform Relo-
cated Earthquake Catalog for Southern California (1981 to June
2011). Bulletin of the Seismological Society of America, 102(5):
2239-2244, Oct. 2012. doi: 10.1785/0120120010.

Hauksson, E., Stock, J., Bilham, R., Boese, M., Chen, X., Field-
ing, E. J., Galetzka, J., Hudnut, K. W., Hutton, K., Jones, L. M.,
Kanamori, H., Shearer, P. M., Steidl, J., Treiman, J., Wei, S., and
Yang, W. Report on the August 2012 Brawley Earthquake Swarm
in Imperial Valley, Southern California. Seismological Research
Letters, 84(2):177-189, Mar. 2013. doi: 10.1785/0220120169.

Hauksson, E., Meier, M., Ross, Z. E., and Jones, L. M. Evolution of
seismicity near the southernmost terminus of the San Andreas
Fault: Implications of recent earthquake clusters for earthquake
risk in southern California. Geophysical Research Letters, 44(3):
1293-1301, 2017. doi: 10.1002/2016GL072026.

Hauksson, E., Stock, J. M., and Husker, A. L. Seismicity in a weak
crust: the transtensional tectonics of the Brawley Seismic Zone
section of the Pacific-North America Plate Boundary in South-
ern California, USA. Geophysical Journal International, 231(1):
717-735, Oct. 2022. doi: 10.1093/gji/ggac205.

Hayes, G. P., Wald, D. J., and Johnson, R. L. Slab1.0: A three-
dimensional model of global subduction zone geometries. Jour-
nal of Geophysical Research: Solid Earth, 117(B1), 2012. doi:
10.1029/2011JB008524.

Hayes, G. P., Moore, G. L., Portner, D. E., Hearne, M., Flamme, H.,
Furtney, M., and Smoczyk, G. M. Slab2, a comprehensive sub-
duction zone geometry model. Science, 362(6410):58-61, Oct.
2018. doi: 10.1126/science.aat4723.

Jones, L. M., Hutton, L. K., Given, D. D., and Allen, C. R. The
North Palm Springs, California, earthquake sequence of July
1986. Bulletin of the Seismological Society of America, 76(6):
1830-1837, Dec. 1986. doi: 10.1785/BSSA0760061830.

Kagan, Y. Y. and Knopoff, L. Spatial distribution of earthquakes:
the two-point correlation function. Geophysical Journal In-
ternational, 62(2):303-320, Aug. 1980. doi: 10.1111/}.1365-
246X.1980.tb04857 .x.

Kroll, K. A, Cochran, E. S., Richards-Dinger, K. B., and Sumy, D. F.

SEISMICA | volume 3.1| 2024


http://doi.org/10.1007/PL00012554
http://doi.org/10.1029/2001GC000252
http://doi.org/10.1126/sciadv.aaz5691
http://doi.org/10.1126/sciadv.aaz5691
http://doi.org/10.1126/science.1239213
http://doi.org/10.1785/0220160221
http://doi.org/10.2113/econgeo.111.3.559
http://doi.org/10.1007/b97277
http://doi.org/10.1029/JB091iB01p00675
http://doi.org/10.1130/GES01050.1
http://doi.org/10.1130/GES00933.1
http://doi.org/10.1785/0120110041
http://doi.org/10.1785/0120160309
http://doi.org/10.1038/384343a0
http://doi.org/10.1002/2015JB012004
http://doi.org/10.1029/2008GL035750
http://doi.org/10.1193/1.3570677
http://doi.org/10.1029/JB095iB10p15365
http://doi.org/10.1007/s00024-018-1981-z
http://doi.org/10.1785/gssrl.79.6.855
http://doi.org/10.1785/0120120010
http://doi.org/10.1785/0220120169
http://doi.org/10.1002/2016GL072026
http://doi.org/10.1093/gji/ggac205
http://doi.org/10.1029/2011JB008524
http://doi.org/10.1126/science.aat4723
http://doi.org/10.1785/BSSA0760061830
http://doi.org/10.1111/j.1365-246X.1980.tb04857.x
http://doi.org/10.1111/j.1365-246X.1980.tb04857.x

SEISMICA | RESEARCH ARTICLE | Dip of fault zones in California

Aftershocks of the 2010 M-w 7.2 El Mayor-Cucapah earthquake
reveal complex faulting in the Yuha Desert, California. Journal
of Geophysical Research-Solid Earth, 118(12):6146-6164, Dec.
2013. doi: 10.1002/2013jb010529.

Lay, V., Buske, S., Townend, J., Kellett, R., Savage, M., Schmitt,
D. R., Constantinou, A., Eccles, J. D., Gorman, A. R., Bertram,
M., Hall, K., Lawton, D., and Kofman, R. 3D Active Source
Seismic Imaging of the Alpine Fault Zone and the Whataroa
Glacial Valley in New Zealand. Journal of Geophysical Re-
search: Solid Earth, 126(12):€2021JB023013, 2021. doi:
10.1029/2021JB023013.

Lin, G., Shearer, P. M., and Hauksson, E. Applying a three-
dimensional velocity model, waveform cross correlation, and
cluster analysis to locate southern California seismicity from
1981 to 2005. Journal of Geophysical Research: Solid Earth, 112
(B12), 2007. doi: 10.1029/2007JB004986.

Lindsey, E. O. and Fialko, Y. Geodetic slip rates in the southern San
Andreas Fault system: Effects of elastic heterogeneity and fault
geometry. Journal of Geophysical Research: Solid Earth, 118(2):
689-697,2013. doi: 10.1029/2012JB009358.

Loh, J. M. A valid and fast spatial bootstrap for correlation
functions. The Astrophysical Journal, 681(1):726, 2008. doi:
10.1086/588631.

Magistrale, H. and Rockwell, T. The central and southern Elsinore
fault zone, southern California. Bulletin of the Seismological So-
ciety of America, 86(6):1793-1803, Dec. 1996. doi: 10.1785/B-
SSA0860061793.

Melgar, D., LeVeque, R. J., Dreger, D. S., and Allen, R. M. Kinematic
rupture scenarios and synthetic displacement data: An exam-
ple application to the Cascadia subduction zone. Journal of
Geophysical Research: Solid Earth, 121(9):6658-6674, 2016. doi:
10.1002/2016JB013314.

Mori, J. and Frankel, A. Source parameters for small events as-
sociated with the 1986 North Palm Springs, California, earth-
quake determined using empirical Green functions. Bulletin of
the Seismological Society of America, 80(2):278-295, Apr. 1990.
doi: 10.1785/BSSA0800020278.

Mgller, J. and Toftaker, H.
Point Pattern Analysis and Cox Processes.
Journal of Statistics, 41(2):414-435, 2014. doi:
doi.org/10.1111/sjos.12041.

Mgller, J., Safavimanesh, F., and Rasmussen, J. G. The cylindrical
K-function and Poisson line cluster point processes. Biometrika,
103(4):937-954, Dec. 2016. doi: 10.1093/biomet/asw044,

Nasirzadeh, F., Shishebor, Z., and Mateu, J. On new families of
anisotropic spatial log-Gaussian Cox processes. Stochastic En-
vironmental Research and Risk Assessment, 35(2):183-213, Feb.
2021. doi: 10.1007/s00477-020-01906-w.

Nicholson, C. Seismic behavior of the southern San Andreas fault
zone in the northern Coachella Valley, California: Comparison
of the 1948 and 1986 earthquake sequences. Bulletin of the Seis-
mological Society of America, 86(5):1331-1349, Oct. 1996. doi:
10.1785/BSSA0860051331.

Norris, R. J. and Toy, V. G. Continental transforms: A view from the
Alpine Fault. Journal of Structural Geology, 64:3-31, July 2014.
doi: 10.1016/j.jsg.2014.03.003.

Plesch, A., Shaw, J. H., Benson, C., Bryant, W. A, Carena, S., Cooke,
M., Dolan, J., Fuis, G., Gath, E., Grant, L., Hauksson, E., Jordan,
T., Kamerling, M., Legg, M., Lindvall, S., Magistrale, H., Nichol-
son, C., Niemi, N., Oskin, M., Perry, S., Planansky, G., Rockwell,
T., Shearer, P, Sorlien, C., Suss, M. P., Suppe, J., Treiman, J.,
and Yeats, R. Community fault model (CFM) for southern Cal-
ifornia. Bulletin of the Seismological Society of America, 97(6):
1793-1802, Dec. 2007. doi: 10.1785/0120050211.

Geometric Anisotropic Spatial
Scandinavian
https://-

13

Plesch, A., Marshall, S., Nicholson, C., Shaw, J., Maechling, P., and
Su, M. The Community Fault Model version 5.3 and new web-
based tools. In SCEC Annual Meeting, Poster, volume 184, 2020a.
https://www.scec.org/meetings/2020/am/poster/184.

Plesch, A., Shaw, J. H., Ross, Z. E., and Hauksson, E. Detailed 3D
Fault Representations for the 2019 Ridgecrest, California, Earth-
quake Sequence. Bulletin of the Seismological Society of Amer-
ica, 110(4):1818-1831, June 2020b. doi: 10.1785/0120200053.

Qiu, H., Ben-Zion, Y., Ross, Z., Share, P.-E., and Vernon, F. Internal
structure of the San Jacinto fault zone at Jackass Flat from data
recorded by a dense linear array. Geophysical Journal Interna-
tional, 209(3):1369-1388, June 2017. doi: 10.1093/gji/ggx096.

Richter, C. F., Allen, C. R., and Nordquist, J. M. The Desert Hot
Springs earthquakes and their tectonic environment. Bulletin of
the Seismological Society of America, 48(4):315-337, Oct. 1958.
doi: 10.1785/BSSA0480040315.

Ripley, B. D. The second-order analysis of stationary point pro-
cesses. Journal of Applied Probability, 13(2):255-266, June 1976.
doi: 10.2307/3212829.

Rodgers, A. J., Petersson, N. A., Pitarka, A., McCallen, D. B., Sjo-
green, B., and Abrahamson, N. Broadband (0-5 Hz) Fully Deter-
ministic 3D Ground-Motion Simulations of a Magnitude 7.0 Hay-
ward Fault Earthquake: Comparison with Empirical Ground-
Motion Models and 3D Path and Site Effects from Source Nor-
malized Intensities.  Seismological Research Letters, 90(3):
1268-1284, May 2019. doi: 10.1785/0220180261.

Ross, Z. E., Hauksson, E., and Ben-Zion, Y. Abundant off-fault
seismicity and orthogonal structures in the San Jacinto fault
zone. Science Advances, 3(3):8, Mar. 2017a. doi: 10.1126/sci-
adv.1601946.

Ross, Z. E., Rollins, C., Cochran, E. S., Hauksson, E., Avouac, J.-
P., and Ben-Zion, Y. Aftershocks driven by afterslip and fluid
pressure sweeping through a fault-fracture mesh. Geophys-
ical Research Letters, page 2017GL074634, Jan. 2017b. doi:
10.1002/2017GL074634.

Ross, Z.E., Trugman, D. T., Hauksson, E., and Shearer, P. M. Search-
ing for hidden earthquakes in Southern California. Science, 364
(6442):767-771, May 2019. doi: 10.1126/science.aaw6888.

Ross, Z. E., Cochran, E. S., Trugman, D. T., and Smith, J. D.
3D fault architecture controls the dynamism of earthquake
swarms.  Science, 368(6497):1357-1361, June 2020. doi:
10.1126/science.abb0779.

Ross, Z. E., Ben-Zion, Y., and Zaliapin, I. Geometrical properties of
seismicity in California. Geophysical Journal International, 231
(1):493-504, Oct. 2022. doi: 10.1093/gji/ggac1809.

Rubin, A. M., Gillard, D., and Got, J.-L. Streaks of microearthquakes
along creeping faults. Nature, 400(6745):635-641, Aug. 1999.
doi: 10.1038/23196.

Safavimanesh, F. and Redenbach, C. A comparison of functional
summary statistics to detect anisotropy of three-dimensional
point patterns. arXiv:1604.04211 [stat], Apr. 2016. http://
arxiv.org/abs/1604.04211.

Sato, H., Hirata, N., Koketsu, K., Okaya, D., Abe, S., Kobayashi,
R., Matsubara, M., Iwasaki, T., Ito, T., Ikawa, T., Kawanaka, T.,
Kasahara, K., and Harder, S. Earthquake Source Fault Be-
neath Tokyo. Science, 309(5733):462-464, July 2005. doi:
10.1126/science.1110489.

Schulte-Pelkum, V., Ross, Z. E., Mueller, K., and Ben-Zion, Y. Tec-
tonic Inheritance With Dipping Faults and Deformation Fabric
in the Brittle and Ductile Southern California Crust. Journal
of Geophysical Research: Solid Earth, 125(8):€2020JB019525,
2020. doi: 10.1029/2020JB019525.

Shao, G., Ji, C., and Hauksson, E. Rupture process and energy

SEISMICA | volume 3.1| 2024


http://doi.org/10.1002/2013jb010529
http://doi.org/10.1029/2021JB023013
http://doi.org/10.1029/2007JB004986
http://doi.org/10.1029/2012JB009358
http://doi.org/10.1086/588631
http://doi.org/10.1785/BSSA0860061793
http://doi.org/10.1785/BSSA0860061793
http://doi.org/10.1002/2016JB013314
http://doi.org/10.1785/BSSA0800020278
http://doi.org/https://doi.org/10.1111/sjos.12041
http://doi.org/https://doi.org/10.1111/sjos.12041
http://doi.org/10.1093/biomet/asw044
http://doi.org/10.1007/s00477-020-01906-w
http://doi.org/10.1785/BSSA0860051331
http://doi.org/10.1016/j.jsg.2014.03.003
http://doi.org/10.1785/0120050211
https://www.scec.org/meetings/2020/am/poster/184
http://doi.org/10.1785/0120200053
http://doi.org/10.1093/gji/ggx096
http://doi.org/10.1785/BSSA0480040315
http://doi.org/10.2307/3212829
http://doi.org/10.1785/0220180261
http://doi.org/10.1126/sciadv.1601946
http://doi.org/10.1126/sciadv.1601946
http://doi.org/10.1002/2017GL074634
http://doi.org/10.1126/science.aaw6888
http://doi.org/10.1126/science.abb0779
http://doi.org/10.1093/gji/ggac189
http://doi.org/10.1038/23196
http://arxiv.org/abs/1604.04211
http://arxiv.org/abs/1604.04211
http://doi.org/10.1126/science.1110489
http://doi.org/10.1029/2020JB019525

SEISMICA | RESEARCH ARTICLE | Dip of fault zones in California

budget of the 29 July 2008 Mw 5.4 Chino Hills, California, earth-
quake. Journal of Geophysical Research: Solid Earth, 117(B7),
2012. doi: 10.1029/2011JB008856.

Share, P.-E., Ben-Zion, Y., Ross, Z. E., Qiu, H., and Vernon, F. L. Inter-
nal structure of the San Jacinto fault zone at Blackburn Saddle
from seismic data of a linear array. Geophysical Journal Interna-
tional,210(2):819-832, Aug. 2017. doi: 10.1093/gji/ggx191.

Sharp, R. V. San Jacinto Fault Zone in the Peninsular Ranges of
Southern California. GSA Bulletin, 78(6):705-730, June 1967.
doi: 10.1130/0016-7606(1967)78[705:SJFZIT]2.0.CO;2.

Shaw, B. E., Milner, K. R., Field, E. H., Richards-Dinger, K., Gilchrist,
J. J,, Dieterich, J. H., and Jordan, T. H. A physics-based earth-
quake simulator replicates seismic hazard statistics across Cal-
ifornia.  Science Advances, 4(8):eaau0688, Aug. 2018. doi:
10.1126/sciadv.aau0688.

Shaw, J. H. and Shearer, a. P. M. An Elusive Blind-Thrust Fault Be-
neath Metropolitan Los Angeles. Science, 283(5407):1516-1518,
Mar. 1999. doi: 10.1126/science.283.5407.1516.

Shearer, P. M. Parallel fault strands at 9-km depth resolved on the
Imperial Fault, Southern California. Geophysical Research Let-
ters, 29(14):19-1-19-4, 2002. doi: 10.1029/2002GL015302.

Shelly, D. R., Hardebeck, J. L., Ellsworth, W. L., and Hill,
D. P. A new strategy for earthquake focal mechanisms us-
ing waveform-correlation-derived relative polarities and clus-
ter analysis: Application to the 2014 Long Valley Caldera earth-
quake swarm. Journal of Geophysical Research: Solid Earth, 121
(12):8622-8641, 2016. doi: 10.1002/2016JB013437.

Southern California Seismic Network. Southern California Earth-
quake Data Center, 2013. doi: 10.7909/C3WD3xH1.

Thatcher, W. and Hill, D. P. Fault orientations in extensional
and conjugate strike-slip environments and their implications.
Geology, 19(11):1116-1120, Nov. 1991. doi: 10.1130/0091-
7613(1991)019<1116:FOIEAC>2.3.CO;2.

Uieda, L., Tian, D., Leong, W. J., Schlitzer, W., Grund, M., Jones, M.,
Frohlich, Y., Toney, L., Yao, J., Magen, Y., Tong, J.-H., Materna,
K., Belem, A, Newton, T., Anant, A., Ziebarth, M., Quinn, J., and
Wessel, P. PyGMT: A Python interface for the Generic Mapping
Tools. doi: 10.5281/zenodo.7772533.

Yang, W. and Hauksson, E. Evidence for Vertical Partitioning of
Strike-Slip and Compressional Tectonics from Seismicity, Fo-
cal Mechanisms, and Stress Drops in the East Los Angeles Basin
Area, California. Bulletin of the Seismological Society of America,
101(3):964-974, June 2011. doi: 10.1785/0120100216.

The article Insights on the dip of fault zones in Southern Cali-
fornia from modeling of seismicity with anisotropic point pro-
cesses © 2024 by Zachary E. Ross is licensed under CC BY
4.0.

14

SEISMICA | volume 3.1| 2024


http://doi.org/10.1029/2011JB008856
http://doi.org/10.1093/gji/ggx191
http://doi.org/10.1130/0016-7606(1967)78[705:SJFZIT]2.0.CO;2
http://doi.org/10.1126/sciadv.aau0688
http://doi.org/10.1126/science.283.5407.1516
http://doi.org/10.1029/2002GL015302
http://doi.org/10.1002/2016JB013437
http://doi.org/10.7909/C3WD3xH1
http://doi.org/10.1130/0091-7613(1991)019<1116:FOIEAC>2.3.CO;2
http://doi.org/10.1130/0091-7613(1991)019<1116:FOIEAC>2.3.CO;2
http://doi.org/10.5281/zenodo.7772533
http://doi.org/10.1785/0120100216
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Methods
	Preliminaries
	The cylindrical K-function
	Demonstration with synthetic catalogs
	Application to Southern California seismicity
	Dip uncertainty estimates
	Parameter selection and resolution

	Results
	San Jacinto Fault Zone
	San Andreas Fault Zone
	Brawley Seismic Zone
	Elsinore Fault Zone

	Discussion and conclusions

