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The central San Andreas Fault (CSAF) exhibits a simple linear large-scale fault
geometry, yet seismic and aseismic deformation features vary in a complex
way along the fault. Here we investigate fault zone behaviors using geodetic
observation, seismicity and microearthquake focal mechanisms. We employ
an improved focal-mechanism characterization method using relative earth-
quake radiation patterns on 75,164 M, = 1 earthquakes along a 2-km-wide, 190-
km-long segment of the CSAF, from 1984 to 2015. The data reveal the 3D fine-
scale structure and interseismic kinematics of the CSAF. Our findings indicate
that the first-order spatial variations in interseismic fault creep rate, creep
direction, and the fault zone stress field can be explained by a simple fault
coupling model. The inferred 3D mechanical properties of a mechanically
weak and poorly coupled fault zone provide a unified understanding of the
complex fine-scale kinematics, indicating distributed slip deficits facilitating
small-to-moderate earthquakes, localized stress heterogeneities, and complex
multi-scale ruptures along the fault. Through this detailed mapping, we aim to

relate the fine-scale fault architecture to potential future faulting behavior

along the CSAF.

Fault zones have geometric complexities and are multiscale systems
consisting of a localized fault core accommodating the primary slip
(on-fault), a highly fractured damage zone around the fault core
accommodating a small fraction of deformation (off-fault), and the
surrounding host rock'=. Fault zones can deform seismically, such as in
large damaging earthquakes, small earthquakes including earthquake
clusters and repeating events, and tectonic tremor*, and aseismically,
such as by transient slow slip events, steady creep, and afterslip>®. The
partitioning of seismic and aseismic fault slip is usually quantified
using geodetically determined fault coupling, which is defined as the
ratio of the inferred slip deficit rate and the long-term slip rate, with a
value of 1 corresponding to fully locked while a value of O indicates a
freely creeping fault. The spatial distribution of fault coupling and
implied slip deficits can help us better understand fault zone proper-
ties, determine the seismic potential of faults, and constrain the return
period and the maximum-possible magnitude of earthquakes’°. Fault
sections with larger kinematic coupling at depth generally correspond

to lower surface creep rates observed from geodetic investigations'®™,

lower recurrence rates of repeating earthquakes™°, lower b-values",
and a larger fraction of clustered events®®.

However, gaps remain in our understanding of the seismic and
aseismic deformation of faults due to several problems. It is often
assumed that all patches on a fault slip in the same direction without
considering the variation of slip directions that we can expect in areas
with abrupt changes of fault geometry or creep rate'. Secondly, ana-
lyses of seismicity often focus on statistical parameters estimated from
earthquake occurrences instead of the underlying physical processes.
Moreover, the effects of distributed fault-zone deformation and on-
fault/off-fault interactions are usually ignored, although on-fault and
off-fault deformations are tightly interlinked and coevolve with strong
feedback loops over multiple spatial and temporal scales® (Fig. 1a).
These challenges can be potentially overcome by analyzing focal
mechanisms of small earthquakes, which helps to resolve fine-scale on-
fault slip directions, provides physical parameters for seismicity
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Fig. 1| Improvements in constraining subsurface coupling using earthquake
focal mechanisms. Schematic comparison of data and assumptions used in a
previous geodetic inversion studies"*** and b this study relying on the spatial
distribution of earthquakes and slip directions from focal mechanisms. Dark red

areas denote locked patches and light red areas denote creeping areas. Modeled

Distance along fault (km)

fault ¢ creep rate and d creep direction around a locked patch. Yellow stars and
beachballs denote earthquake locations and focal mechanisms, respectively. Black
and blue beachballs are on-fault and off-fault earthquakes, respectively. Red arrows
show the assumed fault slip direction. Black thin lines in (d) denote local creep
directions on the NE side of the fault.

analysis (e.g., fault and stress orientations), and allows for differ-
entiating on- and off-fault seismic deformation (Fig. 1b). Furthermore,
if a locked patch exists at depth, the elastic fault slip modeling results
(see Methods section) show that the creep rate slightly decreases
(Fig. 1c) and the creep direction rotates around the locked patch
(Fig. 1d), suggesting that focal mechanisms can provide crucial infor-
mation on the finer details of fault coupling that cannot be resolved
from geodetically measured surface displacements. In this work, we
integrate a comprehensive catalog of focal mechanisms to deepen our
understanding of the fine-scale architecture and complex behaviors of
major fault zones.

The 190-km-long central segment of the San Andreas Fault (CSAF)
in California (Fig. 2) offers a unique opportunity to investigate the fine-
scale complexities of seismic and aseismic fault zone processes and
their interconnected nature. The CSAF is characterized by a long-term
slip rate of ~33—35 mm/yr and varying surface creep at <30 mm/yr?-%, It
lacks large historical earthquakes, while M, ~7-8 earthquakes
repeatedly occur to the north and south (e.g., the 1906 San Francisco
earthquake and the 1857 Fort Tejon earthquake; Fig. 2a and Supple-
mentary Fig. 1). Understanding the potential for large earthquakes
along the CSAF is important for seismic hazard assessment of the SAF
and other large creeping fault zones in the world®. The CSAF also
provides a natural laboratory for studies of seismic and aseismic fault
zone processes because of the availability of a dense, continuous
monitoring network. Decades of monitoring show that the CSAF
exhibits heterogeneous seismic and aseismic deformation patterns
and variable fault coupling inferred from varying along-fault surface
displacements"™**, the occurrence of moderate earthquakes (e.g.
1922, 1934, 1966, and 2004 M,,6.0 Parkfield earthquake), abundant
small earthquakes®, and repeating earthquakes whose recurrence rate
is proportional to the fault creep rate at depth®. In order to obtain
focal mechanisms of the above-mentioned small earthquakes, we use a
recently developed relative focal mechanism calculation algorithm?
and obtained high-quality focal mechanisms (uncertainty <35 degree)
of ~80% of the M, >1 catalog events.

In this study, we integrate seismically measured subsurface fault
zone processes, geodetically measured surface displacements, and
modeling of strike-slip creeping fault to comprehensively characterize

and understand multiscale fault zone deformation processes. We
apply our approach to the CSAF in California. Our results show that all
observed fine-scale kinematic features of the fault zone can be
reconciled with a mechanically weak and poorly coupled fault zone.

Results

Overview of seismicity data

In this study, we integrate the location, time, magnitude, and focal
mechanism of 75,164 M, = 1:0 earthquakes, 145 M, = 4.0 earthquakes,
and 355 repeating earthquakes from 1984 to 2015 to place high-
resolution constraints on the fault structure of the CSAF (Fig. 3). Most
M, 24:0 sequences are located along the San Juan Bautista (SIB) and
Parkfield (PK) transition zones and a few M;=>4:0 earthquakes are
located near Bitterwater (BW). In contrast, repeating earthquakes
occur more frequently between Melendy Ranch (MR) and the San
Andreas Fault Observatory at Depth (SAFOD), implying high aseismic
creep rates. Since most repeating earthquakes are concentrated in a
narrow zone and appear to delineate the major fault strands, we first
use repeating earthquakes to obtain the horizontal location of major
fault strands and then use both repeating earthquakes and the sur-
rounding M, 21:0 earthquakes within 1km epicentral distance from
the horizontal location of major fault strands (Fig. 3a, b) to estimate the
location and the orientation of the 3D main fault surface using prin-
cipal component analysis® (see Methods section). The whole fault is
nearly vertical with strike angles varying between N120°E to N140°E
(Fig. 3d). Our final catalog includes 99.7% of the repeating earthquake
sequences and 97.8% of M, =4:0 earthquakes, as well as 83.4% of
M, 21:0 events located within 1km NE from the main fault strand
(Fig. 3e and Supplementary Fig. 2). To better quantify the fault zone
structure, we select all focal mechanism solutions with uncertainty less
than 25 degrees and pick the focal mechanism nodal plane closer to
the main fault orientation and calculate the azimuthal difference
between the nodal plane and the main fault. Note that this calculation
assumes that the nodal plane closer to the main fault orientation is the
real fault plane and ignores left-lateral faults at high angles to the main
fault. For these near-fault earthquakes, we obtain the percentages
of M,=4:0 earthquakes, repeating earthquake sequences, and all
M, 21:0 earthquakes (including M, =4:0 earthquakes and repeating
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Fig. 2 | Seismicity distribution along the CSAF. a Map view and b cross-section
view of relocated earthquakes from 1984 to 2015 (Waldhauser and Schaff**,
extended to later years) along the central San Andreas Fault. Events in the box XX’
are colored by faulting style. Small beach balls denote M, >4:0 earthquakes. Large
beach balls denote the 2003 M,,6.5 San Simeon and 2004 M,,6.0 Parkfield earth-
quakes’ focal mechanisms. White stars denote historic major earthquakes. Note
vertical exaggeration VE = 3.13 in (b). The local coordinate system has its origin at
latitude 35.867°N, longitude 120.447°W and is oriented N42°W. SJB San Juan Bau-
tista; MR Melendy Ranch; BW Bitterwater; SC Slack Canyon; SAFOD San Andreas
Fault Observatory at Depth; MM Middle Mountain; PK Parkfield; GH Gold Hill.

earthquakes) with less than 20° azimuthal difference from the main
fault, which are 92.9%, 94.1%, and 83.3%, respectively (Fig. 3f). The
diversity of earthquake focal mechanisms increases gradually with
decreasing magnitude even between M,;3.0 to 5.0 (Supplementary
Fig. 3), suggesting that this trend is not caused by the uncertainty of
focal mechanism solutions. Therefore, in the following analysis, we
assume that M, 24:0 earthquakes and repeating earthquake sequen-
ces are located on the main fault (see Methods section; Supplementary
Fig. 4), while M, 21:0 earthquakes have variable orientations and are
located both on- and off-fault. To focus on the interseismic period and
disregard the co- and early postseismic deformation due to the 1989
M6.9 Loma Prieta and 2004 M,, 6.0 Parkfield earthquakes, we exclude
earthquakes within the first 3 years after these events when calculating
the occurrence rates of repeating earthquakes and focal mechanism
properties.

Fault model setup
The abundant small earthquake focal mechanisms provide a great
opportunity to determine the fine-scale fault slip directions, which can

be directly compared with the output of kinematic fault models of the
partially coupled CSAF employing shear-stress-free boundary condi-
tions on the fault. As shown in Figs. 1c, d, if there is a locked fault patch
at depth, the fault slip rate decreases slightly around the locked patch,
and the surrounding slip directions exhibit opposite rotations near the
two ends of the locked patch, providing a powerful constraint on the
location and size of the locked patches at depth. Therefore, in this
study, we forward model the interseismic fault deformation of the
CSAF and compare the obtained slip kinematics with the fault zone
properties estimated from seismicity.

Based on the definition of fault coupling and previous observa-
tions, most moderate-to-large earthquakes are located in high-
coupling areas while most repeating earthquakes are interpreted as
small patches that repeatedly break and are surrounded and driven to
failure by aseismically slipping sections of the fault (low-coupling
areas). Therefore, based on the spatial distribution of M, =4:0 events
and repeating earthquakes (Fig. 3a, b), we design a simple forward
model that consists of several locked patches near SIB, BW, and PK (in
areas of low earthquake-density and near the M, 24:0 earthquakes;
Fig. 3b) and an otherwise freely slipping shallow fault in the top 15 km
depth driven by a buried fault plane with a 34 mm/yr interseismic deep
creep rate” beneath it (model A in Fig. 4a). The fault is bounded by
fully locked fault segments at the two ends, corresponding to the
locked sections of the SAF that hosted the 1857 M7.9 Fort Tejon to the
SE as well as the 1906 M7.8 San Francisco and 1989 M6.9 Loma Prieta
earthquakes to the NW. We then compute the fault displacement rate
and slip directions on the freely slipping patches using a boundary
element method (Poly3D; see Methods section)™.

Observed and modeled along-fault displacements

We compare the forward modeling results with multiple geophysical
observations. Besides the traditionally used surface creep rate (red
curve and green symbols in Fig. 4f)"#* we also estimate the 2D var-
iations of creep rate and creep direction on the NE side of the main fault
using the occurrence rate and the slip direction of repeating earth-
quakes, respectively (see Methods section; Supplementary Figs. 4-6).
Figure 4 shows the comparison of the modeled and observed creep rate
using the occurrence rate of repeating earthquakes (Fig. 4b, c), the
modeled and observed creep direction using the focal mechanisms of
repeating earthquakes (Fig. 4d, e), and the modeled and observed
surface creep rate using creepmeter, alignment array and InSAR data
(Fig. 4f)"#*, The modeled results are overall consistent with the
observed subsurface fault creep rate variations, the fault slip directions
at depth, and the surface creep rates with correlation coefficients of
0.47 (Fig. 4b, c), 0.55 (Fig. 4d, e), and 0.91 (Fig. 4f), respectively
(Figs. 6a—c). The presence of locked fault patches results in gradually
decreasing creep rates around the patches. For example, the observed
creep rates from repeating earthquakes and measured surface creep
rates are lower than 25 mm/yr and 15 mm/yr, respectively, near the SIB
and PK transition zones (Figs. 4b, c, f). In the central creeping section
from MR to the SAFOD, the modeled and observed creep rates
approach the deep creep rate (~ 34 mm/yr). The repeater-derived creep
directions show a more heterogeneous distribution around the locked
patches with an upward creep to the NW of the patch and downward
creep to the SE of the patch (Fig. 4d, e), providing valuable additional
constraints on fault coupling at depth. For example, there is no clear
evidence of the existence of locked fault patches near BW based on just
the variation of creep rates (Fig. 4f). In contrast, the abrupt changes of
the vertical creep component (Fig. 4d, e€) and the observed M, =4:0
sequences near BW (Fig. 4a) indicate considerable stress accumulation
and the existence of a deep locked fault patch near BW.

Off-fault structure and kinematics
In addition to on-fault displacements, there are also many small
earthquakes located around the fault and most of them are located to
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