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Key Points:

* We document a recent spontaneous slow slip event on the Superstition Hills Fault
using creepmeter, InSAR, GNSS, and field measurements.

¢ Over 41 mm of slip occurred from mid-May to mid-July 2023, with moment re-
lease corresponding to a M,, 5.0 earthquake.

¢ The kinematics of the 2023 event are remarkably similar to several previous slow

slip events, suggesting a characteristic rupture process.
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Abstract
The Superstition Hills Fault (SHF) exhibits a rich spectrum of slip modes, including M 6+
earthquakes, afterslip, quasi-steady creep, and both triggered and spontaneous slow slip
events (SSEs). Following 13 years of quiescence, creepmeters recorded 25 mm of slip dur-
ing 16-19 May 2023. Additional sub-events brought the total slip to 41 mm. The event
nucleated on the northern SHF in early-May and propagated bi-laterally at rates on the
order of kilometers per day. Surface offsets reveal a bi-modal slip distribution, with slip
on the northern section of the fault being less localized and lower amplitude compared
to the southern section. Kinematic slip models confirm systematic variations in the slip
distribution along-strike and with depth and suggest that slip is largely confined to the
shallow sedimentary layer. Observations and models of the 2023 SSE bear a strong sim-
ilarity to previous slip episodes in 1999, 2006, and 2010, suggesting a characteristic be-

havior.

Plain Language Summary

Studying the mechanical properties and behavior of faults is essential for under-
standing earthquake ruptures. In this study, we investigate a recent slip event on the Su-
perstition Hills Fault (SHF), which has a well-documented record of slip. A notable as-
pect of the SHF is that it periodically undergoes ”slow slip events” (SSEs), where the
fault slips and releases energy without any accompanied ground shaking. During May-
July 2023, the SHF experienced a major SSE for the first time in 13 years. Our anal-
ysis shows that it was the largest documented SSE on the SHF and released equivalent
energy to a magnitude 5 earthquake. We also find that the spatial pattern of fault slip
is very similar to several previous slip events in 1999, 2006, and 2010, suggesting that

the SHF has a tendency to slip in a characteristic manner.

1 Introduction

The Superstition Hills Fault (SHF) is located at the southern end of the San Jac-
into Fault Zone (SJFZ), 35 km north of the United States-Mexico border in Southern
California (e.g., Sharp, 1967; Hudnut & Sieh, 1989; Tymofyeyeva & Fialko, 2018). The
SHF has a well-documented record of time-dependent slip, spanning the coseismic, post-
seismic, and interseismic phases of the earthquake cycle. Early observations dating back

to 1960s detected surface creep along the SHF at an average rate of 0.5 mm/yr (Louie



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

et al., 1985), as well as episodes of accelerated slip triggered by local earthquakes (Allen
et al., 1972; Fuis, 1982; Sharp et al., 1986).

On 24 Nov 1987, the SHF ruptured in a Mg 6.6 earthquake with 1 m of average
coseismic slip below 5 km depth (Wald et al., 1990). Significant surface slip was delayed
by minutes or hours, but within a day was quantified as rapidly developing afterslip (Sharp
et al., 1986; Williams & Magistrale, 1989), that in the following 3 years decayed to low
rates, cumulatively matching coseismic slip at depth (Bilham et al., 2016). The rate of
decay of afterslip was interpreted in terms of velocity-strengthening behavior of the up-
permost 5 km of the fault (Marone et al., 1991; Barbot et al., 2009). Several years later,
the 1992 M,, 7.3 Landers and M,, 6.2 Big Bear earthquakes triggered 8+ mm of slip at
the site of a creepmeter operated by CU Boulder, and up to 20 mm elsewhere (Bodin
et al., 1994; Rymer, 2000). The 1999 M,, 7.1 Hector Mine earthquake triggered surface

slip of up to 18 mm along at least 9 km of the SHF (Rymer et al., 2002).

Most of the observed shallow creep events on the SHF appear to be dynamically
triggered by regional (e.g. Allen et al., 1972; Louie et al., 1985; Hauksson et al., 2013;
Wei et al., 2011) or teleseismic (Heflin et al., 2020) earthquakes. This is similar to the
behavior observed on other major faults in the area that exhibit shallow creep, in par-
ticular the Southern San Andreas Fault (e.g., Bodin et al., 1994; Fialko, 2006; Tymo-
fyeyeva et al., 2019). However, some shallow creep events on the SHF occur spontaneously
(Wei et al., 2009), analogous to Slow Slip Events (SSE) observed on megathrusts in sub-
duction zones (e.g., Dragert et al., 2001; LaBonte et al., 2009; Wallace, 2020).

The first reported spontaneous SSE on the SHF occurred in 2006 and produced ~30
mm of surface slip over a time period of two weeks, with most of the slip occurring in
the first three days (Wei et al., 2009). Inversions of the ENVISAT Interferometric Syn-
thetic Aperture Radar (InSAR) data capturing the 2006 event showed that the latter
was equivalent to a M,, 4.7 earthquake and that slip was largely confined to shallowest
2-3 km of the crust, consistent with the inferred depth of sediments (Kohler & Fuis, 1986;
Williams & Magistrale, 1989; Wei et al., 2009). A comparable-size SSE with a similar
slip pattern was triggered by the 2010 M,, 7.2 El Mayor-Cucapah earthquake (Wei et
al., 2011; Donnellan et al., 2014). Wei et al. (2015) examined ERS-1/2 InSAR data span-
ning 1992-2004 (during which no creepmeter measurements were made), and detected

at least four more events. The first and second events occurred between November 1993-
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July 1995, and October-December 1996, respectively, and each produced about 20 mm
of slip. The third and fourth events occurred in 1997 and 1998, respectively, but were
limited to the northern half of the fault. Additional minor slip on the SHF was triggered
by a pair of M,, 5+ earthquakes in the 2012 Brawley Swarm, as well as the teleseismic
2017 M,, 8.2 Chiapas (Mexico) earthquake (Hauksson et al., 2013; Heflin et al., 2020).

In this study, we present observations and models of a new spontaneous SSE which
began in May 2023. We show that the latest SSE is the largest observed shallow slip event
yet recorded on the SHF, and that it bears a strong resemblance to previous events (in
particular, the spontaneous 2006, as well as the triggered 1999 and 2010 events), sug-

gesting a characteristic rupture pattern.

2 Data and Methods

The 2023 SSE was initially detected by two creepmeters installed on the southern
SHF, 700 m northwest of Imler Road (Figure 3). The Colorado (COL) creepmeter records
slip at 1-minute intervals and consists of a 6-m-long, 4-mm-diameter pultruded carbon
rod anchored £1.5 m from the fault trace (Bilham & Castillo, 2020). The TM71 creep-
meter consists of two Moiré-fringe optical sensors arranged to measure strike-slip, dip-
slip, and dilation, from which the total displacement vector can be calculated (Kostdk,
1969; Klimes et al., 2012; Mart{ et al., 2013). TM71 samples at daily intervals and is an-
chored 0.5 m on either side of the fault trace. Both instruments recorded an abrupt
onset of a slip event on 16 May 2023 (Figure 2A). Additional details on the creepmeters

are provided in the Supporting Information.

Similar, albeit smaller-amplitude, slip was registered by continuously-operating Global
Navigation Satellite System (GNSS) station P503, located ~3 km northwest of the creep-
meters and ~300 m east from the fault trace (Figure 1). To remove noise due to common-
mode regional signals, we computed the change in fault-parallel baseline between sta-

tion P503 and station P493 (Figures 1 & 2).

The 2023 SSE was also imaged by the European Space Agency’s Sentinel-1A syn-
thetic aperture radar satellite. We used data from Sentinel-1A’s descending track 173
to map surface deformation associated with the slip episode. Unfortunately, no acqui-
sitions were made from the ascending track covering the area of interest. We used the

acquisition from 3 May 2023 as reference and processed interferograms using all data col-
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lected between October 2022-November 2023. To suppress atmospheric contributions,
which are the dominant source of noise for measuring small-amplitude deformation (e.g.,
Zebker et al., 1997; Pearse & Fialko, 2010; Nof et al., 2012), we used a Common Scene
Stacking method (Tymofyeyeva & Fialko, 2015) to estimate atmospheric phase screens
(APS) for 3 May and 26 July acquisitions. To do so, we generated all interferometric pairs
with the 3 May end date, and the 26 July start date. We chose pairs that minimize the
perpendicular baseline, and are least affected by decorrelation. The resulting subsets were
averaged to obtain APS for the respective common scenes. We inspected the estimated
APS to ensure that no fault slip occurred outside of the 3 May - 26 July 2023 interval,
which might bias our deformation measurements, and subtracted the estimated APS from
the 3 May - 26 July interferogram (Figure 3). For interferograms that span shorter time
periods during the SSE, we only applied the correction for the start date (3-15 May, Fig-
ures 2B, S1, & S2; 3 May-8 June, Figures 4 & S3).

To evaluate slip along the fault trace, we computed offsets from fault-perpendicular
swaths at 250 m intervals along the fault. We also computed the maximum observed sur-
face offsets for cases where slip is distributed across a shear zone of finite width, as op-
posed to localized on the fault trace (Figures S2 & S3). Further details on the offset es-
timation procedures can be found in the Supporting Information. Figure 4B shows the

along-fault distribution of surface slip measured by InSAR.

We also conducted field surveys to document surface expressions of shallow creep,
verify the rupture extent, and measure offsets for comparisons with other datasets. Pre-
liminary field investigations on 20 May 2023 revealed evidence of cracking and centimeter-
scale offsets along the fault trace near Imler Road and the creepmeters. A more detailed
survey on 11 June 2023 mapped surface cracks and measured their offsets (Figures 4A
& S4) along much of the SHF. The southern section of the SHF produced a localized sur-
face rupture that could be easily traced for several kilometers both north and south of
the creepmeters (Figures 1A & 4B). Further to the north, surface expressions of shal-
low creep become less obvious, likely due to a distributed nature of surface deformation
(Figure S3) and possibly an increased presence of loose sand. Overall, the measured off-
sets on the northern SHF are smaller than those on the southern SHF (Figure 4B). A
~3 km stretch north of the fault step-over near the GNSS site P503 (Figure 1A) was not

mapped due to logistical constraints.



143 3 Evolution of Fault Slip During the 2023 SSE

144 High-rate data from the COL creepmeter recorded the onset of the 2023 slip event
15 on 16 May at 18:29 UTC (11:29 PDT, local time) at the location of the creepmeter (see
146 Figure 2A). Retroactive analysis of 12-day Sentinel-1A interferograms reveals that the
17 SSE likely nucleated sometime between 3-15 May 2023 on the northern SHF (Figures
148 2B, S1, & S2) and propagated to the south. Investigation of both regional and global
149 seismic catalogs does not reveal potential triggers (see Supporting Information for de-
150 tails), suggesting slip initiated spontaneously. The southernmost extent of slip that oc-

151 curred between 3-15 May 2023 was approximately ~10 km from the creepmeters (Fig-

152 ure S1), implying an along-strike rupture velocity on the order of kilometers per day.
153 Over 20 mm of slip occurred within 24 hours after the slip front reached the creep-
154 meters, and over 80% of slip registered by the creepmeters occurred in first two weeks

155 of the event (Figure 2A & 2C). A 5 mm sub-event on 11 July 2023 brought the total am-
156 plitude of the SSE to 41 mm near Imler Road (Figure 2C). InSAR data indicate that
157 slip propagated both northwest and southeast along-strike (Figures S2 & S3), ruptur-
158 ing the entire shallow section of the SHF. The main slip patch is observed within sev-
159 eral km of the creepmeters on the southern segment of the SHF, with ~45 mm of slip

160 accumulating by mid-June 2023 (Figure 4B). Slip on the northern segment (3-15 km north-

161 west of the creepmeters) was on average ~5 mm, with a small peak 7-8 km north of the
162 creepmeters (Figure 4). However, the InSAR data show that slip on the northern sec-

163 tion was distributed across a shear zone 400-1300 m wide (Figure S3), so that the max-
164 imum fault-parallel displacements occurred away from the fault trace, amounting to 10-

165 20 mm (Figure 4B).

166 Figure 4B shows a comparison of surface offsets along the SHF measured using dif-
167 ferent techniques. While the data in general show good agreement, some systematic dif-
168 ferences are apparent. In particular, the InSAR-derived offsets are larger compared to

169 the field and creepmeter measurements (the only exception is a ~30 mm offset suggested
170 by field observations at ~6 km northwest from the creepmeters, see Figure 4B; this data
171 point may be biased due to erosion of surface cracks in soft sediments). Such differences
172 are expected if fault creep is not perfectly localized on a fault trace. All three observa-
173 tions are collocated near Imler Road and the measured slip increases with the observa-
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tion aperture (centimeters for field measurements, meters for creepmeters, and hundreds

of meters for InSAR).

InSAR data also indicate that slip on the southern section of the SHF occurs in

a zone narrower than ~100 m (Figure S3), much more localized compared to slip on the
northern section. It was suggested that continuous across-fault variations in surface dis-
placements due to fault slip might result from a strong shallow layer resisting the prop-
agation of slip to the Earth’s surface, resulting in a “surface locking depth” (Brooks et
al., 2017; Parker et al., 2021). However, given the low mechanical strength of near-surface
sediments, a more plausible explanation is that the effective width of the shear zone re-
flects distributed failure within the fault damage zone with depth comparable to (or greater
than) its width (Fialko et al., 2002; Lindsey, Fialko, et al., 2014). Comparisons of sur-
face ruptures from InSAR and field surveys for the 2006 and 2010 SSEs reveal a simi-
lar pattern (Wei et al., 2009, 2011), suggesting that some fraction of shallow creep may

be accommodated by off-fault deformation (Fialko et al., 2005; Jin et al., 2022).

To evaluate the subsurface distribution of slip on the SHF due to the 2023 SSE,
we performed kinematic inversions of the InSAR line-of-sight displacements (Figure 3)
using an elastic halfspace dislocation model (see the Supporting Information for details).
Our preferred slip model is shown in Figure 5 and features two primary asperities cor-
responding to the northern and southern sections of the SHF. Slip on the southern sec-
tion is higher amplitude (>30 mm) and maximum at the surface, while slip on the north-
ern section is more subdued (<20 mm) and has a maximum at depth of 1-2 km. The ap-
parent “shallow slip deficit” (SSD) on the northern section of the SHF is likely an ar-
tifact of a distributed failure (Figure S3) that is not accounted for by our purely elas-
tic model (Barbot et al., 2008; Lindsey, Sahakian, et al., 2014). The gap between the two
slip patches corresponds to the step-over between the northern and southern SHF seg-
ments (Figures 1 & 3). Overall, slip is limited to the depth of sedimentary cover in the
Imperial Valley (<4 km; Kohler & Fuis, 1986; Wei et al., 2009; Lindsey & Fialko, 2016).
Converting the total slip from our preferred model (Figure 5) to moment magnitude, us-
ing shear modulus of 33 GPa, we estimate that the 2023 SSE is equivalent to a M,, 5.0

earthquake, making it the largest documented SSE on the SHF to date.
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4 Discussion

The growing catalog of aseismic slip events on the SHF enables a comparative anal-
ysis of the observed slip distributions. Each of the well-observed 2006, 2010, and 2023
SSEs is characterized by higher slip on the southern segment of the SHF, and lower slip
on the northern segment (Figure 5). This spatial pattern was likely similar for the 1999
Hector Mine triggered slip, although the northern SHF was not mapped in-detail (perhaps
due to the difficulty in finding surface offsets in zones of distributed shear; Rymer et al.,
2002). The respective ratios of slip amplitudes at the southern and northern fault sec-
tions are about 2:1 (Figure 3). Given that the entire fault appears to have slipped in the
top few km of the crust during the 2006, 2010, and 2023 SSEs (Figure 5; Wei et al., 2009,
2011), the largest SSEs occur as “characteristic” ruptures, with more strain release on
the southern section of the SHF. This raises a question about the resulting “strain sur-

plus” on the northern SHF.

One possibility is that the systematic along-strike variations in surface slip (Fig-
ure 3) result from variations in the sediment thickness (Wei et al., 2009). Assuming that
shallow creep is limited to the sedimentary layer, the magnitude of surface slip is expected
to scale with the sediment depth (e.g., Kaneko et al., 2013). In this case, lower slip dur-
ing the interseismic period should be compensated by higher coseismic slip. However,
the observed surface slip due to the 1989 Superstition Hills earthquake was essentially
the same on the northern and southern sections of the SHF (Sharp et al., 1989). Another
possibility is that the observed smaller slip on the northern SHF during “system-size”
SSEs (Figures 3 & 5) is compensated by smaller SSEs that rupture only the northern
SHF. There is some evidence for such events from the InNSAR observations (Wei et al.,
2015). The available data may not be sufficient to determine the average slip balance
during the interseismic period, but it is clear that shallow creep on the SHF exhibits sub-
stantial spatio-temporal complexity, with both fault-wide and partial ruptures in the up-
permost crust, heterogeneous slip distributions, variable near-surface slip localization,
and rapid variations in slip rate (Figure 2). Moreover, unlike the two most recent spon-
taneous creep events (2006 and 2023) that were associated with slip durations of weeks,
slip triggered by the El Major-Cucapah earthquake in 2010 was complete between two
five-minute samples of the creepmeter. These features are not predicted by classic mod-
els of rate-state faults with the velocity-strengthening shallow layer (e.g., Li & Rice, 1987;
Kaneko et al., 2013).



237 The interval between episodic creep events following the 1987 earthquake has steadily
238 increased from months to several years. These intervals are apparently shortened by the

239 premature release of an accumulating SSD by shaking during major nearby earthquakes.

240 For example, it is probable that the atypically abrupt surface slip induced by the 2010

2m El Major-Cucapah earthquake efficiently released a SSD that would otherwise have been

212 accumulated and released within several years as a spontaneous creep event. The tran-

23 sition from rapid afterslip process to an episodic creep appears to have occurred start-

204 ing 199543 years, since when 15 cm of slip has been released in six creep events. After-

25 slip presumably continues to contribute to surface slip because the intervals between episodic
246 events increases during these 28 years (i.e. shallow slip is not yet entirely attributable

247 to the release of antiplane shear strain arising from interseismic deformation).

248 From 2004-May 2023, the averaged creep rate was 3.2 mm/yr (~5 mm/yr if includ-

249 ing the 2023 event). The rate would be 3.2 mm/yr if we suppose that no spontaneous

250 creep event occurs for a further decade, and 4.7 mm/yr should a ~40 mm event occur

251 after this interval. These estimates are lower than the maximum long term geological

252 slip rate of 6 mm/yr adopted by Field et al. (2015), based largely on a 660 year geolog-

253 ical slip rate of 2-6 mm/yr determined by Hudnut and Sieh (1989). However, the aver-

254 age shallow creep rate should be a small fraction of the geologic slip rate, depending on

255 the locking depths at the top and bottom of the seismogenic layer (e.g., Lindsey & Fi-

256 alko, 2016). This implies a geologic slip rate on the SHF in excess of 10 mm/yr, higher

257 than that assumed in the Uniform California Earthquake Rupture Forecast v.3 (UCERF3;
258 Field et al., 2014), but consistent with the suggestion that the SHF is a continuation of

250 the main strand of the San Jacinto fault with a slip rate of ~15 mm/yr (Tymofyeyeva

260 & Fialko, 2018; Vavra et al., 2023).

261 5 Conclusions

262 We document the occurrence of a slow slip event (SSE) on the Superstition Hills
263 Fault (SHF) which began in May 2023 and incremented in <5 mm slip events, at un-
264 even but increasing intervals for the following 60 days. InNSAR measurements indicate
265 the SSE likely initiated near the northern end of the fault and propagated ~15 km to
266 the south over the course of several days. Creepmeters on the southern SHF recorded
267 up to 25 mm of dextral slip over the course of 3 days, with slip eventually attaining 41

268 mm by mid-July 2023. Fault offsets computed from InSAR data suggest maximum sur-
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face slip of 454+ mm. While slip is highly localized along a region of high slip on the south-
ern end of the rupture, surface deformation along the northern ~12 km of the fault is
characterized by distributed shear over 400-1300 m. Finite fault models derived from In-
SAR data indicate that the fault slip during the SSE was largest on the southern SHF.

On the northern SHF, the average slip amplitude was lower by about a factor of two.
Finite fault models also show that slip is largely confined to the shallowest 4 km of the
fault, consistent with the depth of sediments and results inferred from previous SHF events.
The moment release throughout the entire SSE sequence was equivalent to a M,, ~5.0
earthquake. The similarity of the 2023 SSE to previous events dating back to at least

2006 suggests spontaneous SSEs on the SHF have ruptured largely the same fault patches
in a characteristic manner. Triggered slip induced by strong shaking from nearby earth-
quakes can both advance the timing of the release of an accumulating shallow slip deficit

and reduce the duration of this slip from days to minutes.
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data (SCEDC, 2013).
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Figure 1. (A) Regional map of the Superstition Hills Fault (SHF). Quaternary faults are
shown in gray (USGS, 2020) with the 1987 SHF surface rupture shown in black. The location
of the creepmeters is shown with a yellow triangle. GNSS stations P503 and P493 are shown as
red triangles. Gray shading indicates the extent of the field survey. Seismicity from 2008-2017
is shown as blue dots (Ross et al., 2019). (B) Regional tectonic setting of the SHF. Major fault

traces are plotted in black (Shaw et al., 2015). The area of (A) is shown in red.
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5/3-5/15: Sentinel-1 interferogram 5/16: slip reaches creepmeters
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Figure 2. (A) Fault slip during May 2023. Dextral slip measured by COL is shown in black.
Red lines show dextral slip (dashed), dip slip (dot-dashed), dilation (dotted), and total fault dis-
placement (solid) from TMT71 (circles). Blue dots show the fault-parallel baseline change between
stations P503 and P493. Gray shading indicates the epoch of the 3-15 May Sentinel-1 interfer-
ogram. (B) 3-15 May Sentinel-1 interferogram showing initial slip on the northern SHF (gray
box). (C) Time series of fault slip through August 2023 from COL. Red shading indicates the

time span of (A).

—13—



manuscript submitted to Geophysical Research Letters

3

|

-10 -5 0 5
LOS displacement (m
i )

33.05 - /7/

33.00 4

32.95 4

Latitude

Imler Rd.

32.90 4

32.85 4

-115.85 —115.80 —115.75 -115.70 —115.65
Longitude

Figure 3. Surface displacements due to 2023 slow slip on the Superstition Hills Fault from
Sentinel-1 InSAR analysis. Positive values (red) correspond to motion away from the satellite.
Quaternary faults are shown in gray (USGS, 2020). The locations of the creepmeters (yellow

triangle) and GNSS stations (red triangles) are also shown.
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Figure 4. (A) An example surface crack observed during the 11 June 2023 field survey. The
measuring tape is in centimeters and is aligned with the local strike. (B) 2023 Surface rupture
along the Superstition Hills Fault. Estimated on-fault and maximum off-fault offsets from InSAR
are shown with associated shading indicating uncertainty estimates. Red lines indicate the extent
of field mapping. The COL creepmeter measurement is from 11 June, while InSAR displacements

span 3 May to 8 June. Distances are referenced to the location of the creepmeters.
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Figure 5. Three-dimensional kinematic model of slip along the Superstition Hills Fault during
the 2023 slow-slip event. Fault patch colors correspond to the amplitude of dextral slip. The
coordinates are centered at the location of the creepmeters. The moment release associated with

this model corresponds to a M, 5.0 earthquake.
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