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Text S1: Description of the Creepmeters18

The Colorado (COL) creepmeter consists of a 6-m-long, 4-mm-diameter pultruded19

carbon rod anchored to the east side of the fault, which crosses the fault at 30° within20

a 2 cm internal diameter plastic conduit (Bilham & Castillo, 2020). The instrument is21

thereby anchored ±1.5m from the fault trace. Its free end on the west side of the fault22

is held in tension by a 0.15-mm-diameter, 19-strand, nylon-coated, stainless-steel wire23

spooled on a 1 N constant-tension spring motor. The wire is wrapped once around the24

shaft of a low friction rotary Hall sensor causing the shaft to rotate in response to fault25

slip. Each complete rotation of the shaft results in a 4.5 V linear voltage change (cor-26

responding to ∼11.5 mm of dextral fault slip) that resets to zero at a 360◦-0 transition,27

thereby permitting an extended measurement range of 1.3 m limited by the length of the28
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spooled wire. The output is measured once per minute to a precision of 3 µm. The 3929

mm extended creep event resulted in more than two complete shaft rotations that have30

been removed in Figure 2. In the 13 years prior to the 2023 slip event the creepmeter31

had recorded a linear featureless fault slip rate of 0.3 mm/year.32

The TM-71 opto-mechanical creepmeter measures dip-slip, strike-slip, dilation, and33

rotation between two blocks separated by a discontinuity at daily intervals (Košťák, 1969;34

Klimeš et al., 2012; Mart́ı et al., 2013). Total vector of fault displacement u is then cal-35

culated based on these components:36

u =
√
ustrike−slip

2 + udip−slip
2 + udilation

2 (1)

The instrument uses optical interference that appears when spirals on two glass sheets37

slide over one another, and characteristic Moiré interference occur (Kostak & Popp, 1966;38

Mart́ı et al., 2013). The interference effect can be transformed into a metric system through39

the number of strips and axis of symmetry (Kostak & Popp, 1966). The value of displace-40

ment between the centres of glass sheets is determined by the number of interference strips,41

and the direction of displacement is shown by the main axis of symmetry of the opti-42

cal effect. All possible relative movements of the blocks are measured once per day to43

a precision of 1 µm. The relative rotation between two blocks are measured to a preci-44

sion of > 3.2× 104 rad (≈ 0.018◦).45

Text S3: InSAR offset estimation procedure46

Surface offsets along the trace of the SHF are the primary dataset documenting past

coseismic and aseismic fault ruptures (e.g., Allen et al., 1972; Sharp et al., 1986; Rymer

et al., 2002; Wei et al., 2011). We estimate surface offsets for the 2023 SSE by averag-

ing InSAR pixels on opposite sides of the mapped fault trace at regular intervals. We

select fault-perpendicular 10 km-by-250 m swaths at 250 m intervals along the fault and

difference the means of bins of pixels on either side of the fault to estimate offsets. Some

large outlier pixels exist, in particular near the highly localized slip patch near Imler Road

(Figures 3 & 4), due to decorrelation and/or unwrapping errors. To identify outliers, we

utilize the z-score,

Zi =
xi − µ

σ
(2)
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which describes deviation of a value xi from the mean µ with respect to the standard47

deviation σ. We modify Equation 1 in order to emphasize the detection of outlier data48

points by computing the mean µ̂ and standard deviation σ̂ of the data xj for j ̸= i, re-49

sulting in the adjusted z-score Ẑi =
xi−µ̂
σ̂ which is exaggerated compared to Zi due to50

the relative changes in the mean µ̂ and standard deviation σ̂.51

Initially, we bin data within ±200 m of the fault and compute Ẑi for all pixels in52

each bin. We then fit a straight line to each group of pixels with Ẑi ≤ 1 to determine53

if slip is localized or distributed. If the signs of the slopes are the same, slip is determined54

to be distributed across the fault trace; if the signs are opposite, then slip is discontin-55

uous. Since we are only interested in removing extreme outliers associated with high am-56

plitude, localized slip, we compute fault offsets simply using all pixels within ±100 m57

bins if distributed slip is identified. If slip is localized, we omit pixels with Ẑi > 1 and58

use the means and standard deviations of the remaining pixels to estimate fault offsets59

and their uncertainties. This procedure produces near-field (i.e. “on-fault”) surface off-60

set estimates which are suitable for comparison with field and creepmeter measurements61

of observed fault slip (although there still lie differences in measurement aperture which62

bias each observation). However, examination of individual profiles (Figure S4) shows63

that along much of the northern portion of the fault, where deformation is distributed,64

maximum deformation occurs off-fault.65

To quantify the “maximum offsets” at the surface for distributed deformation, we66

identify the shear zone width using the gradients of the displacements and compute off-67

sets at the edges of the shear zone. We smooth the profiles using a Savitsky-Golay fil-68

ter (window of 35 and polynomial order of 3), interpolate the smoothed profiles to 1069

m resolution, and then compute the displacement gradient du/dx of the smoothed and70

interpolated profiles. We estimate the width of the distributed shear zone by finding the71

nearest-fault location where du/dx = 0 on either side of the fault. We place a maxi-72

mum shear zone width of 2000 m, determined by manual inspection of the profiles, in73

order to avoid erroneous estimates due to residual atmospheric noise. To estimate the74

maximum off-fault displacements, we use the mean of original InSAR pixels within ±10075

m of the identified shear zone edges. We also estimate uncertainties by computing the76

standard deviations within the same bins. Results for both the on-fault and off-fault dis-77

placements are shown in Figure 4B.78
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Text S4: Finite Fault Inversion Procedure79

We use the Sentinel-1A InSAR measurements of slip during the 2023 SSE to in-80

vert for the 3D distribution of slip along the SHF. We mapped a simplified version of81

the active SHF through combination of its representation in the USGS Quaternary fault82

database (USGS, 2020) and the observed surface displacements due to 2023 slip (Fig-83

ure 3). We generate a triangular mesh by assuming a vertical fault geometry and tes-84

sellating triangular elements 10 km depth. The minimum element dimensions are 0.25-85

0.3 km t the surface and increase geometrically with depth. The resulting mesh has 49286

elements. From the fault mesh geometry, we compute fault Greens functions for surface87

displacements using a Python implementation for triangular dislocation elements (Nikkhoo88

& Walter, 2015) from Ben Thompson (https://github.com/tbenthompson/cutde).89

Since the fault geometry (and thus Greens functions) is fixed, the resulting inverse90

problem is linear and over-determined. We solve for the optimal slip distribution along91

the fault using least squares. We generate Greens functions for dextral fault slip and project92

them to the satellite line-of-sight (LOS). We add a slip-smoothness constraint that uses93

first-differences between neighboring TDEs to limit sharp changes in the slip distribu-94

tion (e.g., Aster et al., 2018). We also include a soft zero-slip boundary condition to en-95

force the assumption that slip tapers to zero at the edges of the rupture. The resulting96

set of linear equations is97


G

µR

ηL


[
m

]
=


d

0

0

 (3)

where G are the LOS-projected Greens functions, R is the first-difference smoothness98

operator, L is the zero-slip boundary operator (applied to TDEs at the bottom and lat-99

eral edges of the fault, with the exception of corner elements at the surface), µ and η are100

weights applied to the smoothness and zero-slip regularization terms, respectively, d is101

composed of InSAR LOS measurements, and m is the modelled slip distribution. We102

solve Equation 2 for m using least-squares with a positivity constraint to enforce dextral-103

only slip.104

To determine values for the regularization weights µ and η that appropriately bal-105

ance model complexity (i.e. slip heterogeneity) and smoothness, we perform a grid search106
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over 10−3 − 103 for both parameters (Figure S5). We use 20 samples for each param-107

eter, resulting in 400 models. We find large increases in the root-mean-square (RMS) of108

model residuals for µ > 5 × 101 (Figure S5). Visual inspection of associated models109

shows systematic residuals with fault-like patterns, suggesting µ > 5 × 101 generates110

unrealistically smooth slip distributions. For models with µ < 5 × 101, there is little111

change in RMS with increased η. This suggests that little slip near the edges of the model112

domain is required to fit the data, which is consistent with slip being limited to the ex-113

tent of shallow sediments (Kohler & Fuis, 1986). Our preferred model (blue dot in Fig-114

ure S5) uses µ = 0.7 and η = 1.4 (Figure 5)115

To improve the computational efficiency of our inversions without reducing the quan-116

titative information in our dataset, we down-sample the full InSAR displacement field117

using a quad-tree algorithm (Jonsson, 2002; Simons, 2002). Thus, in all inversions, d is118

composed of down-sampled data rather than the full-resolution InSAR pixels. We allow119

the size of the quad-tree cells to approach full resolution (∼ 100 m) where gradients are120

high (i.e. near the fault trace) and place a maximum size of 2 km where gradients are121

low (Figure S6).122

To avoid oversampling regions of high-frequency noise or residual troposphere noise,123

we use an iterative model-based approach (Wang & Fialko, 2018). First, we generate an124

initial displacement field using a prescribed synthetic slip distribution. We then apply125

the quad-tree algorithm to the initial displacement field model in order to obtain a first-126

order approximation of the appropriate sampling distribution, with dense sampling near127

the fault trace and more sparse sampling in the far-field. For the grid search, we only128

use the initial sampling distribution in order to accurately compare model performance129

across the ranges of regularization parameters µ and η. After determining reasonable val-130

ues for µ and η, we apply the quad-tree sampling obtained from the starting model to131

the real data (Figures 3 & S6) and repeat the process several times, each time re-sampling132

based on the previous model prediction. To obtain our final preferred model, we use three133

iterations; Figure S6 shows the final down-sampled dataset.134

Text S5: Possible Triggering of the 2023 SSE135

While most documented SHF slip events are triggered by regional earthquakes, there136

is no clear connection to seismicity for the 2023 or 2006 SSEs (Wei et al., 2009). We in-137

vestigated both regional and global seismicity to confirm whether the 2023 event was spon-138

–5–



manuscript submitted to Geophysical Research Letters

taneous or dynamically triggered. Over 29-30 April 2023, four Mw 4+ earthquakes oc-139

curred in the Salton Trough and within 40 km of the nucleation site of the 2023 SSE (Fig-140

ure S7). The first event occurred at the Heber geothermal field and a sequence of three141

Mw ≈ 4.3 events followed at the Salton Sea geothermal field approximately 18 hours142

after the Heber event. We inspected a Sentinel-1 interferogram spanning 22 April 2023143

- 3 May 2023 and found no discernible deformation along the SHF which may have been144

instantaneously triggered by dynamic stresses associated with any of the late-April 2023145

Salton Trough events. While perturbations to the pore pressure state of the SHF due146

to these events (e.g., Brodsky, 2003) may have contributed to the subsequent occurrence147

of the 2023 SSE, we find no evidence for fault slip prior to 3 May 2023.148

Several additional regional and global earthquakes occurred during the 3-15 May149

2023 Sentinel-1 interferogram epoch. An aftershock of the Mw 4.1 Heber event occurred150

on 6 May, which was the largest event in the Salton Trough between 3-15 May (Figure151

S7). In addition, a Mw 6.4 event in Japan on 4 May, a Mw 7.6 event near Samoa on 10152

May, and a Mw 5.2 near Lassen, CA on 12 May occurred within the timeframe of the153

interferogram. We suggest dynamic triggering is unlikely to have initiated the 2023 event154

as slip during previous triggered events on the SHF only occurred during and immedi-155

ately after the passing seismic waves, resulting in a step-like signal (Wei et al., 2011).156

In addition, the relatively stronger ground shaking less than two weeks prior due to the157

local Mw 4+ events did not initiate slip on the SHF. While prolonged SSEs have been158

shown to occur on the Southern San Andreas Fault in response to teleseismic surface waves159

(Tymofyeyeva et al., 2019), the similarity in the temporal history of the 2023 SSE with160

the 2006 SSE, and lack thereof with respect to observed dynamically triggered SHF events161

leads us to suggest that the 2023 event was most likely spontaneous.162
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Figure S1. Surface offsets calculated from a Sentinel-1 interferogram spanning 3-15 May

2023. Maximum slip of ∼5-8 mm is observed at about ∼14 km to ∼10 km along the fault.

Along-strike distances are referenced to the location of the creepmeters. Detected slip outside

of ∼15 km to ∼8 km is likely due to residual atmospheric noise (see Figures 2B and S4).
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Figure S2. Example displacement profiles at 3 km intervals for an interferogram spanning

3-15 May 2023. The red box indicates distributed surface deformation due to fault slip ∼11 km

north of the creepmeters. To improve visualization, this figure uses 10 km-by-100 m profiles at 3

km intervals instead of the profiles used in computing fault offsets (see Text S3).
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Figure S3. Same as Figure S3 but for 3 May 2023 to 8 June 2023 (same timeframe as Figure

4). Variations in slip localization at the surface is apparent, with highly localized deformation

only occurring within several km of the creepmeters (y ≈ −2− 3 km; Figure 4).
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A B

C D

Figure S4. Additional photos of the 2023 surface rupture from the 11 June 2023 field survey.
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Figure S5. Quad-tree down-sampling and slip distribution associated with the preferred finite

fault model. The top row shows InSAR data, model prediction, and resiuals for the the final

iteration of quad-tree down-sampling (see Text S4). The bottom panel shows a 2D view of the

inverted slip distribution (same model as Figure 5).
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Figure S6. Grid search results over values of smoothness µ and edge slip η constraints. Val-

ues between 10−3 − 103 were tested for each parameter, with 20 samples each. The main panel

is color-coded by the root-mean-square (RMS) of model residuals. The bottom panel shows the

RMS values with respect to µ for with each value of η (gray lines); the RMS values averaged

across all η are shown in black. The right panel is the same as the bottom, but for η. The blue

dot in each panel indicates the preferred model with µ = 0.7 and η = 1.4.
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Figure S7. Local seismicity one month prior to slip being detected by the COL creepmeter

(16 April 2023 - 16 May 2023). Quaternary faults are shown as black lines (USGS, 2020), while

blind faults from the Southern California Earthquake Center Community Fault Model are shown

as dashed gray lines (Shaw et al., 2015). The yellow triangle shows the location of creepmeters

installed near Imler Road. The blue star indicates the nucleation site of initial slip on the SHF

which initiated some time between 3-15 May 2023. The hypocenters of four Mw 4+ events occur-

ring between 29-30 April 2023 are shown as light green stars.
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