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Abstract9

Fault geometry affects the initiation, propagation, and cessation of earthquake rupture,10

as well as, potentially, the statistical behavior of earthquake sequences. We analyze 18,25011

events of the 2016-2019 Cahuilla, California swarm and, for the first time, use these high-12

resolution earthquake locations to map, in detail, the roughness across an active fault13

surface at depth. We find that the fault is 50% rougher in the slip-perpendicular direc-14

tion than parallel to slip. 3D mapping of fault roughness at seismogenic depths suggests15

roughness varies by a factor of 8 over length scales of 1 km. We observe that the largest16

earthquake (M4.4) occurs where there is significant fault complexity and the highest mea-17

sured roughness. We also find that b-values are weakly positively correlated with fault18

roughness. Following the largest earthquake, we observe a distinct population of earth-19

quakes with comparatively low b-values occurring in an area of high roughness values within20

the rupture area of the M4.4 earthquake. Finally, we measure roughness at multiple scales21

and find that the fault is self-affine with a Hurst exponent of 0.52, consistent with a Brow-22

nian surface.23

Introduction24

The non-planarity of fault surfaces may control earthquake behavior such as earth-25

quake nucleation, rupture propagation, and slip distribution. Previous studies provide26

insights into how fault complexity, or roughness, influence earthquake rupture processes.27

Fang and Dunham (2013) showed through simulations that fault roughness imposed a28

primary control on local stress heterogeneities as well as the frictional and slip resistance29

along a fault. Thus, large ruptures tend to start near restraining bends or higher fault30

complexity that result in a stress asperity (Allam et al., 2019; Lindh & Boore, 1981; Goebel31

et al., 2012), while similar conditions can cause ruptures to stop in regions where stress32

conditions preclude continued propagation (Fang & Dunham, 2013). Supershear rupture33

propagation is more likely to be sustained along geometrically simple fault segments, but34

transition to supershear rupture velocity is more likely on rough faults (Fang & Dun-35

ham, 2013; Bruhat et al., 2016).36

The influence of fault geometry on earthquake behavior may be reflected in the magnitude-37

frequency distributions of earthquake sequences. The Gutenberg-Richter relationship de-38

scribes the magnitude M distribution of a set of earthquakes N , and is often formulated39

as: log10 N ∝ −bM . The parameter b, or b-value, is the slope of the distribution in log-40
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linear space (Gutenberg & Richter, 1944) and characterizes the relative frequency of larger41

earthquakes to smaller quakes. While b-values are close to unity on average, variations42

of b-values in space and over the earthquake cycle have been widely reported (Schorlemmer43

et al., 2005; Ogata & Katsura, 2014; van der Elst, 2021). Further, laboratory studies have44

shown that rougher faults may have higher b-values, while lower b-values were observed45

near geometric asperities that host large slip events (Goebel et al., 2012, 2015, 2017).46

While laboratory studies show a relationship between the b-value of acoustic emissions47

and the heterogeneity of the slip surface, it has been considered impossible to observe48

this correlation in nature (Goebel et al., 2015).49

Fault topography or roughness has been inferred from linear surface traces of earth-50

quake ruptures (e.g., Okubo & Aki, 1987; Wesnousky, 2005) or exhumed fault outcrops51

(e.g., Power et al., 1987). Recently, fault scanning techniques (LiDAR, laser profilome-52

ter, etc) provided high-resolution images across a wide range of length scales of fault sur-53

faces (Sagy et al., 2007; Brodsky et al., 2011; Candela et al., 2011, 2012). These stud-54

ies confirm the non-planar nature of fault trends and surfaces. Observations of fault cor-55

rugation and geometric anisotropy are common, with faults being somewhat smoother56

in the direction of slip (Power et al., 1987; Sagy et al., 2007; Candela et al., 2011).57

While these studies demonstrate that faults deviate significantly from planar sur-58

faces, the observations made on exhumed faults may not provide accurate representa-59

tions of active faults at seismogenic depths. For example, imaged fault surfaces may be60

degraded by weathering (Power et al., 1987). Further, due to changing material com-61

position (e.g., soft sediments, greater heterogeneity) and lower confining pressures near62

the surface, fault geometries may be more complex near the surface and become smoother63

and simpler at greater depths (Sylvester, 1988). There remains a lack of observations64

of 3D roughness of seismogenic fault surfaces at depth and imaging the topography of65

active fault surfaces at sufficient resolution has been beyond the capability of available66

imaging tools or datasets.67

Here, we use a prolific earthquake swarm with well-resolved earthquake locations68

to probe roughness, for the first time, across an active fault plane at depth and explore69

its influence on earthquake behavior.70
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2016-2019 Cahuilla Earthquake Sequence71

We study an earthquake swarm near Cahuilla, California that was notable for its72

productivity, with 18,250 relocated events, and long duration, as it lasted approximately73

4 years from early 2016 to late 2019 (Hauksson et al., 2019). The swarm occurred ap-74

proximately midway between two major fault systems in Southern California, the Elsi-75

nore and San Jacinto faults (Figure 1), in a region with numerous, albeit generally smaller76

swarms (Hauksson et al., 2019; Ross & Cochran, 2021). These swarms are spatially dense,77

long-duration, and occur ubiquitously in the region between the Elsinore and San Jac-78

into faults. Their migration patterns suggest they are likely driven by natural fluid mi-79

gration through the crust at depths of 5-12 km (Ross et al., 2020; Ross & Cochran, 2021).80

The Cahuilla swarm, as identified and precisely relocated (38 m and 87 m relative81

location error in the horizontal and vertical directions, respectively) by Ross et al. (2020),82

begins at a depth of ∼7 km and is well-fit by a plane striking 343◦ and dipping -82◦, match-83

ing the focal mechanism of the largest event (M4.4) of the sequence. Earthquakes are84

distributed across much of the fault surface, although with somewhat higher densities85

in a 500 m-wide zone extending from the presumed injection point up-dip to the top edge86

of the swarm (Figure 2). The event densities suggest channeling of events along strike87

away from the high density ‘pipe’ of events extending up dip from the injection point,88

similar to channelling inferred from depth histograms by Ross et al. (2020). We use the89

10th percentile rupture time in a 150 m by 150 m grid across the fault plane to show the90

migration of events (Figure 2). Over a period of 4 years the earthquakes migrate approx-91

imately 1 km down dip and 3 km up dip, as well as approximately 2 km bilaterally along92

strike. Events initially migrate steadily for over a ∼2-year period along strike and dip.93

However, once earthquakes reach an apparent permeability barrier located approximately94

1.75 km up dip from the injection point, migration slows. Then, following the M4.4 main-95

shock (day 957), rapid migration takes place across the ∼1-km wide and 4-km long up-96

per section of the fault.97

The M4.4 earthquake occurred following the breach of the inferred permeability98

barrier (Figure 2) (Ross et al., 2020). Interestingly, stress drops of events above the bar-99

rier were reported to be distinctly lower than for the rest of the sequence, perhaps sug-100

gesting a difference in the material properties across the barrier (Ross et al., 2020). Wave-101

forms from the M4.4 earthquake were too complex to relocate with waveform cross-correlation102
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techniques, so we determine the approximate rupture location relative to the relocated103

catalog using the distribution of earthquakes that occur one day before and after the M4.4104

(Figure 1). The estimated rupture area of the M4.4 matches the size of the fault area105

expected to slip assuming a circular source with a stress drop of 8 MPa, the median value106

reported for the sequence (Ross et al., 2020).107

Methods: 2D and 3D Fault Roughness and b-value108

We define fault roughness to be a measure of the deviation from a linear or pla-109

nar fault surface following Malinverno (1990). This roughness definition subsumes sev-110

eral types of fault complexity including point cloud diffusivity, degree of branching or111

anastomosing, and fault bending. We first estimate the 2D fault roughness in the along-112

strike and along-dip directions. We rotate the data into the fault orientation using the113

focal mechanism of the M4.4 earthquake (strike 343◦, dip -82◦, rake 179◦). Note the fault114

rake is 179◦, but we assume the fault slip direction is 180◦. Then, the fault is divided115

into a set of along-strike and along-dip profiles using non-overlapping bins every 150 m.116

We require at least 250 earthquakes to retain the profile. We define the 2D roughness117

as the mean out-of-profile distance of the earthquakes from the best fit line to the pro-118

file.119

We also estimate roughness in 3D at all earthquake locations with at least 100 neigh-120

boring earthquakes within 500 m. For each roughness estimate, we calculate a best-fit121

plane using principal component analysis (PCA) for all points within 500 m of the earth-122

quake. The 3D roughness is then estimated as the mean out-of-plane distance from this123

best-fit plane. The method provides a measure of roughness at a single length scale. We124

also estimate roughness at multiple length scales, using the same method, in order to mea-125

sure the roughness scaling exponent.126

We estimate b-values using the ‘b-positive’ method of van der Elst (2021), which127

uses the positive magnitude differences between successive earthquakes and is robust to128

transient changes in the completeness. We estimate b-values at the same points where129

3D roughness is calculated, but for this calculation we use the nearest 150 M ≥ 0.6 neigh-130

boring earthquakes with positive magnitude differences. Thus, b-values are determined131

over radii from 400 to 800 m around each point with a median value of 540 m, depend-132

ing on the density of earthquakes.133
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Results134

The along-strike and along-dip profiles show variable roughness across the fault sur-135

face with mean out-of-profile distances between 30 m and 130 m along the ∼4 km pro-136

files (Figure 3). The along-dip profiles show bends, anastomosing branches, and step-137

overs, especially towards the SE portion of the rupture. In the along-dip profiles we ob-138

serve extensive branching and a bend in the fault surface near the location of the inferred139

permeability barrier (Figure 3). The bend is most prominent along the NW side of the140

fault and has an amplitude of ∼500 m out of plane from the remainder of the profile.141

Near the rupture area of the M4.4 earthquake we observe discontinuities in the fault sur-142

face due to both fault branches and step-overs.143

The along-strike profiles are more similar to each other in appearance and have a144

smaller range of mean out-of-plane distances, but also show evidence of complexity. The145

typical amplitudes of these features in the both along-strike and along-dip profiles are146

generally less than 200 m, with wavelengths (i.e. along-profile lengths) of about 500 m147

to 2 km. Overall, the along-dip profiles are 50% rougher than the along-strike profiles,148

with an average out-of-plane distance of 62 m for the along-dip profiles compared to 43 m149

for along-strike profiles (Figure 3).150

We next extend the analysis to measure complexity across the 3D fault surface. Fig-151

ure 4A shows the mean out-of-plane distance, or 3D roughness, estimated on the fault152

for all events within 500 m of an individual earthquake location. We observe that 3D rough-153

ness varies by a factor of 8 across the fault surface (0.01 to 0.08 km). The highest rough-154

ness values (∼80 m) at this length scale are found within the estimated rupture area of155

the M4.4 earthquake, where the 2D profiles show significant fault complexity. Similar156

to the 2D profiles, the 3D roughness also shows fault corrugation. The corrugation is ori-157

ented sub-parallel-to-oblique to the strike (or rake) direction such that it is somewhat158

inclined relative to strike from SE to NW. The range of roughness values don’t system-159

atically change with depth or along strike.160

We similarly explore the distribution of b-values across the fault (Figure 4B). We161

require 150 positive magnitude differences and impose a magnitude of completeness cut-162

off (Mc = 0.6) to estimate b-values; therefore, b-value estimates sample a range of radii163

around the earthquake of interest, typically extending 400 to 800 m around each point164

(the median radius is 540 m). The b-values vary by a factor of ∼2 (0.8-1.8) across the165
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fault. The data suggest similar, albeit somewhat weaker, corrugation in b-values as were166

observed in the 3D roughness. Qualitatively comparing Figure 4A and B, we find that167

areas of the fault with higher roughness tend to have higher b-values. The exception is168

in the M4.4 rupture area where we observe the highest roughness values with significant169

fault branching and bending, but the corresponding b-values are around 1.170

We quantitatively compare 3D roughness and b-values for the whole sequence, by171

plotting roughness and b-value estimates for each earthquake. We compare roughness172

and b-values before and after the M4.4 in Figure 4C and D. Roughness values pre-M4.4173

are between 10–50 m (Figure 4C), while post-M4.4 roughness values are larger (15-110 m)174

(Figure 4D). Pre- and post-M4.4 b-values are similar, but post-M4.4 b-values have slightly175

higher maximum b-values (from ∼1.5 to ∼1.65). While a weak correlation (correlation176

coefficient of 0.34) exists between b-value and roughness for the whole sequence (Figure177

S1), post-M4.4 we note an area of high roughness values with corresponding lower b-values178

(∼1.0-1.2); these anomalous values are primarily within the estimated rupture area of179

the M4.4 earthquake.180

We calculate errors for our roughness and b-value estimates with bootstrapping (re-181

sampling the points with replacement, and in the case of the roughness calculation, re-182

fitting the plane). 95% confidence bounds on our estimates are shown (for selected points,183

given that they are highly spatially correlated and overlap) in Figure S1. This plot shows184

that b-value and roughness estimates in different areas of the fault are distinct given er-185

rors due to sample size.186

Next, we examine how roughness evolves as events migrate across the fault surface187

by plotting the roughness values for the whole sequence at the time the event occurred188

(Figure 4E). We observe an broadening in the range of mean out-of-plane distances through189

time as more of the fault surface is sampled. Early in the sequence (¡600 days) rough-190

ness values are 0.02-0.035 km, expanding to 0.01 to 0.06 km prior to the M4.4 earthquake191

as the fluid migration continues and we can measure roughness values across a larger fault192

section. A clear increase in the maximum observed 3D roughness values is observed af-193

ter the M4.4 earthquake. This increase in mean out-of-plane distance values is due to194

the high roughness measurements within the inferred rupture area of the M4.4.195

We noted above that the distribution of event densities across the fault may sug-196

gest shows evidence for fluid channeling (Figure 2A) that could be caused, at least in197
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part, bymay relate to the fault roughness. The orientation and scale of the channeling198

inferred from the event densities (Figure 2) are similar to the longer wavelength spa-199

tial variability in 3D roughness corrugation inferred from the roughness estimates using a200

radius of 500 m (Figure 4). However, correlation values for event density and roughness201

(or b-value) are low. This is likely because the total number of events along a section of202

fault is primarily controlled by the pore pressure change from the natural injection, with203

the highest event densities in an approximately 1 km wide vertical section above the in-204

ferred natural injection point.205

We repeat the 3D roughness calculation for a range of radii (125 m to 1.5 km) to206

determine whether the surface is fractal, and estimate the fractal dimension of the fault207

surface referred to as the Hurst exponent (e.g. Beeler, 2021). Figure 5 shows the distri-208

bution of roughness measurements at different length scales (i.e., twice the radii) as well209

as their mean and median values. We find the roughness measurements across length scales210

display power-law behavior, consistent with a self-affine surface, i.e. the surface is self-211

similar with different scaling factors in the along-strike and along-dip directions. We find212

a slope (ζ) of 0.52 across length scales from 250 m to 3 km.213

Discussion214

We explored fault roughness and earthquake behavior across a fault illuminated215

by a long-duration earthquake swarm near Cahuilla, California. The swarm occurred on216

a 4 km by 4 km fault at 4 to 8 km depth in low-permeability plutonic rocks (Hauksson217

et al., 2019). We find evidence for step-overs, fault branching, and corrugation. Corru-218

gation of the fault zone is sub-parallel to the strike direction with a wavelength of ap-219

proximately 1-2 km and amplitudes typically of a few hundred meters but as large as220

500 m. Our observations are similar to those of John (1987) who examined an exposed221

normal fault system and found corrugations with wavelengths between 0.2-10 km and222

amplitudes from 30 to 400 m. Examining a smaller fault surface, Sagy and Brodsky (2009)223

found a broadly undulating fault surface with small (10-40 m), quasi-elliptical bumps224

protruding ∼1 m out of the surface. Our data are not of sufficiently high resolution (rel-225

ative location errors in the 10s of m) to show meter-scale resolution of the fault surface,226

but confirm the longer wavelength variations in the fault surface.227
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We also estimate the Hurst exponent (ζ), or fractal dimension of the surface, to228

quantify how roughness changes with scale (Candela et al., 2011; Beeler, 2021). Previ-229

ous studies have generally found surfaces to have Hurst exponents ranging between Brow-230

nian and self-similar (0.5 ≤ ζ ≤ 1) (Candela et al., 2012; Beeler, 2021). Here, we find231

ζ = 0.52 consistent with a Brownian surface. This can be interpreted as the surface be-232

ing somewhat more correlated over short distances than long distances. Our findings con-233

firm that fault roughness at seismogenic depths is consistent with measurements made234

using different techniques on rupture traces and exhumed faults.235

The distribution of b-values across the fault follows similar spatial patterns as fault236

roughness. We observe no clear correlation with b-value over the depth range of the se-237

quence (4-8 km). We do find a weak, positive correlation between b-value and roughness238

with a cross correlation value of 0.34. In laboratory studies, Goebel et al. (2017) sug-239

gested that b-values are typically higher on rougher fault surfaces. Simulations have shown240

that the minimum and maximum magnitudes depend on small scale fault roughness, with241

shorter wavelength roughness associated with smaller and more numerous earthquakes242

(Heimisson, 2020). The fault roughness may control the size distribution of earthquakes243

such that higher roughness is associated with higher b-values, that is, a greater propor-244

tion of smaller events. Given the weak correlation observed here, it may be useful to ex-245

amine b-value and roughness using additional earthquake datasets and simulations.246

We find that the largest earthquake (M4.4) occurs in a region with relatively low247

b-values (1.0-1.2) and corresponding anomalously high roughness (50-80 m) estimates.248

The correlation between roughness and b-value may break down at higher stressing rates249

or near asperities where larger events are more likely to occur (Goebel et al., 2012, 2015,250

2017). Laboratory studies suggest low b-values correspond to regions where large slip events251

occur (Goebel et al., 2012, 2015), in agreement with our findings. Larger events observed252

in the field, laboratory, and simulations are found to preferentially initiate and termi-253

nate near fault bends or heterogeneities (Lindh & Boore, 1981; Goebel et al., 2012; Al-254

lam et al., 2019). Further, studies have shown that roughness controls the background255

stress on faults (Fang & Dunham, 2013), nucleation patch size (Okubo & Dieterich, 1984),256

and maximum magnitude (McLaskey & Lockner, 2014). In the Cahuilla swarm, the high257

roughness measurement near the rupture area of the M4.4 reflects multiple branches and258

step-overs and such geometrical heterogeneities may be associated with larger stress (Scholz,259

1968; Fang & Dunham, 2013).260
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We show for the first time that roughness can be measured using a high-resolution261

catalog of dense earthquake locations along an active fault. As described above, earth-262

quake simulations and laboratory studies show fault roughness controls aspects of earth-263

quake sequences and rupture processes. However, earthquake simulations currently use264

generic, randomly generated roughness distributions to develop various rupture scenar-265

ios. By using high resolution catalogs of small magnitude events to estimate the Hurst266

exponent and to image fault features including stepovers, branches, and bends, we could267

provide bespoke geometries and roughness scaling for faults as input into simulations.268

This could potentially lead to improved forecasting of where earthquakes might start or269

stop, their slip distributions, and other information important to understanding fault-270

specific hazard.271

Conclusions272

We measure roughness of an active fault at depth using earthquake locations from273

a prolific, multi-year earthquake swarm. We find that the scaling of fault roughness is274

self-affine and we estimate a scaling exponent (0.52) that is consistent with a Brownian275

surface. Furthermore, our at-depth roughness measurements are consistent with other276

measurements of fault roughness estimated from exhumed faults. We find some evidence277

for a weak correlation between fault roughness and b-value across much of the fault; how-278

ever, further confirmation of this result from other seismically active areas is needed. Fi-279

nally, we find that the fault is approximately 50% rougher in the along-dip direction than280

in the along-strike direction, which is consistent with past observations and the intuition281

that over time, faults are smoothed in the direction of repeated slip.282

Data and Resources283

Supplemental Material for this article includes a figure of b-value and roughness284

for the entire sequence with 95% confidence ranges for selected points. the The Cahuilla285

swarm catalog is publicly available from the Southern California Earthquake Data Cen-286

ter (https://scedc.caltech.edu/data/cahuilla-swarm.html ). All waveform, parametric data,287

and the conventional catalog are available from the Caltech/USGS Southern California288

Seismic Network (doi:10.7914/SN/CI) and at the Southern California Earthquake Data289

Center (doi:10.7909/C3WD3xH1).290
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Figure 1. The 2016-2019 Cahuilla earthquake swarm in Southern California. (Top Left)

Overview map of the study area (red box) in southern California showing major fault locations

(black lines) with the Elsinore, San Jacinto, and San Andreas Faults labeled. The locations of

the major cities of Los Angeles (LA) and San Diego (SD), California are shown by black squares.

(Right) Map of the earthquakes (filled circles) colored by depth and scaled by magnitude. Leg-

end given at left. Note that for the largest earthquake, a M4.4 shown on the SW portion of

the sequence, we show the SCSN catalog location as the event was not relocated by GrowClust.

(Bottom Left) Distribution of earthquakes (black dots) in the along-fault orientation, assuming

a strike of 343 degrees and dip of -82 degrees inferred from the focal mechanism of the M4.4

mainshock. The origin is set to be the initiation point of the swarm. The approximate location

of the M4.4 earthquake (dashed oval) relative to the relocated event catalog is estimated using

the earthquakes that occur one day before (blue dots) and after (yellow dots) the M4.4. The

size of the oval approximates the fault area expected for a M4.4 earthquake with a stress drop of

8 MPa.
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Figure 2. (A) Density of earthquakes across the fault plane, averaged over volumes with

a radius of 0.25 km, using earthquakes above the magnitude of completeness (Mc=0.6). The

approximate location of the M4.4 rupture area is indicated by the dashed black oval. The ap-

proximate location of the permeability barrier inferred from the percentile rupture time plotted

in (B) is indicated by the dotted black line. (B) 10th percentile rupture time across the fault

plane; annotations are the same as in (A).
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Figures/Figure_strikeDipProfile_RoughnessDistribution_compresspdf.pdf

Figure 3. (A) Along-strike (top) and along-dip (bottom) fault profiles for 150-m wide bins.

Profiles are colored by the 2D estimate of roughness defined as the mean of the absolute value

of residuals to a linear fit to the along-dip or along-strike profile. Only profiles with at least 250

earthquakes are plotted and evaluated. The fault perpendicular distance scale bar is shown in

the lower right of each subplot. The approximate location of the M4.4 rupture area is shown by

the dashed black rectangles on both profiles and the approximate location of the inferred per-

meability barrier is shown by the dotted black line on the along-dip profiles plot. (B) Frequency

distribution of mean 2D roughness for the along-strike (top) and along-dip (bottom) profiles show

that the fault is approximately 50% rougher in the direction parallel to slip.
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Figure 4. (A) 3D roughness (mean out-of-plane distance, km) estimated at earthquake loca-

tions with at least 100 earthquakes within 500 m. (B) b-values estimated at earthquake locations

using the 150 closest M ≥ 0.6 events with positive magnitude differences. (C) Roughness versus

b-values estimated for the same event. Shaded blue cells show the distribution of roughness and

b-value measurements before the M4.4 earthquake with darker colors representing a higher den-

sity of points. Red contour shows the distribution post-M4.4 for comparison. (D) Same as (C),

except shaded red cells show the distribution of roughness and b-value after the M4.4 earthquake

with darker colors representing a higher density of points. Blue contour shows the distribution

pre-M4.4 for comparison. (E) Evolution of 3D roughness as an expanding area of the fault is

imaged through time. –18–
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Figure 5. 3D roughness (mean out-of-plane distance, km) estimates for length scales from

250 m to 3 km. Grey points show individual 3D roughness measurements at all earthquake lo-

cations with at least 100 points within a given radius (half the length scale). Mean and median

values at each length scale are shown by the blue circles and purple asterisks, respectively. The

power-law fit (ζ=0.52) to the mean values is shown by the light blue line.
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