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Strength of the upper brittle part of the Earth’s lithosphere controls defor-6

mation styles in tectonically active regions, surface topography, seismicity, and7

the occurrence of plate tectonics, yet remains one of the least constrained and8

most debated quantities in geophysics. Seismic data (in particular, earthquake9

focal mechanisms) have been used to infer orientation of the principal stress10

axes. Here I show that the focal mechanism data can be combined with infor-11

mation from precise earthquake locations to place robust constraints not only12

on the orientation, but also on the magnitude of absolute stress at depth. The13

proposed method uses machine learning to identify quasi-linear clusters of seis-14

micity associated with active faults. A distribution of the relative attitudes of15

conjugate faults carries information about the amplitude and spatial heterogene-16

ity of the deviatoric stress and frictional strength in the seismogenic zone. The17

observed dihedral angles between active conjugate faults in the Ridgecrest (Cal-18

ifornia, USA) area that hosted a recent sequence of strong earthquakes suggests19

the effective coefficient of friction of 0.4-0.6, and depth-averaged shear stress on20

the order of 25-40 MPa, intermediate between predictions of the “strong” and21

“weak” fault theories.22

There is a long-standing debate regarding the level of average shear stress in the Earth’s23

crust1–4. Estimates of earthquake stress drops place a lower bound on shear stress resolved on24

seismogenic faults on the order of 1 - 10 MPa5,6. Laboratory measurements of quasi-static25

rock friction7–10, orientation of young faults with respect to the inferred principal stress26

axes11,12, and measurements in deep boreholes in stable intraplate interiors13,14 suggest that27



the brittle upper crust should be able to support much higher deviatoric stresses on the28

order of lithostatic pressure (> 100 MPa for ∼15 km thick seismogenic zone), provided29

that the pore fluid pressure is approximately hydrostatic. Extrapolation of the laboratory30

measurements of quasi-static friction to in situ rock failure, and the assumption of hydrostatic31

pore pressure constitute the so-called “strong fault” theory4,7.32

In contrast, unfavorable orientation of some mature faults with respect to the principal33

stress axes15–17, the “heat flow paradox” of the San Andreas Fault18, high degree of slip34

localization on exhumed faults19,20, a possibility of fluid over-pressurization21, low frictional35

strength of some parts of mature faults suggested by scientific drilling experiments22, and36

strong dynamic weakening observed in laboratory friction experiments at slip rates in excess37

of ∼ 0.1 m/s23–25 lend support to the “weak fault” theory according to which faults may38

operate at background deviatoric stresses well below the failure envelope predicted by the39

Byerlee’s law26,27. Low effective friction on major plate boundary faults is also required by40

geodynamic models of large-scale tectonic phenomena such as subduction and orogeny28–30.41

One possible explanation reconciling disparate views on the magnitude of deviatoric42

stresses in the lithosphere is that the effective fault strength may depend on fault “age”,43

or total offset: young developing faults may be relatively strong while mature well-slipped44

faults may be weak, possibly because of activation of various weakening mechanisms with45

an increasing cumulative slip20,27. However, conditions that govern such a transition, and46

the evolution of fault strength as a function of cumulative offset are still poorly known.47

Our understanding of the fault strength problem is severely limited by the lack of mea-48

surements of deviatoric stress at seismogenic depths. Apart from a scarce set of point mea-49

surements in deep boreholes1,22, most of the available information is derived from analyses50

of seismic data. The most commonly used method of “stress inversion” relies on earthquake51

focal mechanisms to solve for the orientations of principal stress axes that are most consis-52

tent with all of the focal mechanisms in a specified volume3,31,32. This method however is53

unable to evaluate the magnitude of deviatoric stress.54
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Inversions for the orientation of principal stress axes require a diverse set of focal mech-55

anisms which, along with the assumption of a locally constant stress, implies heterogeneity56

in the effective fault strength33. Here I show that the magnitude of deviatoric stress can57

be estimated by quantifying a distribution of fault orientations with respect to one of the58

principle stress axes, or between sets of conjugate faults activated by a given ambient stress.59

I illustrate this using data from the Eastern California Shear Zone (ECSZ) that hosted a60

series of strong earthquakes near the town of Ridgecrest in July of 201934–36, and provide61

quantitative estimates on the magnitude of shear stress resolved on seismogenic faults in the62

Ridgecrest area.63

The July 2019 Ridgecrest, California earthquakes ruptured a system of right and left-64

lateral strike-slip faults in the northern part of the ECSZ (Supplementary figure S1), with65

the largest event having magnitude 7.134–36. The ECSZ is an emergent plate boundary66

that accommodates an increasing fraction of relative motion between the Pacific and North67

American plates since its inception 6-10 Ma ago37–40. As such, the ECSZ is a natural68

laboratory for studying the development and evolution of new (and re-activation of old)69

fault systems.70

The nearly perpendicular orientation of conjugate faults ruptured by the Ridgecrest71

earthquakes (Figure S1b) is distinctly different from optimal orientations predicted by the72

strong fault theory (dihedral angles of 50-60 degrees for the coefficient of friction of 0.6-73

0.8)4,26. This prompted suggestions that in situ coefficient of friction is close to zero34.74

Alternatively, high-angle conjugate faults could result from rotation away from the optimal75

orientation since the initiation of the ECSZ41. A pattern of high-angle faulting similar to76

that involved in the 2019 earthquake sequence is prevalent in a broader region around the77

2019 ruptures (Figure S1a). The observed range of fault strikes can be used to constrain the78

magnitude of deviatoric stress, as the latter controls conditions for activation and suppression79

of slip on new as well as pre-existing faults26. The focal mechanism data alone are not suitable80

for this purpose because of two fundamental limitations. First, typical errors in the fault81
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plane solutions of 20-30 degrees35,42 are too large to resolve differences between optimal and82

non-optimal fault orientations. Second, an intrinsic ambiguity between the two nodal planes83

in a focal mechanism does not allow one to isolate sets of synthetic vs antithetic faults.84

The above limitations can be mitigated by combining information provided by focal85

mechanisms with geometric constraints from well-determined earthquake hypocenters. Pre-86

cisely relocated seismicity catalogs reveal ubiquitous lineated clusters of earthquakes that87

illuminate faults or fault segments of various sizes and orientations (Figure S1a). I use88

earthquake lineations to map the distribution and attitude of active faults throughout the89

seismogenic layer. Details of the procedure are described in the Supplementary Materials.90

In case of sufficiently localized clusters of microearthquakes, fault strikes can be determined91

with accuracy up to several degrees, an order of magnitude improvement over the individ-92

ual focal mechanism solutions. Also, fault orientations (well defined by seismicity lineations)93

along with polarity of focal mechanisms uniquely constrain the sense of slip on the respective94

faults.95

Figure 1 shows quasi-linear clusters of micro-earthquakes identified in the background96

(prior to July 2019) seismicity data using a machine learning algorithm (see Supplementary97

Materials; Figures S2-S4). For each cluster, I compute a composite focal mechanism by98

summing moment tensors of all events in a cluster. The resulting composite focal mechanisms99

are predominantly strike-slip, with approximately north-south P-axis, consistent with results100

of inversions for principle stress and strain rate axes35,41,44.101

The observed distribution of orientations of active faults in the Ridgecrest-Coso area102

prior to the 2019 earthquake sequence is shown in Figure 2. Using information from both103

the fault strike (constrained by seismicity lineations) and rake (constrained by the compos-104

ite focal mechanisms) data, one can identify right- and left-lateral faults in the total fault105

population without any assumptions about the sense of shear stress resolved on the respec-106

tive faults due to regional tectonic loading. The two sets of conjugate faults form distinct107

clusters in a polar histogram (red and blue sectors in Figure 2). Left-lateral faults are well108
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Figure 1: Map of the Ridgecrest-Coso area. Magenta wavy lines denote surface traces
of the 2019 ruptures mapped by field surveys43. Grey dots denote pre-earthquake (1981-
2019) seismicity from the focal mechanism catalog42. Black dots denote seismicity lineations
selected by the clustering algorithm (see Supplementary Materials and Figures S2-S4 for
details). White and blue “beach balls” denote the best-fitting double-couple composite focal
mechanism for the respective linear clusters of earthquakes. Local origin is at 117.5◦W,
35.5◦N.
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Figure 2: A distribution of strikes of 65 active fault segments shown in Figure 1. Red his-
togram corresponds to right-lateral faults (total of 28 samples, maximum number of samples
per bin: 7), and blue histogram corresponds to left-lateral faults (total of 37 samples, max-
imum number of samples per bin: 9). Hatched areas denote orientation of faults ruptured
by the M6.4 foreshock and M7.1 mainshock of the 2019 sequence36,41. Thin magenta line
denotes the principal shortening rate axis derived from secular GPS velocities41.

aligned with those ruptured during the July 4 2019 M6.4 foreshock. Right-lateral faults109

trend somewhat more northerly compared to the main rupture of the July 5 2019 main-110

shock, but similar to the initial rupture at the hypocenter of the mainshock suggested by the111

first motion data36,41. The axis of the principal shortening rate41 approximately bisects the112

dihedral angles formed by the conjugate fault planes (Figure 2). The principal compression113

axis is oriented similarly to the principal shortening rate axis (∼ 5 degrees east of north)114

around the hypocentral area of the M7.1 mainshock35,41.115

To further quantify the range of admissible orientations of conjugate faults, I calculate116

a dihedral angle between every pair of the identified conjugate faults. Uncertainties in117

dihedral angles were computed using errors in the estimated fault strikes, as described in the118

Supplementary Materials. Figure 3 shows a histogram of the dihedral angles 2θ, where θ is an119

angle between either fault plane and a bisect. The distribution shown in Figure 3 has a peak120

around 70 degrees, and lower and upper bounds around 30 and 100 degrees, respectively.121

Assuming a homogeneous background stress, some of the conjugate faults are optimally122
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Figure 3: A histogram of dihedral angles between the conjugate strike-slip faults identified
in Figure 1. Red vertical lines denote the lower (2θ1) and upper (2θ2) bounds on the ob-
served distribution. Blue line (right axis) denotes the coefficient of friction corresponding
to conjugate faults that are optimally oriented for failure according to the Mohr-Coulomb
criterion, µ = 1/ tan(2θ)26.
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oriented for failure given the laboratory values of the coefficient of friction µ ∼ 0.6 − 0.8,123

while others are not optimally oriented for any reasonable value of µ.124

To test whether results presented in Figures 2 and 3 could be affected by stress het-125

erogeneity, I examine a distribution of angles between synthetic faults (i.e., subsets of faults126

that have the same sense of slip) as a function of distance between the faults (Figure S5).127

The data indicate that (i) there is a notable diversity in fault orientations at short (< 10128

km) distances, (ii) there is little, if any, systematic increase in the diversity of fault ori-129

entations with distance, and (iii) fault orientations exhibit coherence at large (> 30 km)130

distances. These findings argue in favor of local heterogeneities in the fault strength rather131

than the background stress. Previous studies suggested a local rotation of the principal132

stress axes around the Coso region (northings N > 40 km in a local coordinate system133

used in Figure 1)35. To investigate the respective possibility, I divided the data into the134

northern (N > 40 km) and southern (N < 40 km) sub-sets, and repeated the analysis for135

each sub-set. Figures S6-S7 show the variability in fault strikes vs distance between pairs136

of synthetic faults, and Figures S8-S9 show the distribution of fault strikes. The northern137

sub-set shows some correlation between the diversity of fault strikes and distance between138

synthetic faults, suggesting a possible role of stress heterogeneity (Figure S6). In part such139

heterogeneity might be attributed to fluid pumping at the Coso geothermal plant40,45. Also,140

conjugate faults in the northern sub-set exhibit smaller dihedral angles that are closer to op-141

timal orientations compared to faults in the southern sub-set (Figures S8 and S9). However,142

the mean of the left- and right-lateral fault strikes (i.e., the average bisect) is not resolvably143

different between the northern and southern sub-sets, suggesting that a constant regional144

stress is a viable first-order approximation, in particular for the hypocentral region of the145

2019 earthquakes.146

It may be argued that small earthquakes that comprise linear clusters (Figures 1, S1a147

and S2-S4) are primarily governed by the rate and state friction and are not subject to148

strong dynamic weakening, so that the peak yield stress is comparable to the background149
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stress20. In this case, one can interpret the observed range of fault orientations (Figure 3)150

in terms of activation (θ > θ1) and de-activation (θ > θ2) of pre-existing or newly created151

faults. It is generally recognized that the continental Earth’s crust is pervasively faulted152

and contains cracks, fractures and other structural defects that can serve as potential slip153

surfaces over a broad range of sizes and orientations26,46. A condition for activation of154

a fault oriented at an angle θ with respect to the principal compression axis is given by155

σ′

1(1 − µ tan θ) = σ′

3(1 + µ cot θ), where σ′

1 is the effective maximum compressive stress156

(maximum compressive stress minus the pore pressure P ), and σ′

1 is the effective minimum157

compressive stress26.158

The above relationship is typically under-determined as the number of unknowns (e.g.,159

σ′

1, σ
′

3 and µ) is greater than the number of observables (e.g., the angle between conjugate160

faults or faults and the principal stress axes). In case of the Ridgecrest seismicity, sev-161

eral unique conditions allow one to resolve this uncertainty. First, a transtensional stress162

regime manifested by a mix of strike-slip and normal focal mechanisms35, including spa-163

tially overlapping strike-slip and normal earthquake ruptures36 indicates that the maximum164

compressive (σ′

1) and intermediate (σ′

2) principle stresses are of essentially the same magni-165

tude. In this case, both should approximately equal the effective lithostatic stress, ρcgz−P ,166

where ρc is the average density of the upper crust, g is the gravitational acceleration, and167

z is depth. For a given σ′

1, the least compressive stress σ′

3 and the effective coefficient168

of friction µ1 can be found from the observed distribution of orientations of active faults169

(θ1 < θ < θ2, Figure 3), µ1 = 1/ tan(θ1 + θ2) and σ′

3 = σ′

1/R, where R is the stress ratio170

given by R = (1 + µ1 cot θ1)/(1 − µ1 tan θ1) = (1 + µ1 cot θ2)/(1 − µ1 tan θ2). The effec-171

tive coefficient of friction µ1 provides a lower bound on frictional strength of re-activated172

sub-optimally oriented faults. Faults that are oriented at more acute angles with respect173

to the principal compression axis can be on the verge of failure if they have a higher co-174

efficient of friction, with an upper bound µ0 that corresponds to an optimal orientation,175

µ0 = 0.5(R− 1)/
√
R (see Supplementary Materials).176
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Figure 4: The estimated state of stress in the hypocentral region of the 2019 Ridgecrest
earthquakes. Blue curve (the Mohr circle) denotes variations in shear stress on potential slip
planes as a function of a dihedral angle 2θ between conjugate slip planes (or angle θ between
a slip plane and the maximum compression axis). Radius of the Mohr circle represents the
maximum shear stress, S = |σ′

1 − σ′

3|/2. Red lines are the Mohr-Coulomb failure envelopes
corresponding to activation of pre-existing faults (µ1, dashed line), and generation of new
faults (µ0, solid line). Calculations assume ρc = 2.7 × 103 kg/m3, ρw = 103 kg/m3, and
g = 9.8 m/s2.

Figure 4 shows a Mohr circle diagram for the state of stress that satisfies the above177

conditions as well as the assumption of a hydrostatic pore pressure (P = ρwgz, where ρw is178

the density of water), at a reference depth of 7 km. The latter is within the estimated range179

of hypocentral depths of the M7.1 mainshock (3-8 km)35. It also approximately corresponds180

to the middle of the seismogenic layer, so that absolute stresses shown in Figure 4 represent181

stresses averaged over the thickness of the seismogenic layer. As one can see from Figure 4,182

the estimated stress ratio is R ≈ 3, the depth-averaged shear stresses resolved on seismically183

active faults are 25-40 MPa, and the admissible range for the in situ coefficient of friction is184

0.4 < µ < 0.6.185

High-end values of the estimated coefficient of friction are in agreement with laboratory186

measurements of quasi-static friction of most rock types7,47, and may correspond to new187
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faults forming in the ECSZ (Figure 4). The value of µ ∼ 0.6 is also consistent with models188

suggesting that faults ruptured in the 2019 sequence were initiated at an optimal orientation189

of ∼ 30◦ with respect to the principal compression axis at the inception of the ECSZ,190

and gradually weakened as they continued to accumulate slip and rotate away from the191

optimal orientation due to long-term tectonic motion41. Hauksson and Jones35 proposed192

that orientation of the 2019 earthquake ruptures with respect to the principal compression193

axis might be explained assuming higher values of the stress ratio (R > 5) and the coefficient194

of friction (µ = 0.75). Such high values however would be inconsistent with the observed195

transtensional stress regime in the Ridgecrest-Coso area, and/or require pore fluid pressures196

close to the least compressive stress. Also, a high coefficient of friction would imply a peak197

in dihedral angles of the regional fault population around the respective optimal value (∼ 55198

degrees for µ = 0.75) which is not observed (Figure 3). Note orientations of the 2019 ruptures199

are within the range of a regional data set (Figure 3), so that results presented in this study200

apply to the observed geometry of the 2019 earthquakes.201

At the low end, the inferred values of depth-averaged shear stress on sub-optimally ori-202

ented faults (∼ 25 MPa) may be indicative of an onset of various weakening mechanisms203

such as mineral alteration, ultra-comminution, pressurization of fault zone fluids, and per-204

haps dynamic weakening (for the largest events produced by the identified active faults36).205

The low-end values of shear stress on faults in the ECSZ around Ridgecrest are similar to206

values estimated on the San Andreas Fault (SAF) using heat flow data18 and stress per-207

turbations due to topography48. Despite similar values of the driving shear stress, active208

faults in the Ridgecrest area are still relatively strong compared to the SAF because of the209

transtensional stress regime in the ECSZ versus transpressional regime on the SAF. Never-210

theless, results presented in this study suggest that a transition from “strong” to “weak”211

faults may initiate at the early stages of formation of a plate boundary, and involve relatively212

low total offsets.213
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Figures

Figure 1

Map of the Ridgecrest-Coso area. Magenta wavy lines denote surface traces of the 2019 ruptures
mapped by field surveys43. Grey dots denote pre-earthquake (1981-2019) seismicity from the focal
mechanism catalog42. Black dots denote seismicity lineations selected by the clustering algorithm (see
Supplementary Materials and Figures S2-S4 for details). White and blue “beach balls” denote the best-
fitting double-couple composite focal mechanism for the respective linear clusters of earthquakes. Local
origin is at 117.5W, 35.5N.



Figure 2

A distribution of strikes of 65 active fault segments shown in Figure 1. Red his-togram corresponds to
right-lateral faults (total of 28 samples, maximum number of samples per bin: 7), and blue histogram
corresponds to left-lateral faults (total of 37 samples, max-imum number of samples per bin: 9). Hatched
areas denote orientation of faults ruptured by the M6.4 foreshock and M7.1 mainshock of the 2019
sequence36,41. Thin magenta line denotes the principal shortening rate axis derived from secular GPS
velocities41.



Figure 3

A histogram of dihedral angles between the conjugate strike-slip faults identified in Figure 1. Red vertical
lines denote the lower (2θ1) and upper (2θ2) bounds on the ob-served distribution. Blue line (right axis)
denotes the coefficient of friction corresponding to conjugate faults that are optimally oriented for failure
according to the Mohr-Coulomb criterion, µ = 1/ tan(2θ)26.



Figure 4

The estimated state of stress in the hypocentral region of the 2019 Ridgecrest earthquakes. Blue curve
(the Mohr circle) denotes variations in shear stress on potential slip planes as a function of a dihedral
angle 2θ between conjugate slip planes (or angle θ between a slip plane and the maximum compression
axis). Radius of the Mohr circle represents the maximum shear stress, S = |σ1 − σ3|/2. Red lines are the
Mohr-Coulomb failure envelopes corresponding to activation of pre-existing faults (µ1, dashed line), and
generation of new faults (µ0, solid line). Calculations assume ρc = 2.7 × 103 kg/m3, ρw = 103 kg/m3,
and g = 9.8 m/s2.
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