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Or: So you’ve found yourself in a geologist fight…



There is some debate over the geometry of the Pitas 
Point Fault.

• Average dip: 29° N
• Flat ramp in the middle.
• Basal depth: 10 to 16 km
• Emergent at easternmost end.

CFM 7 Alternate
• Average dip: 50° N
• No ramp.
• Basal depth: 
• Completely buried.

CFM 7 Preferred
The CFM has two geometries. Which one is most consistent with observations?



Dynamic rupture modeling is a great tool for 
addressing these questions!
• Can use observations to inform 

inputs and constrain outputs.
• Requires no a priori assumptions 

about the rupture.

• I compared dynamic rupture 
simulations to paleoseismic and 
precarious rock data to study the 
1812 Wrightwood earthquake!
• I can take a similar approach for 

the Pitas Point!



Model Setup
• 3D finite element method 

(FaultMod; Barall, 2009)
• Fault geometry: SCEC CFM

• Meshed faults with Coreform 
Cubit

• Velocity structure: SCEC CVM
• Linear slip-weakening friction
• Stress: tapered with depth 

(more detail on the next slide)

Output Comparisons

• Displacement at Pitas Point
• Cluster of precariously 

balanced rocks in the Santa 
Ynez Mountains
• Mountains up and basins 

down
• Stress drop?



Observations help constrain initial stresses.
Minimum differential stress:

20 MPa108 W. Yang and E. Hauksson

Figure 8. Composite image for SHmax orientation with overlapping G05N30 above G10N15 (in light colour). The San Andreas Fault, Landers, Hector Mine
and El Mayor Cucapah surface ruptures are highlighted in bold black lines. Black dashed lines mark two SHmax orientation transition lines: the Yucca-Imperial
Valleys Line (YIV-L), and the Western Peninsular Ranges Line (WPR-L), respectively. ‘A’, ‘B’ and ‘C’ mark the three identified wedge-shapes (green dashed
polygons). ‘D’ marks isolated NNE SHmax area (green dashed polygon) along the San Jacinto Fault. ‘E’ marks the Tehachapi Mountains stress heterogeneity.
FF′, GG′, HH′ and II′ are four selected cross-sections with 0.2◦ in width and 300 km in length. The grey lines are postulated extensions of the WPR-L and the
YIV-L as regional stress boundaries in southern California.

3.3.2 Normal faulting zone to the west of SNF

The southern Sierra Nevada, to the west of the SNF and generally
to north of the WWF, is dominated by normal faulting (‘D’ in
Fig. 10). Geologically, this zone of normal faulting is located in the
western boundary of the Sierra Nevada Mountains, where crustal
thinning and high elevation dominate the stress field characteristics
and reflect gravitational collapse of the high topography (Unruh
et al. 2002). As the Aφ decreases from south to north (Profile F
in Fig. 11), the style of faulting evolves to normal faulting in the
southern Sierra Nevada.

3.3.3 San Andreas system

The style of faulting varies along the SAF in different segments
from northwest to southeast. To the north, a small zone of nor-
mal faulting exists at the Cholame segment along the SAF. Across
the Tejon Pass, reverse faulting dominates the faulting style from
Wheeler Ridge to the north side of the GAF, and strike-slip fault-
ing dominates from the south side of the GAF to the SYF. In the

middle of the Mojave segment, reverse faulting dominates on both
sides of the SAF. To the south of Cajon Pass, a notable north-
south elongated area with dominant normal faulting exists (‘E’
in Fig. 10, corresponding to low values of Aφ in between SJF
and SAF in profile G in Fig. 11). One important tectonic feature
of this area is that it is in where the SJF emerges and branches
from the SAF southward. There is no correspondingly confin-
ing fault trace at the boundaries to this normal faulting anomaly.
Further southeastward, the stress regime mostly corresponds to
strike-slip faulting along the SAF until it comes to the Coachella
Valley, where the SAF terminates, and normal faulting prevails
(Fig. 10).

4 I N T E R P R E TAT I O N S O F S Hmax

A N D O T H E R D E F O R M AT I O N F I E L D S

In this section, using results with the best resolution (G05N30), we
compare the horizontal stress field with horizontal stress field orien-
tations determined from other geophysical techniques in southern
California.
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Figure 5. Spatial distribution of the 95 per cent confidence interval (P95) in the stress ratio for (a) grid scale of 10 km and 15 events per grid node (G10N15);
(b) grid scale of 10 km and 30 events per grid node (G10N30); (c) grid scale of 5 km and 15 events per grid node (G05N15); (d) grid scale of 5 km and 30
events per grid node (G05N30). The colour legend is at the bottom left-hand side in (c). The pink ellipse in (d) marks the Landers–Hector Mine area.

Earth. In southern California, the long-term surface velocity field
has been determined from GPS (e.g. Shen et al. 2011). Both the
stress field inverted from earthquake focal mechanisms in the crust
and the velocity field observed with GPS at the surface, reflect
tectonic deformation. In Figs 9 and 11, we add the GPS veloci-
ties of stations (Shen et al. 2011) in the representative profiles to
demonstrate that both measurements of crustal deformation behave
similarly.

3.2 Heterogeneities in SHmax

Stress field in the lithosphere could be classified into global
scale (first-order, >500 km) and regional scale (second-order, 100–
500 km; Zoback 1992). Recent studies with denser data sets (e.g.
Heidbach et al. 2010; Montone et al. 2012) suggested the exis-
tence of stress heterogeneity on local scale (third-order, <100 km).
These local scale stress patterns are controlled by phenomena such
as active faulting, gravitational collapse, local intrusions, density
contrasts, or detachment faults. Because the local scale stress pat-
terns are of similar spatial extent as the rupture zone of a ma-
jor earthquake (Mw 7.0), they are important for understanding the
mechanisms of faulting in earthquakes. We identify changes in the
stress patterns, and discuss these patterns on both regional and local
scales.

As shown here and in previous studies, the regional trend of
SHmax in central to southern California is generally along the NNE
direction (Mount & Suppe 1992; Zoback 1992; Townend & Zoback
2004), and the most likely SHmax trend in southern California is
at N7◦E (Hardebeck & Hauksson 2001b). The composite image of
SHmax trends reveals several regional and local stress heterogeneities
that vary in spatial scale and degree of heterogeneity (Fig. 8).

3.2.1 Eastern California Shear Zone

The Eastern California Shear Zone (ECSZ) extends to the east of
the grey and solid dashed curves (‘YIV-L’ in Fig. 8), which are
generally located to the east of the SAF inside the North America
Plate. In general, the trend of SHmax in the ECSZ ranges from N20◦E
as the background level to N40◦E in the Landers and Hector Mine
rupture areas. Geodetically, the slip rate in the ECSZ together with
the Walker Lane Belt (WLB) to the north (∼12 mm yr–1) accommo-
dates approximately 20–25 per cent of the present-day relative plate
motion along the Pacific-North American Plate boundary (Sauber
et al. 1994; Thatcher et al. 1999). The SHmax orientation in the ECSZ
is relatively homogeneous except for a small area with a NNW
orientation of SHmax at the southeast corner of the Salton Trough
(Fig. 8). Near the Landers rupture zone, the SHmax orientations are
more scattered as resolution increases (profile HH′ in Fig. 9), which
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Figure 5. Spatial distribution of the 95 per cent confidence interval (P95) in the stress ratio for (a) grid scale of 10 km and 15 events per grid node (G10N15);
(b) grid scale of 10 km and 30 events per grid node (G10N30); (c) grid scale of 5 km and 15 events per grid node (G05N15); (d) grid scale of 5 km and 30
events per grid node (G05N30). The colour legend is at the bottom left-hand side in (c). The pink ellipse in (d) marks the Landers–Hector Mine area.

Earth. In southern California, the long-term surface velocity field
has been determined from GPS (e.g. Shen et al. 2011). Both the
stress field inverted from earthquake focal mechanisms in the crust
and the velocity field observed with GPS at the surface, reflect
tectonic deformation. In Figs 9 and 11, we add the GPS veloci-
ties of stations (Shen et al. 2011) in the representative profiles to
demonstrate that both measurements of crustal deformation behave
similarly.

3.2 Heterogeneities in SHmax

Stress field in the lithosphere could be classified into global
scale (first-order, >500 km) and regional scale (second-order, 100–
500 km; Zoback 1992). Recent studies with denser data sets (e.g.
Heidbach et al. 2010; Montone et al. 2012) suggested the exis-
tence of stress heterogeneity on local scale (third-order, <100 km).
These local scale stress patterns are controlled by phenomena such
as active faulting, gravitational collapse, local intrusions, density
contrasts, or detachment faults. Because the local scale stress pat-
terns are of similar spatial extent as the rupture zone of a ma-
jor earthquake (Mw 7.0), they are important for understanding the
mechanisms of faulting in earthquakes. We identify changes in the
stress patterns, and discuss these patterns on both regional and local
scales.

As shown here and in previous studies, the regional trend of
SHmax in central to southern California is generally along the NNE
direction (Mount & Suppe 1992; Zoback 1992; Townend & Zoback
2004), and the most likely SHmax trend in southern California is
at N7◦E (Hardebeck & Hauksson 2001b). The composite image of
SHmax trends reveals several regional and local stress heterogeneities
that vary in spatial scale and degree of heterogeneity (Fig. 8).

3.2.1 Eastern California Shear Zone

The Eastern California Shear Zone (ECSZ) extends to the east of
the grey and solid dashed curves (‘YIV-L’ in Fig. 8), which are
generally located to the east of the SAF inside the North America
Plate. In general, the trend of SHmax in the ECSZ ranges from N20◦E
as the background level to N40◦E in the Landers and Hector Mine
rupture areas. Geodetically, the slip rate in the ECSZ together with
the Walker Lane Belt (WLB) to the north (∼12 mm yr–1) accommo-
dates approximately 20–25 per cent of the present-day relative plate
motion along the Pacific-North American Plate boundary (Sauber
et al. 1994; Thatcher et al. 1999). The SHmax orientation in the ECSZ
is relatively homogeneous except for a small area with a NNW
orientation of SHmax at the southeast corner of the Salton Trough
(Fig. 8). Near the Landers rupture zone, the SHmax orientations are
more scattered as resolution increases (profile HH′ in Fig. 9), which
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Figure 5. Spatial distribution of the 95 per cent confidence interval (P95) in the stress ratio for (a) grid scale of 10 km and 15 events per grid node (G10N15);
(b) grid scale of 10 km and 30 events per grid node (G10N30); (c) grid scale of 5 km and 15 events per grid node (G05N15); (d) grid scale of 5 km and 30
events per grid node (G05N30). The colour legend is at the bottom left-hand side in (c). The pink ellipse in (d) marks the Landers–Hector Mine area.

Earth. In southern California, the long-term surface velocity field
has been determined from GPS (e.g. Shen et al. 2011). Both the
stress field inverted from earthquake focal mechanisms in the crust
and the velocity field observed with GPS at the surface, reflect
tectonic deformation. In Figs 9 and 11, we add the GPS veloci-
ties of stations (Shen et al. 2011) in the representative profiles to
demonstrate that both measurements of crustal deformation behave
similarly.

3.2 Heterogeneities in SHmax

Stress field in the lithosphere could be classified into global
scale (first-order, >500 km) and regional scale (second-order, 100–
500 km; Zoback 1992). Recent studies with denser data sets (e.g.
Heidbach et al. 2010; Montone et al. 2012) suggested the exis-
tence of stress heterogeneity on local scale (third-order, <100 km).
These local scale stress patterns are controlled by phenomena such
as active faulting, gravitational collapse, local intrusions, density
contrasts, or detachment faults. Because the local scale stress pat-
terns are of similar spatial extent as the rupture zone of a ma-
jor earthquake (Mw 7.0), they are important for understanding the
mechanisms of faulting in earthquakes. We identify changes in the
stress patterns, and discuss these patterns on both regional and local
scales.

As shown here and in previous studies, the regional trend of
SHmax in central to southern California is generally along the NNE
direction (Mount & Suppe 1992; Zoback 1992; Townend & Zoback
2004), and the most likely SHmax trend in southern California is
at N7◦E (Hardebeck & Hauksson 2001b). The composite image of
SHmax trends reveals several regional and local stress heterogeneities
that vary in spatial scale and degree of heterogeneity (Fig. 8).

3.2.1 Eastern California Shear Zone

The Eastern California Shear Zone (ECSZ) extends to the east of
the grey and solid dashed curves (‘YIV-L’ in Fig. 8), which are
generally located to the east of the SAF inside the North America
Plate. In general, the trend of SHmax in the ECSZ ranges from N20◦E
as the background level to N40◦E in the Landers and Hector Mine
rupture areas. Geodetically, the slip rate in the ECSZ together with
the Walker Lane Belt (WLB) to the north (∼12 mm yr–1) accommo-
dates approximately 20–25 per cent of the present-day relative plate
motion along the Pacific-North American Plate boundary (Sauber
et al. 1994; Thatcher et al. 1999). The SHmax orientation in the ECSZ
is relatively homogeneous except for a small area with a NNW
orientation of SHmax at the southeast corner of the Salton Trough
(Fig. 8). Near the Landers rupture zone, the SHmax orientations are
more scattered as resolution increases (profile HH′ in Fig. 9), which
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Figure 8. Composite image for SHmax orientation with overlapping G05N30 above G10N15 (in light colour). The San Andreas Fault, Landers, Hector Mine
and El Mayor Cucapah surface ruptures are highlighted in bold black lines. Black dashed lines mark two SHmax orientation transition lines: the Yucca-Imperial
Valleys Line (YIV-L), and the Western Peninsular Ranges Line (WPR-L), respectively. ‘A’, ‘B’ and ‘C’ mark the three identified wedge-shapes (green dashed
polygons). ‘D’ marks isolated NNE SHmax area (green dashed polygon) along the San Jacinto Fault. ‘E’ marks the Tehachapi Mountains stress heterogeneity.
FF′, GG′, HH′ and II′ are four selected cross-sections with 0.2◦ in width and 300 km in length. The grey lines are postulated extensions of the WPR-L and the
YIV-L as regional stress boundaries in southern California.

3.3.2 Normal faulting zone to the west of SNF

The southern Sierra Nevada, to the west of the SNF and generally
to north of the WWF, is dominated by normal faulting (‘D’ in
Fig. 10). Geologically, this zone of normal faulting is located in the
western boundary of the Sierra Nevada Mountains, where crustal
thinning and high elevation dominate the stress field characteristics
and reflect gravitational collapse of the high topography (Unruh
et al. 2002). As the Aφ decreases from south to north (Profile F
in Fig. 11), the style of faulting evolves to normal faulting in the
southern Sierra Nevada.

3.3.3 San Andreas system

The style of faulting varies along the SAF in different segments
from northwest to southeast. To the north, a small zone of nor-
mal faulting exists at the Cholame segment along the SAF. Across
the Tejon Pass, reverse faulting dominates the faulting style from
Wheeler Ridge to the north side of the GAF, and strike-slip fault-
ing dominates from the south side of the GAF to the SYF. In the

middle of the Mojave segment, reverse faulting dominates on both
sides of the SAF. To the south of Cajon Pass, a notable north-
south elongated area with dominant normal faulting exists (‘E’
in Fig. 10, corresponding to low values of Aφ in between SJF
and SAF in profile G in Fig. 11). One important tectonic feature
of this area is that it is in where the SJF emerges and branches
from the SAF southward. There is no correspondingly confin-
ing fault trace at the boundaries to this normal faulting anomaly.
Further southeastward, the stress regime mostly corresponds to
strike-slip faulting along the SAF until it comes to the Coachella
Valley, where the SAF terminates, and normal faulting prevails
(Fig. 10).

4 I N T E R P R E TAT I O N S O F S Hmax

A N D O T H E R D E F O R M AT I O N F I E L D S

In this section, using results with the best resolution (G05N30), we
compare the horizontal stress field with horizontal stress field orien-
tations determined from other geophysical techniques in southern
California.
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Figure 3. (a) Estimate of minimum differential stress (!σmin) satisfying eq. (6) across modelled region. Masked region and faults as in Fig. 1. (b) f , fraction
of model region fit to better than ε < 0.134, for a given estimate of in situ differential stress magnitude. Black and red indicate full model region and near-fault
regions (<20 km from main SAF or SJF trace) respectively. Inset figure is zoom of f > 0.98 region.

scope of this study, but two end member cases can be assessed. If
the variations in total stress magnitude are large compared to its
mean, then the spatially varying !σmin in Fig. 3(a) would be appro-
priate to adopt as a minimum estimate. If, on the other hand, the
variations in stress magnitude are small compared to its mean, such
that total stress magnitude is approximately homogeneous, then that
magnitude must be large enough to support even the most rugged
topography. In this case, the best first order estimate of !σ across
the region would be the maximum observed 62 MPa. We consider
both possibilities in the discussion that follows.

4 D I S C U S S I O N

Though direct observations of in situ stress are rare, estimates of
the magnitude of stress release throughout the earthquake cycle, in
particular the coseismic stress drop, are more common. Observa-
tions of earthquake stress drop vary widely (∼0.05–30 MPa) but
generally have a median value of ∼4–10 MPa (e.g. Brace & Byerlee
1966; Beeler et al. 2001; Hardebeck & Hauksson 2001; Kanamori &
Brodsky 2004; Allmann & Shearer 2007, 2009; Hauksson 2014).
The stress drop, however, can only be related to the in situ stress
field if additional assumptions are made, such as assuming complete
stress release. Following the shallow 1992 M7.3 Landers earth-
quake, the in situ stress field was observed to rotate with post-
seismic relaxation. This allowed Hardebeck & Hauksson (2001)
to constrain the ratio of stress drop to deviatoric stress magnitude
(measured as (σ1 − σ3)/2) to be ∼0.6 (range of 0.25–1.0). Based
on their estimate of stress drop on the various subsegments of the
Landers rupture, these ratios correspond to a deviatoric stress mag-
nitude of ∼10 MPa (range of 3.8–32 MPa). This corresponds to a
differential stress magnitude (measured in this study as σ1 − σ3) of
∼20 MPa (range of 7.2–64 MPa) over the length scale of the rupture.
This is consistent with the ∼20–30 MPa minimum in situ differ-
ential stress estimated for the Landers area in this study (Fig. 3a),
but the upper range is also consistent with the homogeneous !σ

estimate over the entire region of 62 MPa. These observations are

thus unable to discriminate between the homogeneous and hetero-
geneous !σ estimates described above, and further observation will
be required to constrain the degree of lateral heterogeneity in in situ
stress magnitude.

Conversely, in situ stress magnitude is expected to vary with
depth, following the yield strength envelope of crustal material
(e.g. Brace & Kohlstedt 1980). Because our estimate for !σmin

is based on a stress orientation field derived from earthquake focal
mechanisms, it necessarily represents the stress field at seismogenic
depth in a regime of brittle failure. The brittle failure stress,

!σbrittle = 2µ f
(
µ f

2 + 1
)1/2

(1 − λ) ρgz, (7)

depends on both the coefficient of friction of a fault (µ f ) and the
ratio of pore pressure to lithostatic pressure (λ) (e.g. Zoback &
Townend 2001). Fig. 4 demonstrates this dependence along with
estimates of differential stress magnitude at depth in southern Cal-
ifornia from both this study and complimentary methods. Though
the stress field from topography calculated in this study is depth
dependent, the inverted stress field from focal mechanisms Q′

0 is
depth independent. As such, these results are best interpreted as
representing the median seismogenic zone (Hauksson et al. 2012),
indicated in Fig. 4(a). The estimated minimum differential stress
magnitudes for both the Landers area and the maximum minimum
differential stress required over the entire model region are shown.

Fig. 4 also includes differential stress estimates from separate
studies. Scientific drilling in Cajon Pass observed 37 ± 8 MPa
differential stress at 2.6 km depth (Zoback & Healy 1992), while
measurements made in the SAFOD borehole at Parkfield indi-
cate 64 ± 23 MPa at 1.6 km depth (Hickman & Zoback 2004).
Fialko et al. (2005) related variations in the orientation of the
main SAF fault plane through the transverse ranges to the mean
excess topography of the region, and concluded the upper crust
must support an average differential stress of 40–60 MPa. This is
slightly lower than the maximum estimate of this study, based on
the most rugged topography, but this is expected as their esti-
mate is based on a mean topography of ∼1.5 km, and does not
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Yang and 
Hauksson 
(2013)

Luttrell and 
Smith-Konter 
(2017)

Yang and 
Hauksson 
(2013)

• These constraints still allow a wide range of stress levels.
• The right stress state should produce a relatively low stress drop (Goebel et al., 2016).

• I have tested a few cases, but here, I am mostly showing results with sNS = 60 MPa, 
sEW = 35.5 MPa, sv = 40 MPa



Within the same regional stress field, the steeper 
geometry produces a larger earthquake.

• The steeper geometry cuts deeper into areas of higher stress.
• The ramp breaks directivity.

M7.5
Average Ds = 5.2 MPa

M7.7
Average Ds = 14.5 MPa



The steeper geometry causes stronger ground motion.

• Largely due to 
the same 
factors as the 
magnitude/slip 
difference.

• Cluster of 
precarious 
rocks 
experiences 
similar PGV in 
both cases.

Peak Horizontal Particle Velocity

Peak Horizontal Particle Velocity

Peak Vertical Particle Velocity

Peak Vertical Particle Velocity



The steeper geometry causes larger displacement.

• Both have largest displacement offshore.
• Steeper geometry has more displacement at Pitas Point.
• Lower-angle geometry has more displacement under on-shore mountains.



Initial stress state will affect some of these 
differences.
• I could run a steeper dip model with lower stress drop.

• The slip would also be lower.
• The ground motion and displacement patterns would not change 

qualitatively.

• I could run a lower-angle model with higher displacement.
• The stress drop would go up.
• The ground motion and displacement patterns would not change 

qualitatively.



Not so much conclusions as thoughts…
• I should probably have more than one fault in this model.

• Certainly at least the different parameterizations of the Padre Juan.
• May need a multi-fault event to explain Pitas Point uplift.

• I need to keep looking for the right stress state.
• The CSM would be a good next place to look.

• Finding more PBRs would be more helpful!

• The lower-angle (CSM preferred) geometry does fit topography 
better so far.


