
Cordilleran GSA, Spring 2021

The Peculiar Case of 
Deep Sierran 
Earthquakes

Craig H. Jones, Jamie Ryan, Andy Frassetto, Jeffrey R. Unruh, 
and Hersh Gilbert

P.S.: June 2022, Thompson Field Forum in the Sierra 
addressing age of uplift 
(Leaders: Cassel, Henry, Jones, Wakabayashi)



++
−−

100 km
100 mi 41.245°N : 128.804°W

Lea3et | Esri, HERE, Garmin, Intermap, increment P Corp., GEBCO, USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI, Esri China (Hong Kong), swisstopo, © OpenStreetMap contributors, and the GIS User Co…

����

USGS Earthquakes, 1990-present, M≥4

Usually when we worry about EQs in CA, we look at these places…and assume Sierra rigid.



++
−−

100 km
100 mi 41.245°N : 128.804°W

Lea3et | Esri, HERE, Garmin, Intermap, increment P Corp., GEBCO, USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI, Esri China (Hong Kong), swisstopo, © OpenStreetMap contributors, and the GIS User Co…

����

USGS Earthquakes, 
1990-present, M≥4

ANSS Earthquakes, 
2000-2018 M≥2, 

depth ≥ 25 km

..but at a more detailed level, there are a lot of deep EQs in Sierra.



ANSS Earthquakes, 
2000-2018 M≥2, 

depth ≥ 25 km

OK, so there are deep earthquakes…so what? Not any obvious connection to surface geology (unless you think Melones FZ continues deep in subsurface to SE). Recall 
lots of EQs to east and west. Not so many deep ones there…



ANSS Earthquakes, 
2000-2018 M≥2, 

depth ≥ 25 km

DEATH
VALLEY
N.P.

Mean depth, ANSS catalog 2000-2018, within 0.5° moving window

Earthquakes shown ≥25 km depth

Not only are there deep EQs in the foothills, but few if any shallow ones, so the average is pretty deep.
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Earthquakes shown ≥25 km depth

This has been observed for awhile, but this area is at the edge of the permanent networks where location quality could be substandard.  How well established is this?
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We’ve seen this pattern from 1970s to present. Wong and Savage had a local network for Woodward Clyde and quakes were below 10 km. Some of that data used in 
later Miller and Mooney work, which suggested some shallow seismicity but includes a broader region.



Ryan et al.,

Geosphere,


2020

But otherwise most seismometers far away until SNEP deployment in 2005. First year of SNEP allowed examination of earthquakes in Sierra foothills. Network locations 
shown here…



Ryan et al.,

Geosphere,


2020

But locations with the SNEP array moved shallow events in the west to greater depth (similar to Wong work)
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Absence of deep quakes in the foothills seems pretty strong—stations right above quakes.
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Three Questions:


1. How special is this?


2. How might this work?


3. What might this mean for regional tectonics?

Poses three questions…



Walker Lane [Faulds et al., 2005], in particular the recently identified Polaris fault zone extending north from
near Truckee, California [Hunter et al., 2011]. This transition coincides with a northward decrease in the
elevation of the Sierran range front associated with diminished normal faulting in the northern Walker
Lane. Northward, deformation is progressively influenced by interaction with the Cascadia domain
[Humphreys and Coblentz, 2007]. Uplift and the development of the eastern Sierran escarpment are
addressed in several models. These include mantle drip dynamics and delamination of a dense crustal root
resulting in buoyancy forces driving uplift [Ducea and Saleeby, 1998; Manley et al., 2000; Jones et al., 2004]
and flexural uplift resulting from extensional unloading of the footwall [Thompson and Parsons, 2009].

At ~12–8Ma, relative Pacific-North America (PNA) plate motion changed direction, and by ~8Ma had rotated
clockwise from N60°W to the more modern N37°W orientation [Atwater and Stock, 1988] establishing the
modern plate boundary system. This change in plate motion coincided with initiation of modern Walker
Lane extensional tectonics in what has been interpreted as rift driven volcanism near Bridgeport, California
[Putrika and Busby, 2007]. Extensional processes have more recently been recognized north of the
Bridgeport area and interpreted as coinciding with northward evolution of the MTJ [Busby, 2013]. Coeval
regional right-lateral shear and extension driven normal faulting have characterized the development of
the Walker Lane [Faulds and Henry, 2008; Wesnousky et al., 2012].

2. Sierra Valley and North Lake Tahoe Deep Sequences

The Lake Tahoe (LT) sequence (depth ~23–28 km; 1600 located events; largestML 2.2; b value 2.0) [Smith et al.,
2004] has been followedby a very similar swarmof deep earthquakes ~50 km to thenorthwest under southern
SierraValley (SV) near Sierraville, California (depth~28.5–33 km; 2235 locatedevents; largestML1.9;bvalue1.8).
For both sequences, magnitudes were determined by scaling amplitudes fromML> 1.0 network determined
magnitudes to amplitudes of the small deep events; only the six closest stations are used in establishing

Figure 1. Locations of the two dike fluid injection swarms at Lake Tahoe and Sierra Valley, the 2011 midcrustal depthM 4.7
earthquake and the deep (~30 km) 29 September 2011 event. Geographic map of the Sierra Nevada and Western Great
Basin region, with the locations of the California-Nevada border and Lake Tahoe noted. Labeled are short period and
broadband seismic stations; broadband stations near Sierraville were installed for the SV sequence.

Geophysical Research Letters 10.1002/2016GL070283

SMITH ET AL. EVIDENCE OF CONTINENTAL RIFTING 10,739

Smith et al., GRL 2016

Deep Earthquakes, Northern Sierra

Hearing “deep earthquakes in Sierra” you might think of 2003 swarm under North Lake Tahoe.
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Deep Earthquakes, Northern Sierra
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But while those quakes are present, there is lots of upper crustal seismicity.  Also note that there are fairly young surface volcanics present which don’t exist in the Sierra 
foothills.
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FIG. 2. Deep intraplate earthquakes in five regions of the western United States and their relation 
to crustal and upper mantle structure. Velocity models (in km/sec) from the following sources: Paradox 
Basin (Roller, 1965); Randolph (Keller et al., 1975); Crownpoint (Jaksha and Evans, 1984); Laramie 
Mountains (Prodehl and Pakiser, 1980); and Ventura Basi~ (Hadley and Kanamori, 1977). 
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Fro. 3. Earthquake distribution for the central Sierran foothills of California (from Wong and Savage, 
1983). Crustal structure with velocities in km/sec based on Bateman and Eaton (1967). 

of such relatively small size, both were felt extensively throughout the Four Corners 
region possibly due to their unusual focal depths. One aftershock was also located 
at a depth of 32 km. 

(4) Aftershocks of the 18 October 1984 ML 5.5 Laramie Mountains, Wyoming, 
earthquake monitored by a temporary network of 23 stations were located at depths 

Wong and Chapman, BSSA 1990

Other Deep Crustal Earthquakes, Western U.S.

Mantle Poorly 
instrumented

Poorly 
instrumented

Whole crustal 
seismicity

Other places in WUS with deep EQs. Most of these either have upper crustal quakes or are too poorly monitored to know. So while deep EQs aren’t that unusual, an 
absence of shallow EQs is.
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of such relatively small size, both were felt extensively throughout the Four Corners 
region possibly due to their unusual focal depths. One aftershock was also located 
at a depth of 32 km. 

(4) Aftershocks of the 18 October 1984 ML 5.5 Laramie Mountains, Wyoming, 
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Ventura also has tons of shallow quakes.
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Other Deep Crustal Earthquakes, Global
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So how does this compare globally? Thesis by Stephanie Devlin sought out deep crustal earthquakes…



Deep Crustal Seismicity Lacking Upper Crustal Quakes: Global
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Figure 3.2: Earthquake depth histograms for tectonically active continental areas that 

exhibit a seismic lower crust. Dashed red line indicates approximate Moho depth. See 

Appendix B for earthquake depth and Moho references.

168 

Figure 3.2: Earthquake depth histograms for tectonically active continental areas that 

exhibit a seismic lower crust. Dashed red line indicates approximate Moho depth. See 

Appendix B for earthquake depth and Moho references.

Stephanie Devlin, PhD thesis, 2008

..of those places, only two looked like they might have deep but very little shallow quakes.
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Figure 3.2: Earthquake depth histograms for tectonically active continental areas that 

exhibit a seismic lower crust. Dashed red line indicates approximate Moho depth. See 

Appendix B for earthquake depth and Moho references.

Molnar and Lyon-Caen, 1989], and the Zagros [e.g., Maggi
et al., 2000].
[63] However, earthquakes do occur in the supposedly

aseismic lower crust. This study (Figure 23) confirms earlier
work [e.g., Chinn and Isacks, 1983; Suárez et al., 1983;
Dorbath et al., 1986; Smalley and Isacks, 1990; Regnier
et al., 1992; Smalley et al., 1993; Assumpção and Araujo,
1993; Alvarado et al., 2005] that earthquakes in the flat
slab regions of Argentina and Peru extend to the bottom of
the crust – about 50 km in Argentina [e.g., Calkins et al.,
2006; McGlashan et al., 2008] and 40 km in Peru [James
and Snoke, 1994]. In fact, Devlin [2008] reviews that deep
crustal earthquakes are not restricted to any one type of tec-
tonically active setting. Lower crustal earthquakes beneath
continents are well-documented to occur in areas experienc-
ing extension (e.g., East African Rift System [e.g., Craig
et al., 2011], central Chile [Leyton et al., 2009], North
Island New Zealand [e.g., Reyners et al., 2007], Baikal Rift
System [e.g., Sloan et al., 2011], Upper Rhine Graben
Region [Bonjer et al., 1984]), compression (e.g., Tien Shan
[e.g., Sloan et al., 2011], Alpine Foreland [Deichmann et al.,
2000], Western Pyrenees [Ruiz et al., 2006], Andean Fore-
land [this work]), and one transtensional region (Dead Sea
Fault System) [e.g., Aldersons et al., 2003]. Additionally,
deep crustal earthquakes are documented to occur in seis-
mically active, stable cratonic areas (e.g., Bhuj and Jabalpur

in India [Rao and Rao, 2006], St. Lawrence River region
near the U.S.–Canadian border [Ma and Atkinson, 2006], and
Aswan, Egypt [Awad et al., 2005]).
[64] The global compilation of Devlin [2008] shows that

areas with lower crustal earthquakes differ from areas with
aseismic lower crusts in at least two ways. The regions with
aseismic lower crusts have experienced recent (Last 30 Ma)
tectonic shortening or extension (>30% in the last 30Ma) and
have thermal lithosphere that is less than 80 km thick [Devlin,
2008]. For example, the amount of shortening in the regions
of Peru and Argentina with lower crustal earthquakes is less
than 10% [e.g., Jordan and Allmendinger, 1986; Kley et al.,
1999; Ramos et al., 2002]. The thermal lithosphere in the flat
slab regions of Peru and Argentina is not well constrained
(although attenuation has been used to constrain the depth to
100 km in Argentina [Whitman et al., 1996]), but if it extends
down to the top of the subducting Nazca plate it could be
no more than 125 km thick.
[65] The criteria of a thick thermal lithosphere and little

recent deformation are necessary but not sufficient condi-
tions for generating lower crustal earthquakes (i.e., a source
of stress in the lower crust must exist). The fact that many
different tectonic areas have these lower crustal earthquakes
points to some common feature as opposed to special con-
ditions like the existence of flat slab subduction that could
be important for generating these earthquakes in Peru and
Argentina. The thick thermal lithosphere and lack of recent
deformation in the areas of lower crustal earthquakes both
imply colder conditions than the regions of the aseismic
lower crust. However, the lower crustal earthquakes are so
deep (!30–50 km), that the temperature should be >600°C,
and thus hotter than the upper limit of where continental
earthquakes were thought to occur (!350°C) [e.g., Sloan
et al., 2011; Craig et al., 2011]. For brittle earthquakes to
occur at this depth, some process must occur to keep the
lower crust seismogenic – either through maintenance of an
anhydrous lower crust by the thick thermal lithosphere [e.g.,
Sloan et al., 2011; Craig et al., 2011], or some mechanism in
the ductile regime to promote instability leading to seismo-
genesis like fluid embrittlement [e.g., Devlin, 2008].

5. Conclusions

[66] 1. The InSAR and teleseismic waveform determined
earthquake depths agree within error for the four subduction
zone earthquakes and the two crustal earthquakes (once the
source time function was made long enough for the 1998
Bolivia earthquake) as found in Tibet by Elliott et al. [2010].
On the other hand, all depths determined from InSAR anal-
ysis are significantly different (>10 km) from the Global
CMT derived depths, and between 5 and 50 km different than

Figure 22. Detailed cross-sectional view of the seismicity and proposed structures beneath Sierra de Pie de Palo. Length
scale on the top is the same as in Figure 21 and illustrates the subset of topographic data from that figure that was used to
create these profiles. The events outlined in red, yellow, and blue are the three largest historic earthquakes to occur in this
region. Their outline colors correspond to the red, yellow, and blue descriptions in the figure. (top) Profile shows earthquake
focal mechanisms projected into a depth profile with limited structural interpretation. (middle) The Ramos et al. [2002] profile
shows the earthquakes and how they relate relative to the structural interpretation of Ramos and Vujovich [2000] and Ramos
et al. [2002]. (bottom) The Siame et al. [2005] profile shows how the earthquakes relate to the proposed structures of Siame
et al. [2005]. Moho geometry was derived from Calkins et al. [2006] andMcGlashan et al. [2008]. See Figure 11 caption for
focal mechanism information.

Figure 23. Earthquake depth histograms for the continental
seismicity in the flat slab regions of (top) Peru and (bottom)
Argentina that show lower crustal seismicity (Table 1). The
red lines show the depth of the Moho beneath the regions in
Peru [James and Snoke, 1994] and Argentina [e.g., Calkins
et al., 2006; McGlashan et al., 2008].

DEVLIN ET AL.: CRUSTAL EARTHQUAKES OF THE CENTRAL ANDES TC2002TC2002

29 of 33

Devlin et al., Tectonics, 2012

The other one of those, the Peruvian foreland, dropped out when later work by Devlin et al. revealed plenty of shallow quakes.
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Three Questions:


1. How special is this?-Seems pretty special


2. How might this work?


3. What might this mean for regional tectonics?

So this does seem quite unusual.
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Fig. 4. Limiting values of total horizontal stress as a function of 
depth, based on Byerlee's law with hydrostatic pore pressure (BY- 
HYD) and the quartz (QTZ) and olivine (OL) flow laws adjusted to a 
strain rate of 10 -[5 s -[. The temperature profile T(øK) -- 350 + 
15z(km). 

vertical stress in Figure 5. The influence of pore pressure other 
than hydrostatic is shown by the dashed lines with different Jk 
values; ;• is the ratio of the pore pressure to the total vertical 
stress. 

DISCUSSION 

Figure 5 illustrates graphically the limits within which lith- 
ospheric stress must lie on the basis of the assumptions (1) that 
rocks are fractured and that friction on fractures controls the 
stress at shallow depths, (2) that the creep properties of quartz 
or olivine control the stress below about 15 or 25 km, respec- 
tively, and (3) that the effective stress principle operates for 
friction but not for creep. These limits should be refined when 
feldspar rheology becomes better understood. For the mo- 
ment, several implications are worth noting. 

1. For a temperature gradient of 15øK/km a region of 
high strength exists between the surface and about 25 km for a 
quartz rheology and between the surface and about 50 km 
depth for an olivine rheology. The lower depth is temperature 
dependent. These depths are decreased to 10 and 20 km, re- 
spectively, if the temperature gradient is increased to 30øK/ 
km. The variation with temperature gradient of the depth be- 
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Fig. 5. Difference between maximum or minimum horizontal 
stress and the vertical stress as a function of depth. Values of h give 
pore pressure level. See also Figure 4. 
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Fig. 6. Depth below which strength is less than 100 MPa as a func- 
tion of temperature gradient. 

low which the strength is less than 100 MPa is shown in Fig- 
ure 6. 

2. The lithosphere has close to zero strength at the surface 
and at depths below about 25 km (quartz rheology) or 50 km 
(olivine rheology). This combined frictional plus ductile be- 
havior is important in any discussion of bending in a lithos- 
pheric slab [Goetze and Evans, 1979]. 

3. If rocks are dry (Jk -- 0), then according to Figure 5 the 
maximum strength is 300 MPa or 850 MPa for quartz depend- 
ing on whether horizontal extension or compression was oc- 
curring, and 700 MPa or 1500 MPa for olivine. If the pore 
pressure is hydrostatic (Jk - 0.42), these values for maximum 
strength decrease to 200 MPa or 600 MPa for quartz and 450 
MPa or 1100 MPa for olivine. 

4. The level of pore pressure (as shown by the value of Jk) 
has great influence on crustal stress levels. For example, the 
stress drops from its maximum possible value when the rocks 
are dry (Jk - 0) to zero when the pore pressure is equal to the 
lithostatic pressure (Jk = 1), that is, when the total stress is hy- 
drostatic and equal to the vertical stress. 

What is known about pore pressure level at depth? Unfor- 
tunately, almost nothing, so that this parameter is almost to- 
tally unconstrained at this time. One new inference may be 
drawn from a reeent analysis of crustal permeability [Brace, 
1980]. CrystallineSrocks to about 8 km appear to have a per- 
meability comparable to that of sandstone. Bredehoefi and 
Hanshaw [1968] found that pore pressure under these circum- 
stances could not be much different than hydrostatic, for times 
relevant to most geologic phenomena. The same conclusion 
applies here for crystalline rocks which outcrop at the surface. 
They concluded that high pore pressure required a thick argil- 
laceous section to act as an impermeable blanket. This con- 
clusion may be generally true not only for sedimentary but 
also for crystalline rocks. 
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Fig. 1. Sketches of the lithosphere in the three modes of continental extension, emphasizing the regions undergoing the 
greatest amount of extensional strain. Lithosphere connotes areas with effective viscosities of > 1021 Pa s. Hatchured 
lines show the base of the lithosphere. The plots to the right show particular initial model geotherrns, yield strengths (for a 
strain rate of 8 x 10 '15 s -1) and effective viscosities (as defined in the text for dry quartz crust overlying a dry olivine 
mantle) corresponding to each mode. From top to bottom the crustal thicknesses are 50 kin, 40 km and 30 km. Qs is the 
initial surface heat flow. 

thinning of the thermal lithosphere. At low strain rates, 
conduction of heat prevents significant weakening due to 
mechanical thinning of the lithosphere. Strain rates required 
for this mechanism depend on the initial thermal state [Sonder 
and England, 1989]. In the gravitational collapse mechanism, 
gravitational stresses produced by crustal thinning resist 
further extension more strongly than lithospheric thinning 
promotes it. This is thought to occur where thick crust and 
high heat flow make the lithosphere very weak. Such regions 

spread under their own weight in much the same way that 
cheese spreads over toast when heated in an oven. This 
mechanism has been invoked to explain the flatness of 
topography across Tibet [Molnar and Chen, 1983] and the 
small gradients in crustal thickness across the Basin and Range 
[Sonder et al., 1987; Hamilton, 1987]. 

The model developed in this paper includes calculation of 
the changes in the strength of the lithosphere and in 
gravitational stresses due to extension as in previous studies. 

Hot lithosphere

Just 
shallow 
crustal 
quakes

Brittle failure

Normally we think of the lithosphere as behaving brittlely at shallower depths and ductilely at greater depths, with the brittle-ductile boundary reflecting an isotherm 
within a given petrology. SO if things are hot, just upper crust suffering brittle failure.
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Fig. 4. Limiting values of total horizontal stress as a function of 
depth, based on Byerlee's law with hydrostatic pore pressure (BY- 
HYD) and the quartz (QTZ) and olivine (OL) flow laws adjusted to a 
strain rate of 10 -[5 s -[. The temperature profile T(øK) -- 350 + 
15z(km). 

vertical stress in Figure 5. The influence of pore pressure other 
than hydrostatic is shown by the dashed lines with different Jk 
values; ;• is the ratio of the pore pressure to the total vertical 
stress. 

DISCUSSION 

Figure 5 illustrates graphically the limits within which lith- 
ospheric stress must lie on the basis of the assumptions (1) that 
rocks are fractured and that friction on fractures controls the 
stress at shallow depths, (2) that the creep properties of quartz 
or olivine control the stress below about 15 or 25 km, respec- 
tively, and (3) that the effective stress principle operates for 
friction but not for creep. These limits should be refined when 
feldspar rheology becomes better understood. For the mo- 
ment, several implications are worth noting. 

1. For a temperature gradient of 15øK/km a region of 
high strength exists between the surface and about 25 km for a 
quartz rheology and between the surface and about 50 km 
depth for an olivine rheology. The lower depth is temperature 
dependent. These depths are decreased to 10 and 20 km, re- 
spectively, if the temperature gradient is increased to 30øK/ 
km. The variation with temperature gradient of the depth be- 

t•"H - O'V( MPa ) 
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Fig. 5. Difference between maximum or minimum horizontal 
stress and the vertical stress as a function of depth. Values of h give 
pore pressure level. See also Figure 4. 
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Fig. 6. Depth below which strength is less than 100 MPa as a func- 
tion of temperature gradient. 

low which the strength is less than 100 MPa is shown in Fig- 
ure 6. 

2. The lithosphere has close to zero strength at the surface 
and at depths below about 25 km (quartz rheology) or 50 km 
(olivine rheology). This combined frictional plus ductile be- 
havior is important in any discussion of bending in a lithos- 
pheric slab [Goetze and Evans, 1979]. 

3. If rocks are dry (Jk -- 0), then according to Figure 5 the 
maximum strength is 300 MPa or 850 MPa for quartz depend- 
ing on whether horizontal extension or compression was oc- 
curring, and 700 MPa or 1500 MPa for olivine. If the pore 
pressure is hydrostatic (Jk - 0.42), these values for maximum 
strength decrease to 200 MPa or 600 MPa for quartz and 450 
MPa or 1100 MPa for olivine. 

4. The level of pore pressure (as shown by the value of Jk) 
has great influence on crustal stress levels. For example, the 
stress drops from its maximum possible value when the rocks 
are dry (Jk - 0) to zero when the pore pressure is equal to the 
lithostatic pressure (Jk = 1), that is, when the total stress is hy- 
drostatic and equal to the vertical stress. 

What is known about pore pressure level at depth? Unfor- 
tunately, almost nothing, so that this parameter is almost to- 
tally unconstrained at this time. One new inference may be 
drawn from a reeent analysis of crustal permeability [Brace, 
1980]. CrystallineSrocks to about 8 km appear to have a per- 
meability comparable to that of sandstone. Bredehoefi and 
Hanshaw [1968] found that pore pressure under these circum- 
stances could not be much different than hydrostatic, for times 
relevant to most geologic phenomena. The same conclusion 
applies here for crystalline rocks which outcrop at the surface. 
They concluded that high pore pressure required a thick argil- 
laceous section to act as an impermeable blanket. This con- 
clusion may be generally true not only for sedimentary but 
also for crystalline rocks. 
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Fig. 1. Sketches of the lithosphere in the three modes of continental extension, emphasizing the regions undergoing the 
greatest amount of extensional strain. Lithosphere connotes areas with effective viscosities of > 1021 Pa s. Hatchured 
lines show the base of the lithosphere. The plots to the right show particular initial model geotherrns, yield strengths (for a 
strain rate of 8 x 10 '15 s -1) and effective viscosities (as defined in the text for dry quartz crust overlying a dry olivine 
mantle) corresponding to each mode. From top to bottom the crustal thicknesses are 50 kin, 40 km and 30 km. Qs is the 
initial surface heat flow. 

thinning of the thermal lithosphere. At low strain rates, 
conduction of heat prevents significant weakening due to 
mechanical thinning of the lithosphere. Strain rates required 
for this mechanism depend on the initial thermal state [Sonder 
and England, 1989]. In the gravitational collapse mechanism, 
gravitational stresses produced by crustal thinning resist 
further extension more strongly than lithospheric thinning 
promotes it. This is thought to occur where thick crust and 
high heat flow make the lithosphere very weak. Such regions 

spread under their own weight in much the same way that 
cheese spreads over toast when heated in an oven. This 
mechanism has been invoked to explain the flatness of 
topography across Tibet [Molnar and Chen, 1983] and the 
small gradients in crustal thickness across the Basin and Range 
[Sonder et al., 1987; Hamilton, 1987]. 

The model developed in this paper includes calculation of 
the changes in the strength of the lithosphere and in 
gravitational stresses due to extension as in previous studies. 
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Fig. 1. Sketches of the lithosphere in the three modes of continental extension, emphasizing the regions undergoing the 
greatest amount of extensional strain. Lithosphere connotes areas with effective viscosities of > 1021 Pa s. Hatchured 
lines show the base of the lithosphere. The plots to the right show particular initial model geotherrns, yield strengths (for a 
strain rate of 8 x 10 '15 s -1) and effective viscosities (as defined in the text for dry quartz crust overlying a dry olivine 
mantle) corresponding to each mode. From top to bottom the crustal thicknesses are 50 kin, 40 km and 30 km. Qs is the 
initial surface heat flow. 

thinning of the thermal lithosphere. At low strain rates, 
conduction of heat prevents significant weakening due to 
mechanical thinning of the lithosphere. Strain rates required 
for this mechanism depend on the initial thermal state [Sonder 
and England, 1989]. In the gravitational collapse mechanism, 
gravitational stresses produced by crustal thinning resist 
further extension more strongly than lithospheric thinning 
promotes it. This is thought to occur where thick crust and 
high heat flow make the lithosphere very weak. Such regions 

spread under their own weight in much the same way that 
cheese spreads over toast when heated in an oven. This 
mechanism has been invoked to explain the flatness of 
topography across Tibet [Molnar and Chen, 1983] and the 
small gradients in crustal thickness across the Basin and Range 
[Sonder et al., 1987; Hamilton, 1987]. 

The model developed in this paper includes calculation of 
the changes in the strength of the lithosphere and in 
gravitational stresses due to extension as in previous studies. 
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A lower geotherm might allow olivine based rheology in the mantle to fail with quakes, but the silica-rich lower crust should still fail ductilely. 
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Fig. 4. Limiting values of total horizontal stress as a function of 
depth, based on Byerlee's law with hydrostatic pore pressure (BY- 
HYD) and the quartz (QTZ) and olivine (OL) flow laws adjusted to a 
strain rate of 10 -[5 s -[. The temperature profile T(øK) -- 350 + 
15z(km). 

vertical stress in Figure 5. The influence of pore pressure other 
than hydrostatic is shown by the dashed lines with different Jk 
values; ;• is the ratio of the pore pressure to the total vertical 
stress. 

DISCUSSION 

Figure 5 illustrates graphically the limits within which lith- 
ospheric stress must lie on the basis of the assumptions (1) that 
rocks are fractured and that friction on fractures controls the 
stress at shallow depths, (2) that the creep properties of quartz 
or olivine control the stress below about 15 or 25 km, respec- 
tively, and (3) that the effective stress principle operates for 
friction but not for creep. These limits should be refined when 
feldspar rheology becomes better understood. For the mo- 
ment, several implications are worth noting. 

1. For a temperature gradient of 15øK/km a region of 
high strength exists between the surface and about 25 km for a 
quartz rheology and between the surface and about 50 km 
depth for an olivine rheology. The lower depth is temperature 
dependent. These depths are decreased to 10 and 20 km, re- 
spectively, if the temperature gradient is increased to 30øK/ 
km. The variation with temperature gradient of the depth be- 
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Fig. 5. Difference between maximum or minimum horizontal 
stress and the vertical stress as a function of depth. Values of h give 
pore pressure level. See also Figure 4. 
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Fig. 6. Depth below which strength is less than 100 MPa as a func- 
tion of temperature gradient. 

low which the strength is less than 100 MPa is shown in Fig- 
ure 6. 

2. The lithosphere has close to zero strength at the surface 
and at depths below about 25 km (quartz rheology) or 50 km 
(olivine rheology). This combined frictional plus ductile be- 
havior is important in any discussion of bending in a lithos- 
pheric slab [Goetze and Evans, 1979]. 

3. If rocks are dry (Jk -- 0), then according to Figure 5 the 
maximum strength is 300 MPa or 850 MPa for quartz depend- 
ing on whether horizontal extension or compression was oc- 
curring, and 700 MPa or 1500 MPa for olivine. If the pore 
pressure is hydrostatic (Jk - 0.42), these values for maximum 
strength decrease to 200 MPa or 600 MPa for quartz and 450 
MPa or 1100 MPa for olivine. 

4. The level of pore pressure (as shown by the value of Jk) 
has great influence on crustal stress levels. For example, the 
stress drops from its maximum possible value when the rocks 
are dry (Jk - 0) to zero when the pore pressure is equal to the 
lithostatic pressure (Jk = 1), that is, when the total stress is hy- 
drostatic and equal to the vertical stress. 

What is known about pore pressure level at depth? Unfor- 
tunately, almost nothing, so that this parameter is almost to- 
tally unconstrained at this time. One new inference may be 
drawn from a reeent analysis of crustal permeability [Brace, 
1980]. CrystallineSrocks to about 8 km appear to have a per- 
meability comparable to that of sandstone. Bredehoefi and 
Hanshaw [1968] found that pore pressure under these circum- 
stances could not be much different than hydrostatic, for times 
relevant to most geologic phenomena. The same conclusion 
applies here for crystalline rocks which outcrop at the surface. 
They concluded that high pore pressure required a thick argil- 
laceous section to act as an impermeable blanket. This con- 
clusion may be generally true not only for sedimentary but 
also for crystalline rocks. 
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Fig. 1. Sketches of the lithosphere in the three modes of continental extension, emphasizing the regions undergoing the 
greatest amount of extensional strain. Lithosphere connotes areas with effective viscosities of > 1021 Pa s. Hatchured 
lines show the base of the lithosphere. The plots to the right show particular initial model geotherrns, yield strengths (for a 
strain rate of 8 x 10 '15 s -1) and effective viscosities (as defined in the text for dry quartz crust overlying a dry olivine 
mantle) corresponding to each mode. From top to bottom the crustal thicknesses are 50 kin, 40 km and 30 km. Qs is the 
initial surface heat flow. 

thinning of the thermal lithosphere. At low strain rates, 
conduction of heat prevents significant weakening due to 
mechanical thinning of the lithosphere. Strain rates required 
for this mechanism depend on the initial thermal state [Sonder 
and England, 1989]. In the gravitational collapse mechanism, 
gravitational stresses produced by crustal thinning resist 
further extension more strongly than lithospheric thinning 
promotes it. This is thought to occur where thick crust and 
high heat flow make the lithosphere very weak. Such regions 

spread under their own weight in much the same way that 
cheese spreads over toast when heated in an oven. This 
mechanism has been invoked to explain the flatness of 
topography across Tibet [Molnar and Chen, 1983] and the 
small gradients in crustal thickness across the Basin and Range 
[Sonder et al., 1987; Hamilton, 1987]. 

The model developed in this paper includes calculation of 
the changes in the strength of the lithosphere and in 
gravitational stresses due to extension as in previous studies. 
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Fig. 1. Sketches of the lithosphere in the three modes of continental extension, emphasizing the regions undergoing the 
greatest amount of extensional strain. Lithosphere connotes areas with effective viscosities of > 1021 Pa s. Hatchured 
lines show the base of the lithosphere. The plots to the right show particular initial model geotherrns, yield strengths (for a 
strain rate of 8 x 10 '15 s -1) and effective viscosities (as defined in the text for dry quartz crust overlying a dry olivine 
mantle) corresponding to each mode. From top to bottom the crustal thicknesses are 50 kin, 40 km and 30 km. Qs is the 
initial surface heat flow. 

thinning of the thermal lithosphere. At low strain rates, 
conduction of heat prevents significant weakening due to 
mechanical thinning of the lithosphere. Strain rates required 
for this mechanism depend on the initial thermal state [Sonder 
and England, 1989]. In the gravitational collapse mechanism, 
gravitational stresses produced by crustal thinning resist 
further extension more strongly than lithospheric thinning 
promotes it. This is thought to occur where thick crust and 
high heat flow make the lithosphere very weak. Such regions 

spread under their own weight in much the same way that 
cheese spreads over toast when heated in an oven. This 
mechanism has been invoked to explain the flatness of 
topography across Tibet [Molnar and Chen, 1983] and the 
small gradients in crustal thickness across the Basin and Range 
[Sonder et al., 1987; Hamilton, 1987]. 

The model developed in this paper includes calculation of 
the changes in the strength of the lithosphere and in 
gravitational stresses due to extension as in previous studies. 
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Fig. 1. Sketches of the lithosphere in the three modes of continental extension, emphasizing the regions undergoing the 
greatest amount of extensional strain. Lithosphere connotes areas with effective viscosities of > 1021 Pa s. Hatchured 
lines show the base of the lithosphere. The plots to the right show particular initial model geotherrns, yield strengths (for a 
strain rate of 8 x 10 '15 s -1) and effective viscosities (as defined in the text for dry quartz crust overlying a dry olivine 
mantle) corresponding to each mode. From top to bottom the crustal thicknesses are 50 kin, 40 km and 30 km. Qs is the 
initial surface heat flow. 

thinning of the thermal lithosphere. At low strain rates, 
conduction of heat prevents significant weakening due to 
mechanical thinning of the lithosphere. Strain rates required 
for this mechanism depend on the initial thermal state [Sonder 
and England, 1989]. In the gravitational collapse mechanism, 
gravitational stresses produced by crustal thinning resist 
further extension more strongly than lithospheric thinning 
promotes it. This is thought to occur where thick crust and 
high heat flow make the lithosphere very weak. Such regions 

spread under their own weight in much the same way that 
cheese spreads over toast when heated in an oven. This 
mechanism has been invoked to explain the flatness of 
topography across Tibet [Molnar and Chen, 1983] and the 
small gradients in crustal thickness across the Basin and Range 
[Sonder et al., 1987; Hamilton, 1987]. 

The model developed in this paper includes calculation of 
the changes in the strength of the lithosphere and in 
gravitational stresses due to extension as in previous studies. 
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A really cold geotherm should result in seismicity throughout the crust—which would include the upper crust.
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Three Questions:


1. How special is this?-Seems pretty special


2. How might this work? - Not simple thermal effect


3. What might this mean for regional tectonics?

So this distribution of quakes is not easily reconciled with vertically uniform strain and a cold geotherm. What other possibilities are there?



Sierra Deep earthquakes, December 2019 p. D-3

Fig 2. Schematic cross sections of hypotheses for continental lithosphere with deep crustal seismicity but 
none at shallow depths (light tan) or in the mantle (purple). Starburst symbols represent earthquakes, 
wiggly lines indicate aseismic deformation. Upper left: continent is deforming by flow in the mantle, earth-
quakes in the lower crust, and upper crustal faults are locked and aseismic. Upper right: Lower crustal 
earthquakes are offset by a decollement from similar style of seismic deformation in the upper crust. Lower 
left: Upper crust is not deforming while the lower crust deforms below some discontinuity. Lower right: “Na-
cho” rheology where both the upper crust and upper mantle flow while the lower crust deforms seismically.

Uniform deformation connected by decollementLocked upper crust

Lower crust deformation isolated from upper crust Weak (flowing) upper crust

Upper
crust

Lower
crust

Mantle

Some possibilities. Note the top two possibilities would suggest that the stress field orientation would be uniform and presumably similar to surroundings.
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TABLE 4. FAULT PLANE SOLUTIONS FOR THE 52 QUALIFYING EVENTS (continued )

Origin time  
(UTC)

Latitude
(°N)

Longitude
(°W)

Depth
(km)

Strike Dip Rake P-axis T-axis B-axis # Err Grade No. of 
picks

Trend Plunge Trend Plunge Trend Plunge

Other events

2005/07/22, 08:35:53.9 37.278 119.384 33.5 184 30 −80 247 74 86 15 355 5 0 A 17
2005/09/05, 02:26:46.3 37.232 119.527 38.2 345 56 72 87 10 209 72 355 15 0 A 16
2005/09/25, 11:30:50.3 37.154 120.370 37.1 75 42 67 1 5 254 74 93 15 0 A 14
2005/09/26, 05:30:46.0 37.280 119.385 32.3 28 63 −62 341 61 97 14 194 25 0 A 30
2005/11/12, 19:39:30.3 37.282 119.384 32.1 38 44 22 351 19 242 44 98 40 0 A 40
2005/12/21, 17:23:21.1 37.009 119.650 29.0 304 86 50 66 30 180 36 308 40 0 A 11
2006/02/12, 16:27:19.8 37.421 119.366 33.4 254 27 20 215 31 82 48 321 25 0 A 16
2006/02/28, 16:20:42.6 37.208 119.455 47.4 129 56 72 231 10 353 72 139 15 0 A 15
2006/03/29, 14:21:04.3 37.275 119.579 13.1 278 40 26 231 20 116 48 336 35 0 A 12

Note: Units for faulting orientation are degrees clockwise from north (strike, trend) or from horizontal (dip, rake, plunge). Dip direction is clockwise from the strike azimuth. 
Rake is measured upward from strike azimuth within the fault plane and represents the motion of the upper side of the fault relative to the lower side. P- and T-axes defined 
in Figure 6 caption. The B-axis is perpendicular to the other two and is parallel to the intersection of the fault and auxiliary planes. # Err—number of polarity picks violated 
by the preferred solution. Grade is defined in the text. No. of picks— number of polarity observations for that event.

Figure 7. Eight example first-motion fo-
cal mechanisms on lower-hemisphere 
stereographic projections. Pink triangles 
are dilatational first motions; blue circles, 
compressional first motions. P and T char-
acters positioned at the P- and T-axes for 
acceptable solutions. See Figure 6 caption 
for P- and T-axes definitions. Heavy black 
fault planes are those listed in Table 4. Num-
bers above each plot are the date and time 
of the earthquake and its latitude, longitude, 
and depth.

Ryan et al.,

Geosphere,


2020

A sampler of focal mechanisms

A sampler of focal mechanisms. Note tendency towards thrust/reverse solutions.



so generally horizontal shortening and vertical extension with 
tendency toward steep reverse or flat faults
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downsampling the data. Due to their small magnitudes, many events simply 
lacked a sufficient number of picks to yield a well-constrained solution.

Once calculated in FOCMEC, the fault plane solutions were graded by 
the similarity of solutions to one another and number of polarity errors. For 
each event, we investigate combinations of orientation of the seismological 
P- and T-axes space with a granularity of 5° on the focal sphere, i.e., not to the 
extent where the type of solution may change. Events with a grade of A have 
only solutions within 5° of one another on the focal sphere and one or fewer 
polarity errors. Grade B have only solutions within 5° of one another on the 
focal sphere and two to three polarity errors, which are typically reduced by 
discarding or refining a questionable pick. Grade C mechanisms may have 
either solutions that differ by >5° on the focal sphere, more than three polarity 
errors, or both; grade C mechanisms are omitted from further analysis. This 
resulted in 52 accepted focal mechanisms (51 grade A, one grade B) from 95 
candidate events (Table 4); a subset of mechanisms spanning the range of 
polarity picks is shown in Figure 7.

These new focal mechanisms differ from the NCSN trends; for the SNEP, 
nearly half the events (47%) are characterized by reverse faulting versus 25% 
of NCSN mechanisms. Normal mechanisms account for only 12% and strike-
slip and oblique slip mechanisms for 22% (Fig. 6B). Null mechanisms account 
for only 20% of the total, slightly less than the baseline from the NCSN. We 
find 23 fault plane solutions from the Foothills cluster, 20 from the Yosemite 
cluster, and nine from outside those groups (Fig. 8). The geometries of the 
P- and T-axes determined for these fault plane solutions vary spatially and with 
depth across the region (Fig. 9). P- and T-axes in the Foothills cluster tend to 
group well, while the mechanisms in the Yosemite cluster are more chaotic. 
In the Foothills cluster, P-axes are usually nearly north-south for both NCSN 
and SNEP mechanisms, while T-axes are steep and largely fall in an east-west 
band. In the Yosemite cluster, NCSN mechanisms show no organization at all, 
but the SNEP mechanisms tend toward near-vertical T-axes with shallowly 
plunging P-axes.

 ■ DISCUSSION

Crustal Deformation within the SNEP Footprint

In a regional context, the Sierra Nevada and adjacent Great Valley repre-
sent a transition between northwest-southeast–oriented right-lateral shear and 
northeast-southwest–oriented shortening to the west, right-lateral shear and 
extension in the Walker Lane bordering the eastern Sierra Nevada, and east-
west–oriented extension farther east in the Basin and Range (e.g., Zoback and 
Zoback, 1980; Kreemer et al., 2012). The Sierra Nevada itself generally behaves 
as a near-rigid unit. However, localized analysis of the strain field using a 
reduced deformation rate tensor calculated from local seismicity (Unruh and 
Hauksson, 2009; Unruh et al., 2014) reveals finer-scale patterns of deformation 
within the Sierra Nevada. Strain in the southern Walker Lane belt appears to 
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B. SNEP Mechanisms

Figure 6. Fault plane solutions classified using P- and T-axis plunge for the Northern 
California Seismic Network (NCSN) (A) and the Sierra Nevada EarthScope Project 
(SNEP) (B). P- and T-axes follow usual seismological convention as the centers of 
the dilatational and compressional quadrants of a double-couple focal mechanism.

Ryan et al., Geosphere, 2020

Also the mechanisms are not trending towards strike-slip.



…so seems a bit at odds with regional stresses−120°00'
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Not the same as world stress map, which shows extension or strike-slip in foothill regions. And not N-S shortening.
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Fig 2. Schematic cross sections of hypotheses for continental lithosphere with deep crustal seismicity but 
none at shallow depths (light tan) or in the mantle (purple). Starburst symbols represent earthquakes, 
wiggly lines indicate aseismic deformation. Upper left: continent is deforming by flow in the mantle, earth-
quakes in the lower crust, and upper crustal faults are locked and aseismic. Upper right: Lower crustal 
earthquakes are offset by a decollement from similar style of seismic deformation in the upper crust. Lower 
left: Upper crust is not deforming while the lower crust deforms below some discontinuity. Lower right: “Na-
cho” rheology where both the upper crust and upper mantle flow while the lower crust deforms seismically.

Uniform deformation connected by decollementLocked upper crust

Lower crust deformation isolated from upper crust Weak (flowing) upper crust

Upper
crust

Lower
crust

Mantle

Not a great fit…

So the mechanisms aren’t terribly consistent with a locked upper crustal fault responding to regional stresses.



Ryan et al., Geosphere, 2020; 

receiver function image from 

Frassetto et al., 2011
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Is there a decollement?
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Figure 10: Receiver function profile with overlaid earthquakes from this study, modified from 
section K-K’ of Frassetto et al., 2011, and located in Figure 1. Stations and earthquakes within 
30 km on both sides of transect A´-A are included in profile. Prominent features are labeled.

SNEP earthquake hypocenter

No vertical exaggeration except topography

If there is a decollement, probably would be here. But no structure showing up in either structure or in seismicity.
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Fig 2. Schematic cross sections of hypotheses for continental lithosphere with deep crustal seismicity but 
none at shallow depths (light tan) or in the mantle (purple). Starburst symbols represent earthquakes, 
wiggly lines indicate aseismic deformation. Upper left: continent is deforming by flow in the mantle, earth-
quakes in the lower crust, and upper crustal faults are locked and aseismic. Upper right: Lower crustal 
earthquakes are offset by a decollement from similar style of seismic deformation in the upper crust. Lower 
left: Upper crust is not deforming while the lower crust deforms below some discontinuity. Lower right: “Na-
cho” rheology where both the upper crust and upper mantle flow while the lower crust deforms seismically.

Uniform deformation connected by decollementLocked upper crust

Lower crust deformation isolated from upper crust Weak (flowing) upper crust

Upper
crust

Lower
crust

Mantle

Not a great fit… Possibly, but not obvious

So top two not great. How about the bottom two?



Decoupling of lower and upper crust

will drag the crust above it toward sinking
regions and will draw the Moho down [e.g., Neil
and Houseman, 1999].

In a continuation of recent work [Molnar and
Houseman, 2013, 2015], I examine deformation of
the upper crust during growth of Rayleigh-
Taylor instability of the underlying mantle
lithosphere. Depending on the viscosity structure
of the crust and mantle lithosphere, the entire
crust might be pulled down or the thickening
lower crust might lead to a rise and divergence of
the overlying upper crust (Figure 1). The resulting
flow within the crust can include both
convergence at depth and divergence in the
upper crust, much like that shown by Buck and
Sokoutis [1994], Royden [1996], and Willett [1999]
for more localized convergence at the Moho.
For reasons discussed below, I do not imagine
that this process alone plays a prominent role in
normal faulting. Rather, in the background of
regional extension, as occurs, for example, in the
Basin and Range Province of the western USA and
in the Tibetan Plateau, the superimposition of

such a gravitational instability on regional extension might facilitate the localization of extension and the
growth of core complexes.

2. Basic Model

Following Neil and Houseman [1999] and Molnar and Houseman [2013, 2015], let us consider a three-layered
structure consisting of a low-density crust-like layer above a higher-density mantle-lithosphere-like layer that,
in turn, overlies a slightly less dense, inviscid asthenosphere-like layer. In addition, viscosity is allowed to
decrease exponentially with depth through the crust:

ηc zð Þ ¼ ηc0 exp γczð Þ (1)

where ηc0 is the viscosity at the Moho (z=0), γc≥ 0, and z increases upward. Molnar and Houseman [2015]
described how equations are solved, and they discussed growth rates of harmonic perturbations to the
thickness of the lithosphere, assuming that such growth occurs exponentially in time, and deflections of the
interfaces: the surface, the Moho, and the lithosphere-asthenosphere boundary (LAB). Although solutions for
growth rates pertain to both one-dimensional and two-dimensional perturbations to layer interfaces, I consider
only one-dimensional perturbations that result in two-dimensional, not three-dimensional, flow. My focus here
is on how deformation occurs within the crust.

Keeping results general requires the use of dimensionless quantities. Distances are nondimensionalized using
(x′, z′) = (x/h, z/h), where h is the thickness of the lithosphere, and times use t′= t/T, where T= ηm0/gh(ρm$ ρa), ηm0

is the viscosity of mantle lithosphere, g is gravity, ρm is the density of the mantle lithosphere, and ρa< ρm is
that of the asthenosphere. Although previous work [Molnar and Houseman, 2013; Neil and Houseman, 1999]
showed that results depend on the densities of crust, mantle lithosphere, and asthenosphere, for Earth-like values,
these dependences are minor compared with the plausible range of viscosities. Accordingly, I consider the same
values used earlier: the density of the crust is ρc=2.8×10

3kg/m3, that of the asthenosphere is ρa=3.3×10
3 kg/m3,

and the density difference between the mantle lithosphere and the asthenosphere is ρm$ ρa=30kg/m
3. The

dimensionless wave number, k′= kh, the viscosity ratio, η′=ηc0/ηm0, and the dimensionless scaling factor for
exponentially decreasing viscosity in the crust,γ′c ¼ γch, affect the crustal deformationmost strongly. Because core
complexes seem to form where the lithosphere is thin, I present results for a relatively large ratio of crustal to
lithospheric thickness, m′=m/h=0.5, where m is the crustal thickness.

Figure 1. Cartoon illustrating possible flow (arrows) in a crust
(brown) over mantle lithosphere (green). The flow in the mantle
lithosphere toward the center and then downward draws the
overlying crust also toward the center, where it thickens. The
rising flow in the upper crust, over the region of convergence, lifts
the surface to create high terrain, but concurrent divergent flow
occurs in the upper crust. If this occurred in the Earth, normal
faulting would occur over the high terrain, despite convergence
in the underlying lower crust.

Tectonics 10.1002/2014TC003808

MOLNAR ©2015. American Geophysical Union. All Rights Reserved. 479

Molnar, Tectonics, 2015

Could  unstable mantle lithosphere drive lower crustal convergence?

Molnar (2015) showed that for certain rheologies and mantle velocities that the lower crust could be entrained into a thickening area above a mantle downwelling while 
the upper crust might be in extension or neutrally deforming.
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Fig 2. Schematic cross sections of hypotheses for continental lithosphere with deep crustal seismicity but 
none at shallow depths (light tan) or in the mantle (purple). Starburst symbols represent earthquakes, 
wiggly lines indicate aseismic deformation. Upper left: continent is deforming by flow in the mantle, earth-
quakes in the lower crust, and upper crustal faults are locked and aseismic. Upper right: Lower crustal 
earthquakes are offset by a decollement from similar style of seismic deformation in the upper crust. Lower 
left: Upper crust is not deforming while the lower crust deforms below some discontinuity. Lower right: “Na-
cho” rheology where both the upper crust and upper mantle flow while the lower crust deforms seismically.
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Plausible if driven from below


Consistent with focal mechanisms


What is top detachment?

Physics of a “fluid” upper crust?


Would require reexamination of 
understanding of rheology in 
low-strain rate regions.

So maybe these quakes are caused by shortening in the lower crust over some mantle downwelling, but if so, then there should be a detachment above which we don’t 
directly image. The alternative is that there is some unusual rheology in the upper crust that does not fail seismically.



Three Questions:


1. How special is this?-Seems pretty special


2. How might this work? -Different rheology or above a drip?


3. What about regional tectonics?-possible foundering start? 
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SNEP earthquake depths, Foothills cluster
2005-6, Ryan et al., Geosphere, 2020

So this seems a worthy target of study. [Oral talk ended here]
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Potential issues:


-Quakes located with 1-D 
velocity structure; 
possibly biases depths?

[Not shown in talk]. All the previous seismicity was located in a 1-d model, but there are pretty profound variations in crustal velocities; would be good to redo this in 3-D.
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Mean depth, ANSS catalog 2000-2018, within 0.5° moving window

Potential issues:


-Quakes located with 1-D 
velocity structure; 
possibly biases depths?


-Lots of unexamined 
quakes to north and south


-As always, could change 
with time.

Earthquakes shown ≥25 km depth

…and the catalog seismicity suggests that even deeper quakes are to the north and southeast of the area where Ryan et al. focused.



Conclusions 

Sierra foothills has a persistently strange cluster 
of earthquakes limited to the lower crust.


This might be globally unique: does it reveal 
hitherto unrecognized rheologies?


Focal mechanisms suggest a possible horizontal 
shortening in the lower crust.


Is this the start of delamination or foundering?


More work could examine the broader extent of 
these events suggested from ANSS catalog.


