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I. Project Overview 

A. Abstract 
 
We have analyzed geodetic deformation and seismicity prior and after the 2019 
Ridgecrest earthquake sequence. We were able to extract the postseismic signal from 
other sources of deformation using an Independent Component Analysis. We were 
expecting to see a possibly prominent signal associated with the Coso area where the 
geothermal gradient is steep. Instead we were able to extract a clear regional signal  at the 
scale of Southern California a whole. We haven’t completed the analysis and modeling of 
this signal yet. The project has focused on analyzing the cause for the lack of aftershocks 
and geodetic deformation in the area of the Coso geothermal field. The seismicity and 
surface deformation observations show that the geothermal operation induced surface 
subsidence and a burst of seismic activity that decayed gradually over 10-20 years.  We 
were able to demonstrate, based on thermo-hydromechanical modeling, that this 
evolution resulted mostly from thermal contraction and was in fact mostly aseismic. It 
resulted in a shear stress reduction that explains the lack of aftershocks around Coso in 
2019. 
  
 
 

B. SCEC Annual Science highlight  
Stress and Deformation over time (SDOT) 
Tectonic Geodesy 
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C. Exemplary Figure 
 

	

	

Caption. Aftershocks (black dots), co-seismic slip (red shading) following the M7.1 2019 
Ridgecrest earthquake. Blue shading shows the zone impacted by thermal de-stressing beneath 
the Coso Geothermal Field. The study shows that thermal distressing has suppressed aftershocks 
in that area (figure produced by Kyungjae (KJ) Im and JP Avouac). 

 

	

D.  SCEC Science Priorities:  
Category: B (Integration and Theory) 

 
 P3.b, P3.e, and P5.e. 
  

E. Project Publications 
One article is accepted for publication at Nature: 
‘Ridgecrest Aftershocks at Coso Suppressed by Thermal Destressing’  By Im Kyungjae, 
Jean-Philippe Avouac, Elías R. Heimisson, and Derek Elsworth 
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II. Technical report 
 

The observation of postseismic deformation and seismicity after large earthquakes provides an 
opportunity to probe the rheology, state of stress and seismogenic properties of the lithosphere 
and upper asthenosphere.  The unprecedented geodetic coverage of the 2019 Ridgecrest 
earthquakes provides an opportunity to test whether rheological models developed for the 
Mojave, from the Landers, Hector Mine and El Major Cucapah earthquakes are applicable north 
of the Garlock fault, and to place bounds on the effects of local rheological heterogeneties 
associated with the Coso volcanic field. This volcanic field, which is located to the NW of the 
Mw7.1 rupture trace, is a region of high heat flow and geothermal activity.  The locally high 
temperatures in the Coso volcanic field are likely to be associated with low viscosities compared 
to the surrounding regions, and high pore pressures due to the hydrothermal activity.  The 
aftershock sequence associated with the Ridgecrest earthquakes shows a notable absence of large 
magnitude earthquakes in this region.  

 We used variational Bayesian independent component analysis (vbICA) (Gualandi et al., 2016, 
Gualandi et al., 2017) to separate  the postseismic deformation signal in the GPS time series  
from the other sources of signal, the seasonal loading due to the hydrosphere and cryosphere in 
particular. We were able to extract a clear signal. The dominant postseismic component obtained 
form the vbICA  is show in Figure 1.  Some aspect of the signal is clearly due to large scale 
viscoleatsic relaxation and can be use to constrain the viscoelastic layering of the lithosphere and 
viscosphere. To that effect we are carrying out dynamic simulation of postseismic relaxation 
using RELAX (Barbot et al., 2009, Barbot and Fialko, 2010). This work is still in progress.  The 
gdoetic signal show also zones of enhanced postseismic deformation at quite far distance form 
the earthquake sequence. The area of the long valley Caldera is an example that shows up clearly 
in figure 1. As similar signal is seen in the Geyser aera, and the Imperial valley area (Fig. 2). 
These signals indicate a locally amplified response to either the static of the dynamics stresses 
due to the Ridgecrest earthquakes. We are now working on imporving the extraction and 
characterization of these signals. 

 
Quite unexpectedly, the area of the Coso geothermal field, which is located only 10-15 km to the 
North-West of the Mw 7.1 rupture trace, doesn’t show any such signal.   The Mw 6.4 and 7.1 
2019 Ridgecrest earthquakes triggered an intense sequence of aftershocks (Ross et al., 2019), 
which extended well North of the Coso volcanic area (Fig. 3a). The seismicity coincides 
approximately with a northwest-trending lobe of Coulomb stress increase due to the Mw 7.1 
mainshock (Fig. 3). The lack of aftershocks within the geothermal field area, which lies within 
this lobe of increased Coulomb stress is particularly striking. The gap of aftershocks at the Coso 
is unexpected as geothermal and volcanic areas are prone to remote triggering (Hill et al., 1993) 
and geothermal operations can trigger intense seismicity (Deichmann and Giardini, 2009).  The 
paucity of aftershocks during the 2019 earthquake sequence is surprising as the Coso reservoir 
has been seismically active since the beginning of geothermal field development in 1981 (grey 
circles, Fig. 3a&c). We first demonstrated that this feature is real, and next, we used numerical 
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simulations to show that it resulted from de-stressing due to the geothermal operation. These 
results are described in a publication in press (Im et al., in press) and summarized in Fig. 3,4 and 
5. 

It is informative to consider the time evolution of seismicity within the Coso reservoir prior to 
2019. The overall picture is that seismicity ramped up significantly when geothermal power 
production started in 1987 to peak after ~10 years of production (Fig. 3d).  The seismicity in the 
reservoir area clearly migrated to a greater depth during the field operation, as would be expected 
from reservoir cooling (Fig. 2c). Thus, we hypothesized that thermal contraction had played a 
major role in explain the deformation and seismicity before and after the Ridgecrest earthquakes. 
To validate this hypothesis we modeled the geomechanical effect of the geothermal operation 
using the thermo-hydro-mechanical simulator Tough-FLAC (Taron et al., 2009). The 
simulations were designed based on public information on the geothermal field operation and 
previous studies. We considered a simplified setting consistent with the size of the developed 
area and constrained by reported flow rates and energy production. Our model consists of 50 
wells (25 injectors and 25 producers at depths of 1800m and 1300m) in a 4km × 4km × 3km 
reservoir, which is embedded within a 30km × 30km × 18km domain (Extended Data Fig 4).  
Our simulations show that thermal contraction  explains simultaneously the subsidence and the 
time evolution of seismicity (Fig. 4).  Thermal contraction results in a decrease of the 
compressive normal stresses, shifting the Mohr circles progressively toward the Mohr-Coulomb 
failure envelope (Fig. 5c). As a result, some reservoir areas fail, resulting in a gradual decrease in 
the differential stress. Failure limits the decrease of the minimum principal stress so that the 
Mohr circle shrinks in diameter, leading to a very significant decrease of shear stress in the 
reservoir (Fig. 5).  Our model predicts that the shear stress drops from an initial value of ~9MPa 
to ~ 2.9MPa after 30 years of operation (Fig. 3d). The shear stress drop explains the relative gap 
of large aftershocks (M > 2) detected by the regional-seismic network in the Coso area in 2019.  
The predicted stress evolution is also consistent with the seismicity evolution (Fig. 3d). While 
thermal contraction of the reservoir induced significant seismicity, it eventually contributed to 
depleting the stress available to drive the aftershocks during the Ridgecrest sequence. This 
destressing results from anelastic but mostly aseismic deformation.  Our study thus shows that 
seismic and aseismic anelastic deformation induced by the geothermal operations at the Coso 
probably significantly released the shear stress initially available to drive earthquakes. The 
thermal destressing of the Coso area reduced aftershock productivity. Such destressing could, in 
principle, form a barrier to the propagation of a large earthquake. However, the shallow brittle-
ductile transition beneath the broader Coso volcanic area seems a more likely cause of the arrest 
of the rupture in 2019, given that it stopped ~10 km away from the Geothermal field.  
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Figure 1. Time evolution (top) and spatial distribution (bottom) of the dominant component 
corresponding to postseismic deformation obtained from a vbICA decomposition of the GPS time series. 
Note the zone of enhanced signal in the Long Valley and Geysers areas. 

 

 

Figure 2. Time evolution (right) and spatial distribution (left) of the dominant component corresponding 
to postseismic deformation obtained from a vbICA decomposition of GPS time series from the Imperial 
Valley area only. A postseismic signal associated to the Ridgcrest earthquakes  is clearly visible in this 
component. 
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Figure 3. Ridgecrest aftershock and prior seismicity in the Coso area. a: Relocated seismicity10 (Mw>1) 
before (gray circles, from 2010 on) and after (blue circles, until the end of 2019) the 2019 Mw 7.1 
mainshock (see the yellow star for the location of the epicenter). The black line denotes the surface 
ruptures of the Mw 7.1 and 6.4 earthquakes of 2019. Inset: zoomed-in view of the Coso geothermal field. 
Solid lines represent strike-slip faults parallel to surface ruptures of Ridgecrest earthquakes (red) and 
normal (blue) faults, and triangles denote geothermal well locations (maps.conservation.ca.gov/doggr). 
The red symbol in the inset represents principal stress orientations and their relative magnitude (lines: 
horizontal, circle: vertical). b: Static Coulomb stress change due to the Mw 7.1 2019 earthquakes 
calculated for right-lateral fault parallel to main faults ruptured in these events (red fault in Fig.1 inset). 
We used source models(Chen et al., 2020) derived from remote sensing and high rate GPS data assuming 
a coefficient of friction 0.6. Dots denote Ridgecrest aftershocks. c: Depth distribution of earthquakes of 
section XX’ in panel a (all events in the orange box of Fig 1a) with coseismic slip distribution (red). d: 
Yearly rate of M>1 earthquakes (i.e., gray circles in a&c) of main field (black line; Extended Data Fig. 
1c+d+e) and entire the Coso area (main field + east flank, gray line) and with Coulomb stress change rate 
at the center of the reservoir simulated in this work (red; Fig. 3a). (see Extended Data Fig. 1,2,&3 for 
detailed seismicity history). 
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Figure 4. Production,	 power	 generation,	 and	 surface	 subsidence	 for	 our	 reference	 simulation.	 a:	
Reported	 injection	 and	 production	 flow	 rates	 from	 the	 Coso	 field	 (thin	 lines)	 with	 superimposed	
simulation	results	(bold	lines).	The	onset	of	production	is	set	to	1/1/1989	in	the	simulation.	b:	Predicted	
temperature	 change	 since	 the	 onset	 of	 production	 at	 all	 25	 producing	 wells.	 c:	 Time	 evolution	 of	
earthquakes	(M>1)	depth	within	the	Coso	field.	The	migration	toward	greater	depth	 is	consistent	with	
the	cooling	of	the	reservoir.	d:	Cumulative	LOS	displacement	over	the	Coso	area	recovered	from	InSAR	
measurements	between	May	1996	and	 June	1998	 (Fialko	 and	 Simons,	 2000).	e:	 Predicted	 cumulative	
LOS	 displacement	 after	 30	 years	 of	 production	 (Fialko	 and	 Simons,	 2000,	 Ali	 et	 al.,	 2018,	Wang	 and	
Burgmann,	2020).	The	arrow	shows	the	LOS	unit	vector	(0.38,	-0.09,	and	0.92)	surface	deformation	(see	
Extended	Data	Fig.	7	for	separate	x,	y,	z	components).	f:	Time	evolution	of	maximum	LOS	displacement	
(black	line)	and	observed	LOS	displacement	rates	(blue	solid	lines)	with	their	extrapolations	(blue	dashed	
lines).	
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Figure 5. Simulation	of	stress	changes	due	to	thermal	contraction,	pore	pressure	changes,	and	anelastic	
failure	of	 the	reservoir.	a:	Coulomb	stress	change	at	the	end	of	the	simulation	(year	30)	calculated	on	
faults	parallel	to	the	Mw	7.1	rupture	on	a	cross-section	through	the	reservoir	area	(see	inset).	b:	Shear	
stress	at	the	end	of	the	simulation	(year	30)	for	the	same	cross-section.	c:	Mohr	circle	representation	of	
the	evolution	of	stress	at	the	center	of	the	reservoir	during	the	simulation	(stresses	averaged	along	the	
yellow	line	 in	a&b).	The	Mohr	circles	don’t	touch	the	failure	envelope	because	failure	occurs	only	 in	a	
fraction	of	the	reservoir	volume,	close	to	the	injection	wellbore.	The	Gray	dashed	line	denotes	the	input	
failure	 criteria	 in	 this	 simulation.	d:	 Time	 series	 of	 shear	 stress	 change	 at	 the	 center	 of	 the	 reservoir	
(averaged	along	yellow	line	in	a&b). 
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