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4D	Stress	Evolution	of	the	San	Andreas	Fault	System:	Investigating	Stress	over	
Multiple	Earthquake	Cycles	
	
	
Abstract	
	
4D	 simulations	 of	 stress	 evolution	 provide	 rare	 insight	 into	 earthquake	 cycle	 stress	
variations	 at	 seismogenic	 depths	 where	 earthquake	 ruptures	 nucleate.	 Paleoseismic	
estimates	 of	 earthquake	 offset	 and	 chronology,	 spanning	multiple	 earthquake	 cycles,	 are	
available	 for	 many	 well-studied	 segments	 of	 the	 San	 Andreas	 Fault	 System	 (SAFS).	 We	
constructed	new	4D	earthquake	time-series	simulations	to	further	study	the	temporally	and	
spatially	varying	stress	conditions	of	the	SAFS	following	the	paleoseismic	record.	This	high-
resolution	 California	 statewide	 model	 spans	 the	 Cerro	 Prieto	 fault	 to	 the	 south	 and	 the	
Maacama	 fault	 to	 the	 north.	 Strain	 accumulation	 leading	 up	 to	 earthquakes,	 stress	 drop	
during,	and	viscoelastic	relaxation	processes	after	earthquakes	are	evaluated	as	a	function	of	
variable	 slip	 and	 locking	depths	 along	42	major	 fault	 segments.	 Paleoseismic	 earthquake	
rupture	histories	provide	a	slip	 chronology	dating	back	1000	years.	Using	 these	data	and	
running	 simulations	 of	 both	 present	 data	 and	 past	 earthquake	 stress	 accumulation	
sequences,	our	results	suggest	that	stress	accumulation	rates	are	most	significant	along	the	
Imperial	(2.3	MPa/100yrs)	and	Carrizo	(2.2	MPa/100yrs)	faults,	while	estimates	of	present-
day	earthquake	cycle	stress	accumulation	are	most	significant	along	the	Imperial	(3.6	MPa),	
Coachella	(4.7	MPa)	and	Carrizo	(4.6	MPa)	segments.	Models	reveal	stress	concentrations	at	
5	 to	10	km	depths	due	 to	 the	 interaction	of	neighboring	 fault	segments	and	at	branching	
junctions.	 Understanding	 these	 fault	 interactions	 at	 depth	 is	 our	 next	 step	 in	 an	 effort	 to	
improve	seismic	hazard	assessments	of	California.		
	
	
	
1	 Introduction	
	
The	San	Andreas	Fault	System	(SAFS)	is	a	northwest	trending	right-lateral	strike-slip	fault	
located	on	the	west	coast	of	the	United	States	(primarily	California)	and	forms	the	tectonic	
boundary	between	the	Pacific	Plate	and	the	North	American	Plate	(Fig.	1).	The	SAFS	connects	
the	spreading	centers	of	the	East	Pacific	Rise	to	the	south	and	the	Juan	de	Fuca	Ridge	and	
Mendocino	 Fracture	 Zone	 System	 to	 the	 north.	 This	 tectonically	 complex	 region	 has	
experienced	at	least	37	moderate	earthquakes	(Mw	>	6.0)	over	the	past	200	years	and	four	
major	earthquakes	(Mw	>	7.0)	from	1812	to	1906,	with	a	pair	of	overlapping	ruptures	in	1812	
and	 1857	 in	 the	 south-central	 portion	 of	 the	SAFS	 (Scharer	 et	 al.,	 2010).	 Recently,	major	
earthquake	activity	has	only	occurred	along	paralleling	segments	of	the	main	San	Andreas	
fault	 in	 the	 Eastern	 California	 Shear	 Zone	 (ECSZ)	 (i.e.,	Mw7.3	1992	 Landers,	Mw	 7.1	1999	
Hector	 Mine),	 while	 several	 sections	 of	 the	 SAFS,	 like	 the	 Coachella	 segment,	 have	 not	
ruptured	in	over	150	to	350	years.		
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Figure	 1.	 	 	 	 	 The	 San	
Andreas	 Fault	 System	
(SAFS)	 in	 California.	 The	
main	 San	 Andreas	 fault	
branch	 is	 highlighted	 in	
yellow,	 the	 Eastern	
California	 Shear	 Zone	
(ECSZ)	 is	 indicated	 in	
green	 and	model	 segment	
boundaries	 (42	 fault	
strands)	 are	 specified	 by	
dots.	 The	Cajon	 Pass	 near	
Los	Angeles,	as	well	as	the		
Carrizo,	Mojave,	 Coachella	
and	Imperial	segments	are	
indicated	on	the	map	(base	
map:	Google	Earth).	

H.F.	 Reid	 first	 established	 the	 earthquake	 cycle	 to	 explain	 the	 Great	 1906	 San	 Francisco	
earthquake	as	he	examined	survey	data	of	the	area	from	the	1880s	and	again	immediately	
after	the	earthquake,	revealing	the	surface	deformation	caused	by	an	earthquake	for	the	first	
time	(Reid,	1910).	Reid’s	observations	led	to	the	first	descriptions	of	the	earthquake-related	
motion	both	before	and	after	earthquakes,	or	the	earthquake	cycle.	The	earthquake	cycle	is	
split	 into	several	distinct	phases	based	on	these	observations	(Fig.	2).	Deep	plate	 tectonic	
motion,	 or	 slip,	 accommodated	 along	 fault	 systems	 like	 the	 SAFS,	 produces	 stress	
accumulation	 on	 the	 upper	 locked	 segments	 of	 a	 fault	 network,	 loading	 faults	 during	 the	
interseismic	period	to	failure	thresholds	(Fig.	3).	The	stresses	are	then	released	during	an	
earthquake	(coseismic	period),	which	can	last	only	a	few	seconds.	Viscoelastic	relaxation	is	
also	known	to	occur	after	earthquakes.	As	the	stresses	relax	during	this	postseismic	period,	
the	stress	accumulation	recovers	as	a	function	of	mantle	viscosity	and	thickness	of	the	elastic	
and	viscoelastic	crust	and	mantle	layers	(i.e.,	Hearn,	2003).	As	the	relaxing	layer	rebounds,	it	
returns	to	its	pre-earthquake	configuration.		
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Figure	2.				Earthquake	cycle	diagram	showing	the	displacement	of	mass	and	shear	stress	accumulation,	drop	
and	viscoelastic	relaxation	during	the	period	between	earthquakes	(interseismic),	during	(coseismic)	and	after	
an	earthquake	(postseismic).	Figure	modified	and	expanded	from	Jiang	and	Lapusta	(2017).	
	

	

	
Figure	 3.	 	 	 	 Earthquake	
cycle	 plot	 showing	 the	
stress	 accumulation	 and	
drop	 over	 time	 during	
inter-seismic,	 co-seismic	
and	post-seismic	stages.	 
	

	
While	 we	 understand	 the	 basic	 behavior	 of	 the	 earthquake	 cycle	 (Fig.	 2),	 patterns	 of	
earthquake	 occurrence	 remain	 somewhat	 enigmatic.	 The	 most	 fundamental	 model	 for	
characterizing	 earthquake	 occurrence	 assumes	 a	 constant	 stress	 accumulation	 rate	 on	 a	
shallow	locked	fault	due	to	deep	creeping	from	below,	which	eventually	fails	at	a	uniform	
threshold	stress	level,	resulting	in	an	earthquake	and	reducing	the	stress	on	the	fault	(Reid,	
1910).	While	this	model	provides	a	conceptual	framework	for	investigating	the	conditions	
that	lead	a	fault	to	failure,	there	is	little	evidence	that	faults	rupture	periodically	(Scharer	et	
al.,	2010)	or	at	a	uniform	threshold	(Murray	and	Segall,	2002).	Figure	3	demonstrates	this	
conundrum,	 where	 semi-uniform	 stress	 accumulation	 rates	 may	 give	 rise	 to	 aperiodic	
earthquake	(and	stress	drops)	over	time.		
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4D	(3D	+	time)	simulations	of	plate	boundary	stress	evolution	provide	us	with	a	rare	insight	
into	 earthquake	 cycle	 crustal	 stress	 variations	 at	 seismogenic	 depths	 where	 earthquake	
ruptures	nucleate.	As	these	stresses	are	released	through	seismic	events,	the	rate	of	stress	
accumulation	 and	 earthquake	 repetition	 over	 multiple	 earthquake	 cycles	 can	 be	 used	 to	
estimate	the	average	stress	drop	during	past	major	events	and	evaluate	the	historical	seismic	
potential	of	a	fault.	Herein	lies	the	primary	motivation	of	this	analysis:	to	explore	4D	fault	
stress	 accumulation	 and	 consider	 its	 relevancy	 to	 earthquake	 occurrence	 and	 the	 failure	
potential	 of	 faults.	 4D	 stress	 models	 may	 provide	 a	 lower	 bound	 on	 stress	 estimates	
throughout	the	historical	era	as	well	as	an	upper	bound	on	the	expected	recurrence	interval	
of	a	particular	fault	segment	
	
	
2	 Methods	
	
2.1	 4D	stress	evolution	model		
	
Various	 computational	models	 have	 been	 developed	 to	 compute	 deformation	 and	 stress	
throughout	 the	 earthquake	 cycle	 process.	 The	 model	 used	 for	 this	 analysis	 (Smith	 and	
Sandwell,	 2004;	 Sandwell	 and	 Smith-Konter,	 2018)	 is	 a	 semi-analytic	 Fourier	 transform	
model	(Maxwell),	which	rapidly	calculates	surface	deformation	and	stress	associated	with	
3D	dislocations	 embedded	 in	 an	 elastic	 plate	 overlying	 a	Maxwell	 viscoelastic	 half-space.		
Fault	 slip	rates,	defined	 from	a	variable	 locking	depth	 to	 the	base	of	 the	elastic	plate,	 are	
kinematically	prescribed	 in	 the	model	 (Fig.	4);	 for	 the	SAFS,	42	major	 fault	segments	are	
adopted	(Fig.	1).	Slip	rates	and	locking	depths	(Table	1)	are	derived	from	previous	modeling	
work	 using	 geodetic	 surface	 deformation	 measurements	 (i.e.,	 GPS	 and	 InSAR	 velocity	
analyses,	Tong	et	al.,	2014).	Both	deformation	and	stress	tensors	are	generated	by	the	model	
at	 specified	 crustal	 depths.	 The	 Maxwell	 model	 is	 highly	 efficient	 as	 it	 can	 calculate	
deformation	 and	 stress	 (or	 velocity	 and	 stress	 rate)	 for	 100+	 events	 on	 a	 2048	 x	 2048	
element	(km)	grid	within	20	minutes	of	CPU	time	on	an	ordinary	laptop.	
	

	

Figure	4.				Schematic	of	the	model	simulating	an	
elastic	 layer	 of	 thickness	 H	 overlying	 a	 linear	
Maxwell	viscoelastic	half-space	of	viscosity	η.	A	
displacement	 discontinuity	 across	 each	 fault	
element	 is	 simulated	 using	a	 finite	width	 force	
couple.	Figure	from	Smith	and	Sandwell	(2004).		

	
For	this	study,	both	shear	(τs)	and	normal	(σn)	stresses,	resolved	along	each	fault	segment,	
are	used	to	compute	the	Coulomb	stress	acting	on	a	fault.	To	calculate	Coulomb	stress	(τc),	
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we	follow	the	approach	by	King	et	al.	(1994)	and	incorporate	the	Coulomb	failure	condition	
(Byerlee,	1978)	
	 τc	=	τs	-	µf	σn	

	
where	µf		is	the	coefficient	of	friction	(0.6	for	this	study).	Positive	Coulomb	stress	indicates	a	
tendency	for	failure	(or	stress	accumulation)	while	negative	Coulomb	stress	implies	stress	
accumulation	is	not	optimal.	As	the	SAFS	is	a	vertical	fault	with	strike	slip	motion,	only	the	
horizontal	 stress	 components	 are	 needed	 (σxx,	 σyy,	 τxy).	 The	 normal	 and	 shear	 stresses	
resolved	on	a	fault	plane	are	calculated	by	
	
	 σn	=	σxx	sin2θ	-	2	σxy	sinθ	cosθ	+	σyy	cos2θ	
	
	 τs	=	½	(σyy	-	σxx)	sin2θ	+	τxy	cos2θ	
	
where	θ	is	the	orientation	of	the	fault	plane	with	respect	to	the	x-axis.		
	
Previous	work	has	shown	that	the	main	parameters	affecting	Coulomb	stress,	or	Coulomb	
stress	accumulation	rate,	are	slip	rate,	locking	depth,	and	fault	strike	(Smith	and	Sandwell,	
2003).	Coulomb	stress	accumulates	fastest	in	regions	with	high	slip	rates	and	shallow	locking	
depths	due	to	the	concentration	in	a	small	area.	Figure	5	illustrates	some	basic	characteristics	
of	an	example	stress	field	for	a	strike-slip	fault.	Stress	variations	within	the	locked	portion	of	
the	fault	are	evident,	where	stresses	increase	down	to	3/5	of	the	locking	depth.	At	the	fault	
ends,	lobes	of	increased	Coulomb	stress	appear	due	to	the	interaction	of	shear	and	normal	
stress,	which	correspond	to	the	stress	concentrations	that	tend	to	extend	the	fault.	
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a)	
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c)	
	
	
	
	
	
	
d
)	
	
	
	

	
Figure	5.				Example	of	stress	accumulation	as	a	function	of	depth	for	a	simple	locked	fault	with	strike	orientation	
at	90°	(relative	to	E).	For	this	model,	a	deep	slip	rate	(40	mm/yr)	is	applied	along	the	based	of	a		10	km	locked	
fault.	The	figure	represents	a	snapshot	of	stress	accumulation	after	100	years.	An	elastic	plate	thickness	of	60	
km	is	adopted.			a)	Stresses	at	a	near-surface	depth	(Coulomb	stress	high	value	3.51	MPa).				b)	Stresses	at	5	km	
depth	(Coulomb	stress	high	value	3.80	MPa).			c)	Stresses	at	6	km	depth	(Coulomb	stress	high	value	3.88	MPa).			
d)	Stresses	at	8	km	depth	(Coulomb	stress	high	value	3.41	MPa).			
	
	
	
	
2.2.	 Using	paleoseismology	data	to	help	determine	historical	stress	accumulation	

sequences	
	
The	SAFS	has	produced	over	35	significant	earthquakes	in	the	past	200	years,	with	four	Mw	
>	7.0	events	between	1812	and	1906	(Fig.	6).	The	1812	San	Juan	Capistrano	earthquake	(Mw	
~7.5)	and	1857	Fort	Tejon	earthquake	(Mw7.9)	events	that	ruptured	the	central	section	of	
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the	fault,	along	the	Mojave	segment,	are	believed	to	have	overlapped,	both	with	measureable	
slip	at	the	Cajon	Pass	(Scharer	and	Streig,	2018).	
	
Deep	slip	along	the	SAFS	creates	an	accumulation	of	stress	on	the	upper	locked	segments	of	
the	fault	network.	These	stresses	are	then	released	through	seismic	events	after	some	period	
of	time,	which	is	referred	to	as	the	recurrence	interval.	This	rate	of	stress	accumulation	and	
earthquake	repetition	can	be	used	to	estimate	the	average	stress	drop	during	major	events	
and	evaluate	the	seismic	potential	of	a	fault.	The	evolution	of	stresses	on	a	fault	is	primarily	
determined	by	the	earthquake	rupture	history	of	each	segment.		Looking	back	in	time,	we	can	
analyze	 the	 stress	 distribution	 before	 and	 after	 well-known	 large	 rupture	 events	 and	
compare	them	to	the	present	distribution	of	stresses	today.	However,	the	complete	historical	
slip	distribution	of	the	SAFS	is	not	known	and	paleoseismic	earthquake	dates	and	slips	are	
uncertain.	 For	 this	 study,	 we	 use	 estimates	 of	 rupture	 history	 based	 on	 100+	 published	
historical	and	paleoseismic	events	(e.g.	Scharer	et	al.,	2010;	Scharer	and	Streig,	2018)	with	
moment	magnitudes	exceeding	6.0	over	the	past	1000	years	(Fig.	6).	For	example,	events	in	
1686,	1812	and	1857	share	overlapping	ruptures	at	the	Cajon	Pass,	but	are	estimated	to	have	
had	 very	 different	 magnitudes	 and	 rupture	 lengths.	 Paleoseismic	 data	 and	 historic	
observations	of	the	1812	Mw	~7.5	earthquake	north	of	the	Cajon	Pass	seem	to	be	explained	
by	a	rupture	that	begins	on	the	San	Jacinto	fault	and	propagates	onto	the	San	Andreas	fault	
(Lozos,	2016).	The	Mw	7.9	earthquake	of	1857	was	the	last	‘Big	One’	in	Southern	California,	
originating	along	the	Carrizo	segment	and	rupturing	a	length	of	the	San	Andreas	fault	of	over	
350	km.	Since	then,	some	portions	of	the	southern	SAFS	seem	to	have	settled	into	a	period	of	
rest,	although	the	established	earthquake	sequence	suggests	periodic	 large	events	at	 least	
every	100	years	(Scharer	et	al.,	2010).		
	
To	compute	earthquake	cycle	stress	accumulation,	we	assume	that	the	amount	of	co-seismic	
slip	for	each	event	is	equal	to	the	accumulated	slip	deficit	on	each	segment,	which	is	estimated	
by	the	time	and	slip	rate	since	the	last	major	earthquake.	The	model	requires	the	stress	to	
drop	 to	 zero	after	each	event,	but	does	permit	viscoelastic	stress	 relaxation.	We	generate	
model	grids	of	stress	accumulation	over	time	and	as	a	function	of	depth.	These	are	assembled	
into	a	3D	meshed	volume	using	GMT	and	Paraview	visualization	tools.	Time	series	models	
are	generated	before	and	after	events	of	interest	for	this	particular	study,	although	full	time-
sequences	spanning	100s-1000s	of	years	are	easily	obtained.	
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Figure	6.			SAFS	paleoseismic	rupture	data	summary	for	Southern	California,	revised	from	pervious	maps	(Solis,	
2013)	 including	 contributions	 from	 Scharer	 and	 Streig	 2018).	 Ruptures	 specific	 to	 the	 Cajon	 Pass	 are	
highlighted	with	black-outlined	frames	(1686,	1812	and	1857).		
	
	
3	 Results	
	
3.1	 4D	SAFS	present-day	Coulomb	stress	rate	and	stress	accumulation	
	
We	begin	this	stress	analysis	with	near-surface	earthquake	cycle	stress	accumulation	rates	
(Fig.	 7)	 and	 present-day	 estimates	 of	 stress	 accumulation	 (Fig.	 8).	 These	 results	 are	 also	
presented	as	a	function	of	depth	in	Figure	9.	Stress	rate	is	largely	a	function	of	applied	slip	
rate	and	 locking	depth,	and	thus	segments	with	high	slip	rates	 tend	to	have	higher	stress	
rates.	Alternatively,	 locking	depths	have	an	 inverse	effect	on	 stress	 rate,	where	a	 shallow	
locking	depth	will	result	in	a	higher	stress	rate	(Fig.	7).	For	example,	stress	rate	is	relatively	
high	along	the	Imperial	segment	(2.4	MPa/100yr)	where	the	 fault	has	a	high	slip	rate	(38	
mm/yr)	and	a	shallow	locking	depth	(5.9	km).	The	Coachella	segment	has	a	moderate	slip	
rate	(21	mm/yr)	but	almost	doubles	 in	depth	(11.5	km),	so	 it	has	a	 lower	stress	rate	(1.3	
MPa/100yr).	Estimates	of	earthquake	cycle	stress	accumulation	(Fig.	8)	are	most	significant	
along	the	Imperial	(3.6	MPa),	Coachella	(4.7	MPa),	and	Carrizo	(4.6	MPa)	segments.	The	high	
stress	 rate	 of	 the	 Imperial	 fault	 naturally	 yields	 a	 high	 stress	 accumulation	 since	 its	 last	
earthquake	 in	 1979,	 however,	 high	 accumulated	 stress	 on	 the	 Coachella	 and	 Carrizo	
segments	is	primarily	due	to	the	300	and	150,	respectively,	years	since	the	last	ruptures	on	
these	segments.	
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Figure	 7.	 	 	 	 	 Present-day	 Coulomb	
stress	 rates	 of	 the	 SAFS,	 in	MPa	per	
100	years,	full	map	view.	Stresses	are	
provided	 at	 a	 shallow	 near-surface	
(100	m)	depth.		
	

	

	

Figure	 8.	 	 	 	 Present-day	 Coulomb	
stress	 accumulation	 of	 the	 SAFS,	 in	
MPa,	 in	 full	map	 view.	 	 Stresses	 are	
provided	 at	 a	 shallow	 near-surface	
(100	m)	depth.			
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c)	
	
	
	
	
b
)	
	
	
	
	
	
	
	
a)	

	
Figure	9.			Present	day	SAFS	stress	accumulation	presented	as	a	3D	volume.			a)	Full	view	unsliced.			b)	Sliced	
view	of	Coulomb	stress	accumulation	cut	along	the	primary	SAF	with	labeled	segments,	branching	into	the	SJF	
south	of	Cajon	Pass.			c)	Sliced	view	of	Coulomb	stress	accumulation	cut	along	the	primary	SAF.	
	
	
3.2	 SAFS	stress	evolution	and	prehistorical	earthquake	sequences	
	
Next,	we	illustrate	the	sequence	of	stress	accumulation	and	drop	as	a	result	of	several	major	
SAFS	 earthquakes	 over	 the	 last	 400	 years.	 The	 last	 three	 significant	 events	 in	 Southern	
California	 are	 simulated	 here:	 1686,	 1812,	 and	 1857	 (Fig.	 10).	 Stress	 accumulation	 is	
calculated	 for	 the	 year	 just	 before	 (peak	 stress	 accumulation)	 and	 for	 the	 year	 just	 after	
(complete	 stress	 drop)	 these	 major	 paleoseismic	 earthquakes.	 For	 the	 1686	 rupture	
sequence,	moderate	stress	 levels	of	1.24	MPa	are	simulated	 just	before	the	earthquake	at	
Cajon	Pass.	Accumulated	stress	along	the	SAFS	immediately	prior	to	the	1812	earthquake	is	
modeled	at	~2.5	MPa,	but	stress	along	the	San	Jacinto	Fault	is	very	low	(<	0.2	MPa)	due	to	a	
proposed	 rupture	 in	 1800	 along	 this	 section	 of	 the	 fault	 system.	 In	 1856,	 accumulated	
Coulomb	stress	is	4.5	MPa	along	the	Fort	Tejon	epicenter	of	the	1857	earthquake,	however	
at	Cajon	Pass	the	accumulated	stress	is	fairly	low,	at	0.76	MPa,	due	to	the	stress	release	that	
occurred	in	1812.	
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Figure	10.	 	 	 SAFS	 stress	 accumulation	 before	 and	
after	the	events	of	1686,	1812	(Mw	~7.5),	and	1857	
(Mw	 7.9).	 Sliced	 views	 of	 Coulomb	 stress	 accumu-
lation	cut	along	the	primary	SAF	north	of	the	Cajon	
Pass	and	branching	onto	the	SJF	south	of	Cajon	Pass.	
	

	
	
4	 Discussion	
	 	
4.1	 SAFS	present-day	stress	rates	and	stress	accumulation	
	
With	a	magnitude	of	Mw	7.9,	the	rupture	of	1857	was	the	last	‘Big	One’	in	Southern	California.	
Some	portions	of	the	San	Andreas	fault	seem	to	have	settled	into	a	period	of	dormancy.	This	
has	given	rise	to	the	suggestion	that	future	slip	may	be	large	events,	which	are	then	followed	
by	 another	 period	 of	 inactivity	 (Sieh,	 1978).	 It	 is	 therefore	 important	 to	 understand	 the	
present-day	stress	conditions	in	context	with	the	stress	situation	of	the	past.	Selecting	a	few	
example	points	to	demonstrate	the	variability	of	stress	rate	(Fig.	11)	and	present-day	stress	
accumulation	(Fig.	12),	we	compare	stress	values	 for	 the	 Imperial,	Coachella,	Mojave,	 and	
Carrizo	 segments	 as	 a	 function	 of	 depth.	 For	 these	 data,	 it	 is	 important	 to	 recognize	 two	
important	features	of	stress	as	a	function	of	depth:		(1)	stress	accumulation	rate	is	inversely	
proportional	to	locking	depth	(Smith	and	Sandwell,	2003)	and	(2)	stresses	increase	down	dip	
on	a	fault	plane	until	~3/5	the	fault	locking	depth,	at	which	point	they	begin	to	decrease	to	
zero	at	the	base	of	the	locked	fault.		First	considering	near-surface	stress	rates	(Fig.	11),	we	
find	 that	 the	 Imperial	 and	Carrizo	segments	hosts	 the	highest	 rate	 (2.3	and	2.2	MPa/100	
years,	respectively).	The	Imperial’s	high	rate	is	due	to	its	shallow	locking	depth	(5.9	km)	and	
fast	slip	rate	(38	mm/year)	compared	to	the	other	evaluated	segments;	 the	Carrizo’s	high	
rate	is	primarily	due	to	its	high	slip	rate	(39	mm/year).	Alternatively,	the	Mojave	segment	
has	a	relatively	lower	stress	accumulation	rate	(1.3	MPa/100	years)	due	to	its	deeper	locking	
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depth	 (16.8	 km)	 and	 slower	 slip	 rate	 (28	mm/year).	 The	 intermediate	 stress	 rate	 of	 the	
Coachella	 segment	 is	 due	 to	 a	 combination	 of	 a	 moderate	 locking	 depth	 (11.5	 km)	 and	
moderate	slip	rate.	Lastly,	the	variation	in	stress	rate	with	depth	might	also	be	due	to	the	
length-depth	ratio	of	the	fault.	Structural	engineering	experiments	show	that	the	shear	stress	
on	beams	attain	maximum	value	at	mid-depth	when	the	depth	and	span	of	the	beam	are	in	a	
ratio	of	0.133,	whereas	the	stress	reaches	maximum	value	at	over	½	of	the	depth	when	the	
ratio	 is	0.5	(Patel	et	al.,	2014).	We	note	that	 the	significant	stress	rate	decrease	along	the	
Imperial	 fault	with	depth	 is	slightly	deceptive	due	 to	 the	 influence	of	 this	 fault	 segment’s	
relative	shallow	locking	depth	(5.9	km).	Stress	at	the	near-surface	is	2.3	MPa/100	years	while	
stress	acquired	at	4	km	depth	is	less	(1.8	MPa/100	years),	reflecting	the	decreasing	behavior	
of	stress	as	 it	moves	beyond	the	middle	of	 the	 locked	zone;	stress	at	10	km	depth	 is	zero	
because	the	locking	depth	of	the	Imperial	segment	is	5.9	km.	 
	
While	stress	rates	give	a	sense	for	how	quickly	stress	may	accumulate	over	time,	reaching	a	
milestone	stress	threshold,	say	for	example	4	MPa,	requires	a	time	span	of	several	decades	
to	 centuries	 between	 repeating	 earthquakes.	 Present-day	 stress	 accumulation	 is	 highest	
along	the	Carrizo	and	Coachella	segments	(Fig.	12).	At	the	Carrizo	segment,	with	a	locking	
depth	of	11.5	km	and	a	slip	rate	of	39	mm/year,	4.6	MPa	of	shallow	subsurface	stress	has	
accumulated	since	its	last	earthquake	rupture	in	1857;	the	Coachella	segment	(11.5	km,	21	
mm/year)	has	stored	4.8	MPa	of	stress	near	the	surface	since	its	last	earthquake	rupture	in	
1690.	 Accumulated	 near	 surface	 stress	 on	 the	 Mojave	 and	 Imperial	 segments	 are	 lower	
(~2.5-3.5	 MPa)	 because	 of	 slip	 rates,	 locking	 depths	 and	 paleoseismicity.	 Following	 the	
patterns	of	stress	variation	with	depth,	 the	Mojave	 segment	 is	 a	bit	 anomalous	due	 to	 its	
deeper,	16.8	km	locking	depth,	where	stresses	at	10	km	depth	exceed	the	values	near	the	
surface	as	stress	increases	downwards	to	about	3/5	of	the	locking	depth.	Moreover,	there	is	
an	 interesting	 relationship	with	 paleoseismic	 slip	data	which	 suggest	 that	when	 stress	 is	
stored	in	a	segment	with	a	larger	locking	depth,	stress	will	accumulate	at	a	slower	rate	and	
produce	a	lower	stress	drop	after	an	earthquake	event	(Solis	and	Smith-Konter,	in	prep).	
	
	

	

Figure	 11.	 	 	 	 SAFS	 present-day	
stress	rate	in	MPa	per	100	years	for	
the	Carrizo,	Mojave,	Coachella	and	
Imperial	 segments.	 Stress	
estimates	at	the	near-surface,	4km,	
and	10km	depths	are	compared.	
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Figure	 12.	 	 	 	 SAFS	 present-day	
stress	 accumulation	 in	 MPa	 on	
Carrizo,	 Mojave,	 Coachella	 and	
Imperial	 segments.	 Stress	
estimates	at	the	near-surface,	4km,	
and	10km	depths	are	compared.	
	

	
	
4.2	 Variations	in	stress	thresholds	
	
Little	is	known	of	the	1686	and	1812	earthquakes,	but	combinations	of	paleoseismic	ruptures	
suggest	 they	 have	 a	 relatively	 higher	 probability	 of	 having	 occurred	 along	 the	 Mojave	
segment	 and	 may	 have	 extended	 further	 south	 beyond	 the	 Cajon	 Pass,	 although	 this	 is	
uncertain.	In	1686,	accumulated	Coulomb	stress	was	1.24	MPa	near	the	sub-surface	at	Cajon	
Pass	(Fig.	13)	before	the	earthquake.	These	stresses	increased	to	1.44	MPa	at	10	km	depth.	
In	1812,	stress	near	the	surface	in	the	same	location	was	1.85	MPa	before	the	rupture	and	
2.19	MPa	at	10	km	depth.	As	our	model	requires	the	stress	to	drop	to	zero	after	each	event,	
viscoelastic	 stress	 relaxation	 is	 permitted,	 allowing	 a	 small	 low-magnitude	 stress	
redistribution	to	vary	the	post-earthquake	stress	field.	
	
The	1857	Fort	Tejon	Mw	7.9	event	is	one	of	the	largest	earthquakes	recorded	in	the	United	
States	and	 the	 largest	 to	occur	along	 the	southern	part	of	 the	SAFS,	 rupturing	a	 length	of	
roughly	 350	 km.	 In	 1856,	 accumulated	 Coulomb	 stress	 is	 4.5	 MPa	 along	 the	 Fort	 Tejon	
epicenter	of	the	1857	earthquake	but	only	approximately	0.76	MPa	at	the	Cajon	Pass.	Thus,	
the	slip	likely	stopped	at	the	Cajon	Pass	because	the	event	of	1812	had	already	released	the	
stresses	on	that	part	of	the	fault.	The	stresses	released	at	the	Cajon	Pass	were	about	3	½	times	
larger	during	the	1812	earthquake	than	the	1857	earthquake	(Fig.	13).	The	stress	drop	at	
shallow	depths	is	consistently	smaller	than	the	stress	drop	at	larger	depths,	as	the	area	and	
volume	are	bigger	at	greater	depths,	allowing	more	stress	to	accumulate	and	be	released.	
Stresses	at	 the	Cajon	Pass	generally	concentrate	at	about	10	to	15	km	depth.	Present-day	
stresses	at	the	Cajon	Pass	are	~0.6	MPa	higher	than	they	have	been	at	their	highest	during	
the	past	350	years,	which	was	before	the	1812	earthquake.		
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Figure	13.	 	 	 	 Coulomb	 stress	accumulation	 for	 events	 in	 1686,	 1812,	 1857,	 and	 the	 present-day	 (in	MPa),	
extracted	along	a	fault-perpendicular	profile	across	the	SAFS	at	the	Cajon	Pass.	Fault	profile	location	is	indicated	
on	the	map	(outset),	showing	present-day	accumulated	Coulomb	stress.	Values	are	assessed	at	the	near-surface	
(0.1	km),	4	km	and	10	km	depth	before	and	after	the	ruptures	of	1686,	1812,	1857,	as	well	as	for	the	present-
day.	Lightly-shaded	background	stress	profiles	 represent	 the	stress	before	each	event,	while	darker-shaded	
profiles	represent	the	stress	after	each	event.	Outset	shows	the	present-day	stress	accumulation	map	(Fig.	8)	
for	geographic	context.	
	
	
4.3	 Uncertainties	
	
A	detailed	earthquake	chronology	is	critical	for	analyzing	stress	thresholds	and	recurrence	
intervals.	A	variety	of	dating	methods	are	used	to	determine	a	range	of	dates	for	paleoseismic	
events	such	as	carbon	dating,	tree-ring	dating,	earthquake	induced	subsidence	and	sea-level	
changes.	Features	formed	during	an	earthquake	rupture	however,	such	as	landslides	or	fault	
scarps,	 are	 subject	 to	 erosion,	 deposition	 and	 other	 non-seismic	 events.	 Moreover,	 the	
paleoseismic	record	is	constrained	to	record	large	(Mw	>	6)	or	great	(Mw	>	7.8)	earthquakes	
and	geologic	evidence	 created	during	smaller	earthquakes	 is	 rarely	preserved.	Before	 the	
development	of	modern	instrumentation,	the	data	on	past	events	is	highly	uncertain.	Thus,	
stress	accumulation	thresholds	are	not	typically	consistent	over	multiple	earthquake	cycles	
and	are	largely	dependent	on	the	accuracy	of	paleoseismic	chronologies.	Furthermore,	stress	
drops	do	not	necessarily	expel	all	accumulated	stress.	In	addition,	some	segments	have	both	
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locked	 fault	 and	 creeping	 deformation	 behavior	 over	 different	 depth	 regions,	 which	 can	
complicate	estimates	of	the	locked	zone	from	geodetic	surface	observations.		
	
	
5	 Conclusions	
	
Stress	accumulation	thresholds	vary	with	depth	and	are	not	always	intuitive,	as	they	depend	
on	locking	depth	and	distances	from	paralleling	fault	branches.	Stress	variations	with	depth	
are	due	to	transitions	in	along-strike	locking	depth	and	historical	seismicity.	However,	as	the	
actual	fault	segments	of	the	SAFS	are	fairly	complex,	our	simplified	segmented	model	may	
not	capture	the	true	complex	stress	behavior	and	the	paleoseismic	record	may	be	incomplete.		
	
Nevertheless,	estimates	of	stress	accumulation	rates	are	most	significant	along	the	Imperial	
(2.3	MPa/100	years)	and	Carrizo	(2.2	MPa/100	years)	faults,	while	estimates	of	earthquake	
cycle	stress	accumulation	are	most	significant	along	the	Imperial	(3.6	MPa),	Coachella	(4.8	
MPa)	 and	 Carrizo	 (4.6	 MPa)	 segments.	 The	 Coachella	 fault	 segment	 has	 an	 estimated	
recurrence	interval	of	260	years	(Weldon	et	al.,	2004)	but	has	not	ruptured	since	1690.	Both	
the	Carrizo	and	the	Mojave	segments	have	not	experienced	a	larger	earthquake	since	1857.	
However,	 both	 segments	 should	have	 ruptured	within	 the	 last	 50	 years	 according	 to	 the	
recurrence	interval	predictions.	At	present,	the	stresses	at	those	segments,	as	well	as	at	the	
Cajon	Pass,	are	higher	than	they	have	ever	been	in	the	past	350	years.	Because	of	increased	
population	density	and	vital	infrastructure	over	the	San	Andreas	Fault,	a	similar	event	to	the	
1857	Mw	7.9	rupture	would	severely	affect	the	greater	Los	Angeles	area.		
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Table	1.	 	 	Fault	names	with	slip	rates	and	locking	depths	derived	from	previous	modeling	
work	using	geodetic	surface	deformation	measurements	(Tong	et	al.,	2014).	Map	with	fault	
labels	below.	
	
Fault	Label	 Fault	Name	 Slip	Rate	(mm/yr)	 Locking	Depth	

(km)	
CER	 Cerro	Prieto	 	 40.7	 	 5.1	
IMP	 Imperial	 	 38.0	 	 5.9	
BSZ	 Brawley	 	 25.6	 	 15.3	
COA	 Coachella	 	 20.8	 	 11.5	
SSB	 South	San	Bernardino	 	 23.3	 	 16.4	
NSB	 North	San	Bernardino	 	 12.9	 	 17.8	
SUP	 Superstition	Hills/Mt.	 	 15.4	 	 10.8	
BOR	 Borrego	Mountain	 	 11.4	 	 6.4	
COY	 Coyote	Creek	 	 11.7	 	 8.0	
ANZ	 Anza	 	 17.6	 	 4.5	
CLA	 Clark	 	 10.1	 	 13.7	
SJV	 San	Jacinto	Valley	 	 14.4	 	 21.5	
SJB	 San	Jacinto	Bernardino	

Valley	
	 6.3	 	 21.0	

MOJ	 Mojave	 	 28.1	 	 16.8	
SCZ	 South	Carrizo	(Big	Bend)	 	 36.6	 	 11.5	
CAZ	 Carrizo	 	 39.1	 	 11.5	
CHO	 Cholame	 	 37.9	 	 9.1	
PAR	 Parkfield	 	 14.9	 	 10.9	
CRE	 Creeping	 	 23.0	 	 2.2	
SCR	 Santa	Cruz	Mountain	 	 10.6	 	 6.3	
PEN	 SA	Peninsula	 	 22.8	 	 16.2	
SNC	 S	SA	N	Coast	 	 23.9	 	 15.5	
NNC	 N	SA	N	Coast	 	 22.9	 	 13.2	
SCA	 S.	Calaveras	 	 23.9	 	 1.2	
NCA	 N.	Calaveras	 	 10.7	 	 0.3	
CON	 Concord	 	 9.6	 	 0.8	
BAR	 H.	Creek/Bartlett	Spring	 	 9.0	 	 12.0	
SHA	 South	Hayward	 	 9.4	 	 5.1	
NHA	 North	Hayward	 	 9.8	 	 4.4	
ROD	 Rodgers	Creek	 	 11.9	 	 4.5	
MAA	 Maacama	 	 10.9	 	 1.6	
LAG	 Laguna	Salada	 	 5.5	 	 9.0	
GLE	 Elsinore	Glen	 	 4.4	 	 14.8	
TEM	 Elsinore	Temecula	 	 3.7	 	 14.8	
JUL	 Elsinore	Julian	 	 1.0	 	 14.8	
ECM	 Elsinore	Coyote	Mountain	 	 1.9	 	 14.8	
CAL	 Calico-Hildago	 	 2.5	 	 15.0	
LEN	 Lenwood-Lockhart	 	 5.4	 	 7.9	
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HEL	 Helendale	 	 1.2	 	 4.2	
OWV	 Owens	Valley	 	 6.5	 	 11.5	
DEA	 Death	Valley	 	 5.2	 	 1.5	
TUL	 Tulcheck	 	 6.0	 	 10.0	

	
	
	
	


