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Abstract

It has been known for decades that the present-day shortening rates across the Western Transverse Ranges (WTR) in southern

California are rapid, reaching 10-15 mm/yr near the heavily populated Los Angeles area. However, only recently have geodetic

measurements of vertical motion in the WTR been sufficiently dense to resolve a tectonic vertical signal. In this study, we

show that much of the geodetically-derived vertical velocity field in the WTR can be attributed to the interseismic signal of

strain accumulation on reverse faults. We invert geodetic and geologic data for slip rate and interseismic coupling on faults

using a kinematic model consisting of faults embedded in an elastic crust over an inviscid mantle. This method allows us to

infer the permanent, long-term component of vertical motions from recoverable, short term motions. We infer that much of the

geodetically observed 3-4 mm/yr of differential vertical motion across the WTR, involving subsidence along the Santa Barbara

coastline and uplift of the Santa Ynez Range, can be attributed to recoverable elastic deformation associated with interseismic

locking on faults dipping under the WTR. The sum of dip-slip rates across the WTR decreases from 10.5-14.6 mm/yr on the

east side near Ventura, California to 5-6.2 mm/yr across the western side of the Santa Barbara Channel. The total moment

accumulation rate in both the Santa Barbara Channel and the combined San Fernando Valley-LA Basin regions is equivalent

to about two M=7 earthquakes every 100 years.
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Key Points 17 

1. We	invert	geodetic	and	geologic	data	for	slip	rate	and	coupling	on	faults	in	the	18 

Western	Transverse	Ranges	(WTR)	using	a	kinematic	model.	19 

2.	Much	of	the	vertical	velocity	field	in	the	WTR	can	be	attributed	to	the	interseismic	20 

signal	of	strain	accumulation	on	reverse	faults.	21 

3.		Sum	of	fault	dip-slip	rates	across	the	WTR	decreases	from	10.5-14.6	mm/yr	22 
onshore	to	5-6.2	mm/yr	across	the	western	Santa	Barbara	Channel.	23 

	24 
 25 
 26 
 27 

1. Abstract 28 

It	has	been	known	for	decades	that	the	present-day	shortening	rates	across	the	29 

Western	Transverse	Ranges	(WTR)	in	southern	California	are	rapid,	reaching	10-15	30 

mm/yr	near	the	heavily	populated	Los	Angeles	area.	However,	only	recently	have	31 

geodetic	measurements	of	vertical	motion	in	the	WTR	been	sufficiently	dense	to	32 

resolve	a	tectonic	vertical	signal.	In	this	study,	we	show	that	much	of	the	33 

geodetically-derived	vertical	velocity	field	in	the	WTR	can	be	attributed	to	the	34 

interseismic	signal	of	strain	accumulation	on	reverse	faults.	We	invert	geodetic	and	35 

geologic	data	for	slip	rate	and	interseismic	coupling	on	faults	using	a	kinematic	36 
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model	consisting	of	faults	embedded	in	an	elastic	crust	over	an	inviscid	mantle.	This	37 

method	allows	us	to	infer	the	permanent,	long-term	component	of	vertical	motions	38 

from	recoverable,	short	term	motions.	We	infer	that	much	of	the	geodetically	39 

observed	3-4	mm/yr	of	differential	vertical	motion	across	the	WTR,	involving	40 

subsidence	along	the	Santa	Barbara	coastline	and	uplift	of	the	Santa	Ynez	Range,	can	41 

be	attributed	to	recoverable	elastic	deformation	associated	with	interseismic	42 

locking	on	faults	dipping	under	the	WTR.	The	sum	of	dip-slip	rates	across	the	WTR	43 

decreases	from	10.5-14.6	mm/yr	on	the	east	side	near	Ventura,	California	to	5-6.2	44 

mm/yr	across	the	western	side	of	the	Santa	Barbara	Channel.		The	total	moment	45 

accumulation	rate	in	both	the	Santa	Barbara	Channel	and	the	combined	San	46 

Fernando	Valley-LA	Basin	regions	is	equivalent	to	about	two	Mw=7	earthquakes	47 

every	100	years.	48 

 49 

2. Introduction 50 

 51 
There is a growing interest in earthquake hazards associated with the active fold-and-52 

thrust belt of the Western Transverse Ranges (Figure 1) in southern California near the 53 

heavily populated greater Los Angeles area (Hubbard et al., 2014; Marshall et al., 2017; 54 

McAuliffe et al., 2015; Rockwell et al., 2016). GPS-derived horizontal velocities across 55 

this belt indicate as much as ~10 mm/yr of N-S shortening at the longitude of Ventura, 56 

California (Figure 2a) with decreased shortening to the west. Kinematic models of the 57 

present-day velocity field prepared for the Uniform California Earthquake Rupture 58 

Forecast Version 3 (Field et al., 2014) and mechanical deformation models for the region 59 

(Marshall et al., 2013; Marshall et al., 2017) indicate summed reverse-slip rates across 60 

the WTR and Santa Barbara Channel exceed 10 mm/yr. These models, as well as 61 

Hubbard et al. (2014), suggest that 4-7 mm/yr of reverse slip may occur on the Ventura-62 

Pitas Point fault system. This system forms the northern boundary of the Ventura Basin 63 

extending from onshore near the San Fernando Basin to offshore Santa Barbara Channel 64 

at least 20 km west of the city of Santa Barbara (Figure 1a). McAuliffe et al. (2015) and 65 

Hubbard et al. (2014) suggested the possibility of past and future large (Mw = 7.5-8) 66 

earthquakes on this fault system based on paleoseismic and structural investigations.  67 
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 68 
The Western Transverse Ranges (WTR) comprise a series of complex, largely E-W 69 

trending oblique reverse faults and folds west of the “Big Bend” of the San Andreas fault. 70 

The three-dimensional geometry of the faults in the region is illustrated in Figure 1b. This 71 

geometry is a compilation from the Southern California Earthquake Center (SCEC) 72 

Community Fault Model (Plesch et al., 2007), the UCERF3 fault model (Field et al., 73 

2014), and Sorlien and Nicholson (2015). The shallow geology is shown in cross section 74 

A-A’ in Figure 1c, based on cross sections by Namson and Davis (1988) (see also 75 

thomasldavisgeologist.com).  The trace of model faults within the vicinity of profile A-A’ 76 

are shown on the geologic cross section.  77 

 78 

Geologic and paleomagnetic data indicate the WTR have rotated clockwise into the 79 

current configuration since early Miocene, ca. 20 Ma, in response to the transition from 80 

subduction to transform faulting along the San Andreas Fault (Hornafius et al., 1986; 81 

Kamerling and Luyendyk, 1985; Nicholson et al., 1994).  Seismic and geodetic data 82 

indicate that this rotation continues to this day (Jackson and Molnar, 1990). The current 83 

fold-thrust belt configuration has been active since contraction across the WTR initiated 84 

between 5.3 and 4.5 Ma (Clark et al., 1991; Schneider et al., 1996; Sorlien et al., 2000). 85 

Comparisons of structural restoration of seismically-imaged deformed horizons of age 1-86 

6 Ma (Gratier et al., 1999; Sorlien et al., 2000) with restorations of the younger 250-500 87 

ka Saugus Formation (Huftile and Yeats, 1995) indicate shortening rates have increased 88 

across the eastern Ventura Basin from 1-3 mm/yr  (pre-1 Ma) to at least 10-14 mm/yr 89 

(post-1 Ma). The later rates are generally consistent with present-day rates of shortening 90 

determined with geodetic data (e.g., Donnellan et al. (1993); Figure 2).  The 91 

extraordinarily thick Ventura Basin sedimentary section is estimated to be 14-17 km thick 92 

(Luyendyk and Hornafius, 1987). The basin subsidence rate since ~1 Ma is 2-3 mm/yr 93 

(Yeats, 1983). 94 

 95 

Most previous kinematic models constrained by geodetic data in the region used 2D fault 96 

geometry and sparse geodetic observations (Donnellan et al., 1993; Hager et al., 1999) or 97 

simplified 3D fault geometry using block model formulations (Johnson, 2013; 98 
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McCaffrey, 2005; Meade and Hager, 2005b). The UCERF3 deformation models 99 

mentioned above used more detailed 3D fault geometry than previously published 100 

studies, but the UCERF models did not attempt to model all of the regional faults. 101 

Marshall et al. (2013) and Marshall et al. (2017) developed boundary element models of 102 

all of the currently known active faults in order to estimate slip rates and compare with 103 

geodetic data in the region.  Marshall et al. (2017) showed that boundary element models 104 

produce 3-6 mm/yr of slip on the onshore Ventura fault and predict uplift of 1-2 mm/yr 105 

across the Santa Ynez Mountain Anticlinorium (Figure 1c).  106 

 107 

Hammond et al. (2018) constructed a vertical geodetic deformation field for the WTR by 108 

combing observations from four techniques including GPS, InSAR, leveling, and tide 109 

gauges (Figure 2b).  This new dense vertical field warrants the reexamination of present-110 

day deformation across the WTR in combination with the existing horizontal GPS 111 

velocity field used to constrain kinematic models in previous studies. Authors have 112 

shown previously that the present-day vertical deformation field is an important 113 

constraint on deciphering the distribution of deformation across faults in convergent 114 

settings (Beavan et al., 2010; Ching et al., 2011; Huang et al., 2010; Johnson et al., 2005).  115 

In particular, the vertical interseismic signal provides constraint on the down-dip extent 116 

of interseismic coupling on dip-slip faults (e.g. Marshall et al., 2017). Here, we combine 117 

the new geodetic vertical field with other observations to infer the distribution of 118 

deformation across the WTR.   119 

 120 

All	of	the	data	used	in	this	study	have	been	published	previously	(Figure	2).		The	121 

horizontal	GPS-derived	velocity	field	is	the	SCEC	Crustal	Motion	Map	4,	(CMM4;	122 

Shen	et	al.,	2011).	The	velocity	field	is	shown	relative	to	Santa	Rosa	Island.	The	123 

vertical	geodetic	velocity	field	is	from	Hammond	et	al.	(2018),	as	discussed	124 

previously.	The	“long-term”,	geologic	vertical	rates	are	taken	from	the	SCEC	geologic	125 

vertical	motion	map	(Niemi	et	al.,	2008)	which	is	a	compilation	of	various	inferences	126 

of	vertical	motion	derived	from	marine	terraces,	incised	river	terraces,	127 

thermochronologic	ages,	and	stratigraphic	surfaces. We augment the Niemi et al. 128 

(2008) data set with the offshore ~1 Ma stratigraphic surface in the central Santa Barbara 129 
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Basin (Sorlien and Nicholson, 2015; Sorlien et al., 2016; Yeats, 1981). While all of these 130 

datasets have been published previously, we present here the first model that integrates 131 

these data to constrain a model of long and short-term horizontal and vertical motions in 132 

the region.	133 

 134 

In	this	paper,	we	combine	the	geologic	measurements	of	uplift	rate	with	geodetic	135 

measurements	of	vertical	and	horizontal	motion	into	a	single	model	for	recent	136 

deformation	across	the	Western	Transverse	Range	fold	and	thrust	belt.	In	137 

particular,	we	are	interested	in	examining	to	what	extent	the	observed	pattern	in	138 

the	geodetic	vertical	field	is	a	tectonic	signal	due	to	slip	on	active	faults	and	139 

associated	crustal	flexure.	For	example,	is	the	broad	upward	arching	across	much	of	140 

the	WTR	(Figure	2b)	a	signature	of	deep	aseismic	slip	on	reverse	faults	underlying	141 

the	ranges?	Is	this	interseismic	vertical	signal	consistent	with	observed	shortening	142 

rates	inferred	from	geodesy	and	longer-term	uplift	rates	inferred	from	geology?	143 

How	much	of	the	observed	interseismic	uplift	will	eventually	be	expressed	in	the	144 

long-term	uplift	and	topographic	growth	of	the	Western	Transverse	Ranges?		To	145 

address	these	questions,	we	need	an	appropriate	model	that	will	allow	us	to	make	146 

predictions	of	interseismic	vertical	and	horizontal	motions	as	well	as	longer-term	147 

vertical	motions.	This	model	is	discussed	in	the	next	section.		148 

 149 

3. Model and Inverse Method 150 

 151 
For this study, we adopt an elastic plate based kinematic modeling approach that is 152 

different from previous kinematic models of interseismic deformation. Elastic halfspace 153 

block models are the most commonly used kinematic method to estimate fault slip rates 154 

using geodetic data. However, such elastic block models traditionally assume no long-155 

term vertical motion (e.g., McCaffrey (2005); Meade and Hager (2005a)) and are 156 

therefore not suitable for this study. Johnson and Fukuda (2010) developed a viscoelastic 157 

block model that is able to capture long-term vertical motions. In that model, fault-158 

bounded blocks are constructed in an elastic plate overlying a viscoelastic halfspace and 159 

steady-state and interseismic vertical motions due to dip-slip faulting are explicitly 160 
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modeled. Huang et al. (2010) used that model to reconcile present-day vertical and 161 

horizontal motions with Holocene uplift rates in eastern Taiwan. However, the geologic 162 

setting in our study of the WTR is not ideal for block models. There are many non-planar, 163 

closely-spaced, and discontinuous fault strands in the region that do not clearly delineate 164 

crustal blocks. Other dislocation-based kinematic modeling approaches avoid the 165 

construction of fault-bounded blocks. For example, Zeng and Shen (2014) and Smith and 166 

Sandwell (2006) devised kinematic interseismic deformation models in which an elastic 167 

halfspace or elastic plate is populated with faults and deformation is generated by 168 

imposing slip on the faults.  Our approach here is similar in this sense to the non-block 169 

approach of Smith and Sandwell (2006) and Zeng and Shen (2014). 170 

 171 
3.1 Forward model 172 

 173 
The geometry of the model is illustrated in Figure 3a. We populate an elastic plate 174 

overlying an inviscid substrate with three-dimensional fault surfaces. We generate the 175 

model velocity field by imposing slip on the faults. As in traditional block modeling, the 176 

total interseismic velocity field is the sum of two components:  a long-term, steady-state 177 

velocity field in which the faults slide at their long-term fault slip rate, and an 178 

interseismic contribution due to coupling on faults.  The long-term field is constructed by 179 

imposing forward slip at a steady rate on all the faults using the solution for faulting in an 180 

elastic plate over an inviscid halfspace, as in Huang et al. (2010). The inviscid response is 181 

obtained from the solution for fully relaxed viscous flow in a halfspace below the elastic 182 

plate. The plate is subjected to gravitational restoring forces, so the long-term vertical 183 

motion is compensated isostatically.  For simplicity, we assume spatially uniform slip 184 

rate on each fault segment. For the interseismic period, we assume the viscoelastic 185 

relaxation time of the mantle is long compared to the repeat time of earthquakes. In this 186 

case, interseismic flow in the viscoelastic mantle is steady with time throughout the 187 

interseismic period and the interseismic contribution to deformation can be constructed 188 

with backslip on a dislocation in an elastic halfspace (e.g., Savage and Prescott, 1978) . 189 

Our approach here is similar to that of Huang et al. (2010) and Johnson and Fukuda 190 

(2010), except the plate model in those studies required the construction of fault-bounded 191 

blocks, which is not required with the present method.    192 
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 193 

To capture the far-field relative plate motion across the fault system, the San Andreas 194 

fault is extended to effectively infinite distance to the north and south of the model 195 

domain and a composite “Borderland” fault is extended to the south of the model domain. 196 

Slip is imposed on the fault extensions at the rates shown in  Figure 3a. Backslip on faults 197 

is imposed between a specified upper and lower locking depth at the long-term slip rate 198 

of the fault. Thus, faults creep interseismically above the upper locking depth to the 199 

surface and below the lower locking depth down to the bottom of the elastic plate at the 200 

long-term fault slip rate. Backslip is imposed only on fault surfaces shown with color in  201 

Figure 3. Backslip is not imposed on the other fault surfaces because these sources are 202 

sufficiently far from the observations to not influence the predicted interseismic 203 

velocities. In this study we use an elastic plate thickness of 25 km, which corresponds 204 

with the average crustal thickness in the region (Tape et al., 2012). 205 

 206 

 Figure 3b illustrates the plate flexure model for the case of a 2D fault that is infinitely 207 

long in the strike direction. The purpose of this illustration is to provide insight into the 208 

horizontal and vertical deformation expected across an idealized reverse fault.  The 209 

horizontal and vertical velocities, normalized by fault slip rate, are plotted for two 210 

different fault geometries: a straight fault that is locked from the surface to depth D, and a 211 

ramp-detachment-ramp fault geometry with the upper ramp locked interseismically.  212 

Horizontal long-term contraction is accommodated by nearly rigid-body motions on both 213 

sides of the fault. During the interseismic period, the horizontal contraction is spread out 214 

over a wider area because of interseismic locking on the fault. In both models shown in  215 

Figure 3b, the pattern of interseismic vertical motion is quite different from the long-term 216 

pattern. In particular, the interseismic coupling on the fault pushes the peak uplift, which 217 

occurs at the upper fault tip in the long-term, towards the position of the lower locked 218 

edge of the fault. Interseismic subsidence is predicted above much of the locked section.  219 

 220 
3.2 Inverse Method 221 

 222 
The parameters we seek to estimate in this inversion include fault slip rates for each 223 

segment, upper and lower locking depths for each segment, and data weights, as 224 
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discussed below. Let s be a vector of strike-slip rates, r be a vector of dip-slip rates, and L 225 

be a vector of upper and lower locking depths.   We have three sets of observations as 226 

shown in Figure 2.  Let di, i=1,2,3, be three vectors of Ni observations. We assume the 227 

data errors are normally distributed with covariance matrix si2Si, i=1,2,3, where the Si 228 

are formal data covariance matrices (diagonal in this study) and the si2	are	unknown	229 

scale	factors	that	determine	the	relative	weighting	of	the	i-th	data	set,	and	allow	the	230 

data	uncertainties	to	be	inflated	or	reduced	as	needed	to	fit	within	uncertainties.	To 231 

simplify notation below, we define the vectors d = [d1 d2 d3] and s = [s1 s2 s3]. We seek 232 

the posterior probability distribution of unknown parameters, given data:  p(s,r,L,s|d). 233 

Bayes’ theorem states that 234 

 235 

p(s,r,L,s|d) ∝ p(d|s,r,L,s)p(s,r,L,s)    (1) 236 

 237 

where p(d|s,r,L,s) is likelihood and p(s,r,L,s) is the prior probability distribution on 238 

unknown parameters. Because we assume Gaussian data errors, the likelihood is  239 

 240 

𝑝(𝒅|𝒔, 𝒓, σ) = ∏ (2𝜋𝜎01)234/1|Σ0|
2789

0:;   241 

× exp @− ;
1B4

8 C𝒅0 − 𝒅D𝒌(𝒔, 𝒓, 𝑳)G
H
Σ02;C𝒅0 − 𝒅D𝒌(𝒔, 𝒓, 𝑳)GI,    (2) 242 

where 𝒅D𝒌 is the model-predicted displacement for the k-th data set (e.g., Fukuda and 243 

Johnson, 2010) .  244 

 245 

The priors are all uniform, bounded, uncorrelated distributions (boxcars), such that  246 

p(s,r,L,s) =  p(s)p(r)p(L)p(s). The bounds for the prior on strike-slip and dip-slip rates, 247 

p(s) and p(r), are based loosely on the geologic slip rate model for UCERF3 (Field et al., 248 

2014) for faults in our model that also exist in UCERF3 (the majority of our faults). The 249 

UCERF3 slip rate bounds (Dawson and Weldon, 2013) were assigned by expert opinion, 250 

based on published geologic slip rate estimates, where available, and the USGS 251 

Quaternary Fault and Fold Database slip rate categories. We take a conservative approach 252 

and constrain the sense of slip on each fault in our model based on this UCERF3 model, 253 

but increase the upper bounds of dip-slip and strike-slip motion. The conservative bounds 254 
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adopted for this study are tabulated in Table S1 and illustrated in Figure S1. We bound 255 

the lower locking depth between 20 km and the upper locking depth. We bound the upper 256 

locking depth between zero (the ground surface) and the lower locking depth. Finally, we 257 

apply positivity constraints to the data weights, s. 258 

 259 

We adopt a Monte Carlo-Metropolis sampling algorithm to generate a discrete 260 

representation of the posterior distribution (e.g., Fukuda and Johnson, 2010). 261 
	262 

4. Other causes of vertical surface motion 263 

 264 
We should be mindful of known sources of vertical motion that are not considered in the 265 

plate deformation model described in the previous section.  Loading of the crust by 266 

hydrological mass variations (e.g. ground water withdrawal) has been shown to generate 267 

significant vertical motions that could potentially mask vertical tectonic signals (e.g., 268 

Borsa et al. 2014; Fu et al. 2015; Argus et al., 2017).  Of particular relevance to this 269 

study, Amos et al. (2014) showed that a zone of observed surface uplift of 1-3 mm/yr 270 

surrounding the San Joaquin Valley can be attributed to the elastic response of 271 

groundwater removal in the Valley.  Amos et al. (2014) demonstrated the plausibility of 272 

this elastic response to a surface load with a 2D line load model. To examine the extent to 273 

which vertical motion shown in Figure 2b can be attributed to groundwater depletion in 274 

the San Joaquin Valley, we extend the Amos et al. (2014) model to 3D by considering a 275 

distribution of point normal surface loads on an elastic halfspace using the well-known 276 

Boussinesq solution (e.g, Timoshenko et al. (1951)).  We integrate the Boussinesq point 277 

source to obtain the solution for a uniform load over a rectangular region. We discretize 278 

the San Joaquin Valley into rectangular cells of uniform load as shown in Figure 4. 279 

Following Amos et al. (2014), we assume a total rate of unloading of 3 × 10;9 N/yr. We 280 

assign the spatial distribution of the surface load by assuming the load is proportional to 281 

the rate of subsidence observed in GPS data (Hammond et al., 2016). Figure 4 compares 282 

the observed vertical motions with the predictions of the surface loading model. The 283 

velocities are shown relative to the San Miguel and Santa Rosa islands (Figure 2a). 284 

Consistent with the Amos et al. (2014) model for the 2D case, the model predicts ~2 285 
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mm/yr of uplift rimming the edge of the San Joaquin Valley and decaying rapidly with 286 

distance from the valley. Figure 4c shows the residual vertical velocity field constructed 287 

by subtracting the predicted displacements from the observations.  The model predictions 288 

account for much of the ~1-3 mm/yr of observed uplift along the Carrizo section of the 289 

San Andreas fault, but the model does not explain the broader uplift pattern extending 290 

south and west of the San Andreas fault. Figure 4d shows the observed and predicted 291 

vertical pattern along several N-S profiles across the Western Transverse Ranges. The 292 

monotonically decreasing uplift pattern from north to south predicted by the surface load 293 

model has a quite different spatial pattern from the arched uplift pattern seen in the data.  294 

 295 

A potential source of vertical motion that we will ignore in our kinematic plate 296 

deformation model is non-steady mantle flow in response the earthquake cycle (e.g., 297 

Pollitz et al. (2001); DeVries et al. (2016)).  Smith-Konter et al. (2014) and Howell et al. 298 

(2016) used a viscoelastic earthquake cycle model of interseismic deformation in 299 

southern California to show that mantle flow due to the repeated slip on faults over time 300 

can generate vertical surface motions of order 1-2 mm/yr. In Figure 5a-b, we show the 301 

predicted vertical motion due to transient mantle flow from the viscoelastic earthquake 302 

cycle model of Johnson (2013). This model assumes faulting in a 25-km thick elastic 303 

plate overlying a 25 km-thick lower crust/upper mantle with viscosity 5 × 101O Pa s 304 

overlying a mantle with viscosity 5 × 10;P Pa s. Figure 5a shows the contribution from 305 

all strike-slip faults and Figure 5b shows the contribution from only the San Andreas and 306 

San Jacinto faults. Here we are showing only transient vertical motions; motion due to 307 

steady long-term slip on the faults is removed from this illustration because this steady 308 

motion is explicitly included in our deformation models as described in the previous 309 

section. The viscoelastic cycle model predicts relatively small vertical transient motions 310 

of 1 mm/yr or less in the region of interest for this study. We ignore this source of 311 

vertical motion for the remainder of this study.  312 

 313 

Another source of vertical motion to consider is glacial isostatic adjustment (GIA).  314 

Figure 5c shows the predicted vertical motion in southern California from the Peltier 315 

(2004) radially-symmetric, viscoelastic, global model of surface uplift in response to 316 
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deglaciation. The model predicts broad tilting across southern California of order 0.5 317 

mm/yr over several hundreds of kilometers. Other GIA models using different ice 318 

histories and/or Earth rheologies predict different rates of vertical deformation rate in 319 

southern California ranging from -1.8 to -0.2 mm/yr, with similarly low spatial gradients 320 

(Dalrymple et al., 2012). 321 

 322 

Rapid basin subsidence due to sediment compaction in the Ventura and Los Angeles 323 

basins is also likely to be observed in the present-day deformation field. As discussed by 324 

Nicholson et al. (2007), sediment compaction can produce vertical and horizontal surface 325 

motions across basins that may look like deep fault slip or elastic strain accumulation. To 326 

account for this effect, we model sediment compaction assuming that the rate of present-327 

day compaction can be derived from the compaction curve shown in Figure 6b, which is 328 

based on data in Nicholson et al. (2007) and McCulloh (1967). The compaction curve 329 

gives porosity as a function of depth, p(z). We assume the basin is subsiding at a uniform 330 

rate with depth (but laterally variable), dz/dt. Then, by the chain rule, porosity reduction 331 

rate at a given depth is  332 
QR(S)
QT

= QR
QS

QS
QT

.       (3) 333 

We obtain the gradient in porosity with depth, 𝑑𝑝/𝑑𝑧, by differentiating the compaction 334 

curve (Figure 6b). The tectonic subsidence rate, 𝑑𝑧/𝑑𝑡, is given by the depth to the 5 Ma 335 

surface in Figure 6a or the 1 Ma surface in Figure S4 divided by the age of the surface. 336 

We populate the volume of the sedimentary basin (Figure 6a) with a regular grid of 337 

centers of dilatation in an elastic halfspace (Mogi, 1958) and impose volumetric rate 338 

change using equation (3). 339 

 340 

Figure 6c shows the computed surface displacement rate for this model using the 5 Ma 341 

surface. The model predicts surface subsidence rates of 2-3 mm/yr and horizontal 342 

contraction rates of up to about 2 mm/yr throughout the Ventura basin. About 1-2 mm/yr 343 

of surface subsidence and about 1 mm/yr of horizontal contraction is predicted in the Los 344 

Angeles basin. The 5 Ma surface probably exaggerates the spatial extent of the actively 345 

compacting sedimentary basins in this region. Figure S4 shows the predicted surface 346 

deformation for a model using the 1 Ma surface in the Ventura basin from Yeats (1981) 347 
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and Sorlien and Nicholson (2015). The rates of subsidence and contraction are similar in 348 

this model, but the deformation has a narrower spatial distribution with most of the 349 

contraction occurring offshore across the Ventura Basin.   350 

 351 

Of the considered candidate deformation sources, in the following analyses we 352 

incorporate only those that are best resolved and have spatial patterns that correspond to 353 

the observed geodetic deformation rates of Figure 2b. The San Joaquin Valley load in 354 

Figure 4 is readily modeled, so we subtract that modeled deformation signal from the 355 

observed vertical signal and use this residual signal (Figure 4c) in all inversions in this 356 

paper. As stated previously, vertical velocities predicted by the viscoelastic cycle model  357 

(Figure 5) or relatively low (<1 mm/yr) and do not match the observed geodetic pattern 358 

(Figure 4c),  thus we ignore transient viscoelastic mantle flow in this study. The 359 

predictions from the GIA models indicate modest (<0.5 m/yr) gradients in vertical rate 360 

over the hundreds of kilometers of our study area, so we ignore the contribution of GIA 361 

in the remainder of this study.  However, modeled surface deformation due to basin 362 

compaction (Figure 6c) produces subsidence along the Santa Barbara coast and within the 363 

onshore Ventura Basin, similar to what is observed, suggesting compaction may 364 

contribute to the present-day vertical signal. We conduct inversions with and without this 365 

basin compaction effect in this study.  366 

 367 

5. Results 368 

 369 

We conducted three different inversions: (1) Straight fault geometry (Figure 1c) for the 370 

Ventura-Pitas Point fault without basin compaction, (2) Ramp-flat fault geometry for the 371 

Ventura-Pitas Point fault without basin compaction, and (3) Ramp-flat fault geometry for 372 

the Ventura-Pitas Point fault with basin compaction.  Results presented in the following 373 

figures are for inversions (1) and (2). We briefly discuss inversion (3) after presentation 374 

of the other results.  375 

 376 
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The estimated mean and standard deviation of slip rate and locking depth are provided in 377 

the supplementary materials (Table S1) for all three inversions.  The estimates of fault 378 

slip rates for inversions (1) and (2) are summarized in Figure 7 with the straight fault 379 

geometry inversion shown in parentheses when this rate is significantly different from the 380 

inversion using the ramp-flat fault geometry. The mean slip rates are similar for the two 381 

inversions except that the straight Ventura-Pitas Point fault inversion (1) places lower slip 382 

rates on the Ventura-Pitas Point fault and higher rates on the Red Mountain fault. The 383 

left-lateral slip rates are highest through the Ventura Basin. The strike-slip rate on the 384 

Ventura-Pitas Point system is at the upper end of the bounds at 2.9-3 mm/yr. The 385 

reported slip rate range is the 95% confidence interval. The summed left-lateral rate 386 

across the Santa Barbara Channel faults at longitude 119°30’ is approximately 5 mm/yr. 387 

This is similar to the ~6 mm/yr rate across on the onshore Ventura Basin-bounding faults 388 

(Ventura and Oakridge Faults). The Ventura-Pitas Point fault system shows the highest 389 

dip-slip rate in the model with 4.4-5.2 mm/yr (2.8-3.6 mm/yr for the straight fault model) 390 

across the onshore portion and 1.9-2.7 mm/yr (0-3 mm/yr) offshore. The summed 391 

reverse-slip rates across several N-S profiles are shown in Figure 7b.  392 

 393 

Figures 8-10 compare model predictions with data for the ramp-flat geometry inversion 394 

(inversion 2).  The inversion inflates the formal uncertainties on all of the data sets; the 395 

data weights (s in equation 1) are 3.6 for horizontal GPS data, 2.3 for the vertical 396 

geodetic data, and 3.5 for the geologic uplift data. The fit to the horizontal velocities are 397 

shown in Figure 8 and the residuals (observed minus model) are shown in Figure S2. To 398 

illustrate the amount of shortening across the region absorbed by reverse slip on faults, 399 

Figure 8b shows the modeled and observed horizontal velocity field after subtracting the 400 

modeled strike-slip contribution from all faults.  Comparing Figure 8b with Figure 8a, it 401 

is clear that a large portion of the geodetic signal in this region is attributed to shortening 402 

across dipping faults. In fact, elastic strain due to coupling across the San Andreas and 403 

Garlock faults, which is included in the velocity field in Figure 8b, but not in Figure 8a, 404 

appears to mask some of the ~N-S shortening across the WTR.  There is a slight 405 

systematic misfit across the Santa Barbara Channel indicating that the model 406 

underpredicts the shortening rate by 1-3 mm/yr.  407 
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 408 

A comparison between the observed and predicted vertical geodetic data is shown in 409 

Figure 9. The model does not capture all details of the observations, but most of the 410 

observed long-wavelength signal (50-100 km) is reproduced by the model.  The model 411 

captures the 1-2 mm/yr of present-day subsidence along the Santa Barbara coastline and 412 

within the L.A. Basin as well as the general pattern of present-day interseismic uplift of 413 

the Santa Ynez Range and San Gabriel Mountains of 1-2 mm/yr. The general pattern of 414 

long-term predicted motion also matches the geologic vertical data fairly well (Figure 415 

10). The model predicts 1-3 mm/yr of long-term subsidence in the off shore Ventura 416 

Basin, ~3 mm/yr of long-term subsidence in the onshore Ventura Basin and Santa 417 

Barbara Coast uplift of about 1 mm/yr, which are all in agreement with observations. The 418 

very high observed uplift rates (4-6 mm/yr) in the vicinity of the Ventura Avenue 419 

Anticline are not reproduced by the model (2-3 mm/yr).  420 

 421 

It is not immediately obvious from examination of Figure 9 how the various faults 422 

contribute to the total vertical velocity field. To help make this clearer, we illustrate the 423 

contribution from only the Ventura-Pitas Point fault (ramp-flat geometry) in Figure 11. 424 

We see that this fault produces 1-2 mm/yr of long-term uplift north of the fault and 1-2 425 

mm/yr of subsidence directly south of the fault (Figure 11b). Interseismic coupling on the 426 

fault (Figure 11c), modeled as backslip, produces mostly subsidence on the hanging wall 427 

side north of the fault trace. Adding together these two velocity fields, we see 428 

interseismic subsidence along the Santa Barbara coast (Figure 11d) and interseismic 429 

uplift north of the trace of the Mission Ridge/Arroyo Parida fault.  430 

 431 

Many of the locking depths are not well resolved by the inversion. The upper and lower 432 

locking depths that are at best resolved are shown in Figure S3. The important result for 433 

this study is that the faults dipping underneath the Santa Barbara coastline including the 434 

Ventura-Pitas Point, Red Mountain, and North Channel West faults are locked to 10-20 435 

km depth. The interseismic locking on these faults produces the observed interseismic 436 

subsidence along the Santa Barbara coast as illustrated for the Ventura-Pitas Point fault in 437 

Figure 11.  438 
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 439 

Figure 12 shows the fit to the data along profile  A-A’ (Figure 1a) for the straight fault 440 

model (1) and the ramp-flat model (2) without basin sediment compaction. Both models 441 

fit the geodetic data largely within uncertainties and most of the geologic, long-term data 442 

are fit within uncertainties (except near the Ventura Avenue Anticline). There is a 443 

tendency for the straight-fault model (green points in Figure 12) to under predict the 444 

uplift north (right) of the LMA, whereas the ramp-flat model (red points) matches the 445 

observed uplift well.   446 

 447 

6. Discussion 448 

 449 

The purpose of this study was to examine the present-day rates of deformation across the 450 

Western Transverse Ranges in the context of what is known about the geology of the 451 

active fold-thrust belt, including the geometry of known active faults, compaction of 452 

sediments in the very deep and rapidly subsiding Ventura basin, and Quaternary rates of 453 

uplift or exhumation across the region.  One challenge in doing this is deciphering how 454 

much of the present-day vertical deformation recorded with geodetic data reflects 455 

recoverable, elastic deformation and how much reflects long-term, geologic vertical 456 

motions. This requires the development of a suitable deformation model that can account 457 

for the recoverable elastic deformation and longer-term, permanent motions.  The 458 

kinematic model adopted for this study allows for long-term rigid and non-rigid motions 459 

of fault-bounded blocks of crust due to imposed long-term slip rates on faults. Long-term 460 

strain within the blocks of crust due to geometric complexities and flexure across dipping 461 

faults is approximated with deformation in an elastic plate over an inviscid substrate.  We 462 

do not explicitly account for anelastic (plastic) yielding that would certainly be required 463 

in areas of high stress accumulation.  While the lack of explicit treatment of anelasticity, 464 

other than sediment compaction in the basin, is a limitation of this study, it will likely not 465 

impact our primary conclusions regarding the relationships between known fault 466 

structures, interseismic strain and long term uplift.  467 

 468 
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Figure 12 places the geodetic data and results of the inversions within the context of the 469 

regional geologic cross section along the profile AA’ in Figure 10 (previously shown in 470 

Figure 1c). Figure 12b-d compares the observed and predicted horizontal and vertical 471 

velocities along the profile for both versions of the Ventura fault geometry (green = 472 

straight fault, red = ramp-flat fault). We see that the ~19 mm/yr of relative horizontal 473 

motion is captured by the model (note that this is not all shortening, but includes lateral 474 

motion across the San Andreas Fault). Figure 12c shows that the general upward-arching 475 

pattern of interseismic vertical motion across the Santa Ynez Mountains is captured by 476 

both models, although the flat-ramp Ventura fault geometry (red dots) better captures the 477 

~3 mm/yr over 30 km tilt observed from the coast (VAA) to the Santa Ynez 478 

Anticlinorium. This upward-arching vertical pattern is not seen in the observed and 479 

modeled long-term uplift pattern shown in Figure 12d. In the long-term we see ~2 mm/yr 480 

of uplift near the coast (higher across the VAA) that decreases to <1 mm/yr across the 481 

Santa Ynez Mountains to the north. The upward arching interseismic pattern in the model 482 

is a result of intersesimic locking along reverse faults near and south of the Santa Barbara 483 

coastline, and deep creep at depth on these faults, like illustrated in the idealized 2D fault 484 

models shown in Figure 3b.  Thus, even though interseismic motion is now generally 485 

observed to be downward, our model predicts that coseismic thrusting on the Ventura-486 

Pitas Point fault will raise the coastline, and cumulative earthquakes will continue to 487 

uplift the Santa Barbara coast over the long term.  488 

 489 

Figure 13 summarizes the estimates of slip rates on major faults in the region and 490 

compares with assumed bounds and estimates from the forward mechanical models of 491 

Marshall et al. (2013) and Marshall et al. (2017) for three different fault geometries.  The 492 

yellow bars in Figure 13 capture the entire range of estimates (at 95% confidence level) 493 

from the various inversions in this study. In most cases, the maximum model estimate is 494 

lower than the upper bound, suggesting the assumed upper bounds are not overly 495 

restrictive. The Northridge and Red Mountain faults are the only exceptions to this. The 496 

inversion results generally agree well with the Marshall et al. (2013; 2017) forward 497 

modeling results.  498 

 499 
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The Ventura-Pitas Point fault itself accounts for a large fraction of the potential moment 500 

release across the WTR.  To show this, we compute posterior probability density 501 

functions of moment accumulation rate on faults for the ramp-flat inversion without basin 502 

compaction (inversion 2), as shown in Figure 14. Moment accumulation rate is computed 503 

from the posterior distributions of backslip rate and area of locking assuming an elastic 504 

shear modulus of 30 GPa.  Here we show moment accumulation rates for all faults in the 505 

model and also separately for the Ventura-Pitas Point fault as well as geographic regions 506 

delineated in the inset in Figure 14a.  The moment accumulation rate in the Santa Barbara 507 

channel region is similar to the on-shore moment accumulation rate in the LA Basin-San 508 

Fernando Valley. The total moment accumulation rate for all faults is about seven times 509 

higher and is dominated by moment accumulation rate on the San Andreas fault.  We also 510 

convert moment accumulation rate to equivalent moment magnitude (Mw) per 100 and 511 

1000 years in Figure 14. These results suggest there is enough moment accumulation to 512 

result in a Mw=7 earthquake on the Ventura-Pitas Point fault every 100 years and enough 513 

moment accumulation for about two Mw=7 events every 100 years in both the entire 514 

Santa Barbara Channel and the combined Los Angeles basin and San Fernando Valley 515 

regions. The estimated moment rate is broadly consistent with geologic estimates of past 516 

earthquakes on the Ventura fault system with magnitudes Mw > 7.5 occurring at intervals 517 

of ~1-4 ka (McAuliffe et al., 2015; Rockwell et al., 2016).  Thus the Ventura-Pitas Point 518 

fault itself accounts for about half of the moment release in the greater Santa Barbara 519 

channel area, and about a quarter of that in the combined Santa Barbara Channel/LA 520 

Basin-San Fernando Valley areas shown in Figure 14.   521 

 522 

The effect of modeled basin compaction on estimates of fault slip rates is modest 523 

(inversion 3).  Slip rate estimates from this inversion are very similar to the ramp-flat 524 

geometry inversion without basin compaction (inversion 2). The main difference is that 525 

inversion (3) requires less coupling on the Ventura-Pitas Point Fault system and 526 

correspondingly lower moment accumulation rate by a factor of about two, as in Figure 527 

S5. The explanation for this is straightforward; model subsidence due to basin 528 

compaction along the Santa Barbara coastline (Figure 6c) accounts for about half of the 529 

observed present-day subsidence, requiring less subsidence due to interseismic strain 530 
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accumulation on the Ventura-Pitas Point Fault (Figure 11c and Figure S5c,d).  However, 531 

we suspect that the basin compaction model adopted for this inversion constrained by the 532 

~5 Ma SCEC basement model is likely an extreme end-member model as the modeled 533 

basin area is near the maximum allowable size approximating the actual basin.  534 

 535 

Howell et al. (2016) constructed a vertical velocity field for southern California using 536 

continuous GPS data after filtering out short wavelength signals they attributed to non-537 

tectonic sources. Their filtered velocity field shows several mm/yr of roughtly N-S tilt 538 

across the Western Transverse Ranges, similar to, but not exactly as seen in the data 539 

adopted for this study (Hammond et al., 2018).  Howell et al. (2016) attribute this and 540 

other signals across southern California to interseismic coupling and deep creep 541 

associated with the earthquake cycle on the San Andreas fault. While their model does 542 

indeed capture some first order features of the vertical velocity field across southern 543 

California, it does not reproduce the N-S tilt across the Western Transverse Ranges. 544 

Howell et al. (2016) did not include vertical motions due to dip-slip faulting in this 545 

region, and this is likely the reason for the misfit.   546 

 547 

As noted in the discussion of fit to long-term data in Figure 12d, our model does not 548 

capture the highly localized uplift across the Ventura Avenue Anticline captured in the 549 

Niemi et al. (2008) data set. Similarly high localized uplift rates of 6-7 mm/yr have also 550 

been recorded across the anticline by Rockwell et al. (2016) from folded Holocene 551 

marine terraces. These high uplift rates presumably reflect highly localized deformation 552 

associated with anelastic folding processes that are not accounted for in our simplified 553 

elastic models. Furthermore, for simplicity we have not allowed for large slip rate 554 

gradients along fault segments that would likely be required to produce such high slip 555 

rates. Marshall et al. (2017)  showed that boundary element models are capable of 556 

producing locally high slip rates approaching 7 mm/yr in the vicinity of the Ventura 557 

Avenue Anticline.   558 

7. Conclusions 559 

 560 
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In this paper, we combined geologic measurements of uplift rate with geodetic 561 

measurements of present-day vertical and horizontal motions into a single model for 562 

recent deformation across the Western Transverse Range fold-thrust belt. The kinematic 563 

model consists of faults embedded in an elastic layer (crust) subjected to gravitational 564 

restoring forces overlying an inviscid substrate (mantle). We inverted for slip rate on 565 

faults and interseismic locking area. The model captures the first-order features of the 566 

long-term geologic vertical motions and geodetic data.  567 

 568 

We show that a large component of the vertical geodetically-derived velocity field is 569 

tectonic in nature. We attribute most of the uplift signal to interseismic strain 570 

accumulation from dip-slip motion on faults.  The summed reverse slip rates on faults 571 

across the Western Transverse Ranges range from 11-15 mm/yr in the eastern Santa 572 

Barbara Channel and onshore Ventura regions to 5-6 mm/yr in the western Santa Barbara 573 

Channel region. These faults simultaneously and cumulatively accommodate 5 mm/yr of 574 

left-lateral motion inclusive of, and north of, the Channel Islands.   575 

 576 

We resolve a key puzzle in vertical motions on the Santa Barbara coast, where long-term 577 

uplift is observed, but geodetically measured motions are downward.  We find that the 578 

observed 3-4 mm/yr tilt from the Santa Barbara coastline to the Santa Ynez mountains is 579 

attributable to recoverable elastic deformation (not permanent) on north dipping thrusts. 580 

The model predicts interseismic subsidence along the Santa Barbara coastline and ~2 581 

mm/yr long-term uplift in the Santa Ynez Range, and coseismic uplift of the Santa 582 

Barbara coastline in future large slip events. 583 

 584 

The slip rates we infer are consistent with relatively high moment accumulation rates on 585 

faults in the WTR. The moment accumulation rate on the Ventura-Pitas Point fault 586 

system is equivalent to a Mw=7 earthquake every 100 years. The total moment 587 

accumulation rate in both the Santa Barbara Channel and the combined San Fernando 588 

Valley-LA Basin region is equivalent to about two Mw=7 earthquakes every 100 years. 589 

 590 

 591 
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 799 
 800 
Figure	1.	Fault	geometry	in	Western	Transverse	Ranges,	southern	California.	Geometry	is	a	compilation	from	SCEC	801 
Community	Fault	Model	(Plesch	et	al.,	2007),	UCERF3	fault	model	(Field	et	al.,	2014),	and	Sorlien	et	al.		(2016).		(a)		802 
Map	view	of	fault	traces.	(b)	3D	perspective	view	of	model	faults	and	enlargement	of	Santa	Barbara	Channel	region	803 
faults.		Slip	rates	are	estimated	on	colored	fault	surfaces	and	imposed	on	white	faults.	(c)	Profile	AA’.	Shallow	804 
geology	is	from	Namson	and	Davis	(1988).	Red	lines	show	intersection	of	model	faults	with	cross	section.	Dashed	805 
red	line	is	alternative	straight	fault	geometry	for	the	Ventura	Fault.		806 

25

20

15

10

5

0

 120°30’W 119°30’W 118°30’W

33
°4
0’

N
34
°2
0’

N
35

°N

50 km

North Channel West
Pitas Point West

Santa Cruz Island
Santa Rosa Island

Santa Ynez Santa Ynez 

Malibu CoastMalibu Coast

Pine MountainPine Mountain

Mission Ridge/Arroyo ParidaMission Ridge/Arroyo Parida San CayetanoSan Cayetano
Red Mountain

Ventura

Oak Ridge
SimiSimi

San Gabriel

San Gabriel

Sierra Madre
Sierra Madre

Mojave San Andreas

Mojave San Andreas

Garlock
Garlock

Carrizo San Andreas

Carrizo San Andreas

H
osgri

de
pt

h 
(k

m
)

a.

b.  

San
 G

ab
rie

l

San
 G

ab
rie

l

Sa
nt

a 
Yn

ez
 

Sa
nt

a 
Yn

ez
 

Pi
ta

s P
oin

t -
 V

en
tu

ra

Pi
ta

s P
oin

t -
 V

en
tu

ra

San
 C

ay
eta

no

San
 C

ay
eta

no

San
ta 

Cruz
 Is

lan
d

San
ta 

Cruz
 Is

lan
d

O
ak

 R
id

ge

O
ak

 R
id

ge

Channel Islands Thrust

Mid-channel

Anacape-DumeAnacape-Dume

An
ac

ap
e-

D
um

e
An

ac
ap

e-
D

um
e

Santa SusanaSanta Susana

SMSM

Key:

Ventura Basin
fault

Mojave San Andreas

121° W

117°30’W

35
°1
0’

N

33
°2
0’

N

Carrizo San Andreas

Hosgri

Coachella 

San Jacinto

G
arlock

Newport-Inglewood

Newport-Inglewood
Santa Cruz - Catalina Ridge

Palos Verdes

San Pedro Basin

Whittier
Whittier

c.

A

A’

Tc

Tt Tsp

Te

Ku

Ku

Te

Tc
Tsp

Tt

Tc

Tsp

Te

KuM
alibu C

oast  

sea level

5 km

10 km

15 km

20 km

25 km

Ventura Ave. 
Anticline
(VAA)

Sa
nt

a 
Yn

ez
 

Lion Mtn. 
Anticline
(LMA)

Santa Ynez Mtn. 
Anticlinorium
(SYA)

O
ak

 R
id

ge
 

Ventura

Pine Mountain

A A’



	 26	

 807 
 808 

  809 
Figure	2.	Geodetic	and	geologic	data	used	to	constrain	inversions	for	fault	slip	rates	and	locking.		(a)		SCEC	CMM4	810 
velocity	field	relative	to	San	Miguel/Santa	Rosa	Islands.		(b)		Present-day	vertical	motion	map	from	a	combination	811 
of	InSAR,	GPS,	and	leveling	data	(Hammond	et	al,	2018).	(c)		Geologic	vertical	motions	from	Niemi	et	al.	(2008)	and	812 
Sorlien	and	Nicholson	(2015).		813 
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 815 
 816 
	Figure	3.	Illustration	of	elastic	plate	flexure	model.	(a)		Faults	are	embedded	in	a	25-km-thick	elastic	crustal	plate	817 
overlying	an	inviscid	mantle.	Elastic	plate	flexes	under	gravitational	restoring	forces	(buoyancy	forces)	due	to	slip	818 
on	faults.		Slip	is	imposed	on	clear	vertical	fault	panes	(these	faults	extend	to	great	distance	outside	of	the	shown	819 
model	region	to	generate	appropriate	far-field	horizontal	plate	motions).		Slip	rate	on	colored	faults	is	solved	for	in	820 
the	inversion.	Uniform	long-term	slip	rate	is	assumed	over	entire	fault	sections.	In	steady	state	deformation,	over	821 
millennial	time	scales,	faults	creep	at	a	constant	rate	and	induce	steady	deformation.	During	the	interseismic	822 
period,	faults	are	assumed	to	be	locked	above	some	locking	depth	that	is	solved	for	in	the	inversion.	Interseismic	823 
locking	is	modeled	with	backslip	in	an	elastic	halfspace.		(b)		Illustration	of	the	analogous	elastic	plate	flexure	824 
model	in	2D,	plane-strain	case	(infinitely	long	faults).		Geometry	of	fault	and	plate	is	shown	in	lower	panel	with	825 
locked	section	of	fault	indicated	with	dashed	line	and	interseismic	creeping	fault	indicated	with	solid	lines.		Upper	826 
panels	show	predicted	long-term	(solid	lines)	and	intersesimic	(dashed)	horizontal	and	vertical	velocities	827 
normalized	by	slip	rate	on	the	fault.	Locking	depth	is	indicated	by	variable	D.		828 
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 829 
Figure	4.	Estimate	of	vertical	motions	from	withdrawal	of	water	from	San	Joaquin	Valley	aquifers.		(a)		Observed	830 
vertical	motions	(same	as	Figure	1B).	(b)		Predicted	vertical	motions	on	top	of	elastic	halfspace	due	to	removal	of	831 
water	in	San	Joaquin	Valley	following	approach	of	Amos	et	al.	(2014).		“Carrizo	SAF”	is	Carrizo	section	of	San	832 
Andreas	Fault	referred	to	in	main	text.	(c)		Vertical	velocity	field	with	contribution	from	water	withdrawal	(b)	833 
removed.		(d)	Profiles	of	observed	(blue	dots)	and	predicted	(red	dots)	vertical	velocities	due	to	removal	of	water	834 
within	25	km	of	profile	lines	shown	in	(c).	Predicted	vertical	velocities	do	not	match	the	pattern	of	observed	835 
uplift/subsidence,	indicating	another	source	of	vertical	motion	is	involved	in	addition	to	the	water	unloading.						836 
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 839 
Figure	5.		Viscoelastic	models	of	vertical	motion.	a.	Earthquake	cycle	model	of	Johnson	(2013)	showing	transient	840 
contribution	from	earthquake	cycle	on	strike-slip	faults.	b.	Earthquake	cycle	model	of	Johnson	(2013)	showing	841 
transient	contribution	from	earthquake	cycle	on	San	Andreas	and	San	Jacinto	Faults.	c.	Global	post-glacial	rebound	842 
(Glacial	Isostatic	Adjustment	–	GIA)	model	of	solid	earth	vertical	motions	from	Peltier	(2004).	843 

 844 
 845 
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 846 
Figure	6.		Calculated	deformation	due	to	sediment	compaction.	(a)	SCEC	basement	depth	map	(5	Ma	surface)	.	(b)	847 
Assumed	compaction	curve	following	McCulloh	(1967)	and	Nicholson	et	al.	(2007).	Compaction	rate	as	a	function	of	848 
depth	assuming	constant	subsidence	rate.	(c)	Predicted	subsidence	and	horizontal	velocities	assuming	compaction	849 
in	an	elastic	half	space.		850 
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 851 
 852 
Figure	7.	Estimated	slip	rates	shown	on	surface	fault	traces.	(a)	Strike-slip	component	of	slip	rate.	Positive	is	right-853 
lateral	and	negative	is	left-lateral.	(b)	Dip-slip	rate	component.	Numbers	in	parentheses	are	for	the	straight	854 
Ventura-Pitas	Point	model	inversion	and	other	numbers	are	for	the	ramp-flat	geometry.	All	faults	constrained	to	855 
reverse	sense	of	slip.	Dip-slip	rate	is	summed	along	faults	crossing	the	three	profile	lines.		856 
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 857 
Figure	8.	Observed	and	predicted	horizontal	velocities.		(a)	Total	velocity	field	relative	to	San	Miguel/Santa	Rosa	858 
Islands.	(b)	Velocity	field	after	removal	of	strike-slip	contribution	from	all	faults.		This	velocity	field	isolates	the	859 
contribution	to	contraction	due	to	slip	on	reverse	faults.			860 
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 862 
Figure	9.	Observed	(a),		predicted	(b),	and	residual	(c)	interseismic	vertical		velocities.		863 
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 864 
 865 
Figure	10.	Comparison	of	observed	and	modeled	long-term	vertical.	(a)	observed,	(b)	model	at	observation	points,	866 
(c)	model	long-term	vertical	rates	over	entire	region	compared	with	observations,	and	(d)	model	long-term	vertical	867 
rates	over	entire	region.		868 

 869 
 870 
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 871 
Figure	11.		Contribution	to	vertical	deformation	from	slip	on	only	the	Ventura-Pitas	Point	fault	system.	(a)	Surface	872 
projection	of	Ventura-Pitas	Point	fault	geometry.	(b)	Long-term	vertical.	(c)	Vertical	velocities	due	to	backslip	on	873 
locked	portion	of	faults.	(d)	Interseismic	vertical	velocities	(sum	of	velocities	in	b	and	c).		874 
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 875 

 876 
 877 
Figure	12.		Compilation	of	geology,	model,	and	data	on	cross	section	A-A’	(location	in	Figure	10b).	Data	within	20	878 
km	of	profile	line	are	shown.	(a)		Shallow	geology	is	from	Namson	and	Davis	(1988).	Model	faults	shown	with	red	879 
lines	along	with	estimated	fault	reverse	slip	rates.	(b)	Horizontal	GPS	velocities	(blue	error	bars)	and	model	fit	(red	880 
circles	for	ramp-flat	Ventura-Pitas	Point	geometry	and	green	for	straight	fault	geometry).		Horizontal	velocities	are	881 
total	velocities,	not	just	component	parallel	to	profile.	(c)	Same	as	(b)	for	vertical	component.	Broad	present-day	882 
uplift	across	the	Lion	Mountain	and	Santa	Ynez	Mountain	anticlinoriums	is	largely	due	to	deep	slip	on	the	Ventura-883 
Pitas	Point	fault	system	in	the	model.	(d)	Same	as	(b)	for	long-term	vertical.	Rapid	long-term,	localized	uplift	due	to	884 
folding	of	the	Ventura	Avenue	Anticline	(VAA)	is	not	captured	in	the	model.		885 
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 886 
Figure	13.	Comparison	of	slip	rate	estimates	from	this	study	with	assumed	bounds	and	previous	studies.		887 

 888 
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 889 
Figure	14.		Computed	moment	accumulation	rate	and	equivalent	moment-magnitude	over	100	and	1000	years	on	890 
selected	groups	of	faults.	Inset	shows	LA	Basin	(blue)	and	Santa	Barbara	Channel	(red)	groupings.						891 

 892 
 893 
 894 

6.9 7.1 7.2 7.3 7.4 7.5 7.6 7.7
0
1
2
3
4
5
6
7
8
9

7.6 7.7 7.8 7.9 8.1 8.2 8.3 8.4
0

1

2

3

4

5

6

7

8

0 0.5 1 1.5 2 2.5 3 3.5 4
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8 10

-19

10
18

10
-3

10
-3

all faults

LA Basin - San Fernando Valley

Santa Barbara Channel

Ventura-Pitas Point

Moment accumulation rate (N-m/yr)

Equivalent Mw every 100 years

Equivalent Mw every 1000 years

all faults

LA Basin - San Fernando Valley

Santa
 Barbara 
Channel

Ventura-Pitas 
Point

LA Basin - San Fernando Valley

Santa
 Barbara 
Channel

Ventura-Pitas 
            Point

all faults

7.0

8.0

pr
ob

ab
ili

ty
 d

en
si

ty

 


