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ABSTRACT

Gecdetic data at a plate boundary can revesl the pattern of
subsurface displacementalthat accohpany plate motion, We modél
thece displacéments as the csum of rigid bloeck motion and the elastic
effects of fricticonal interaction between blocks. We represzent the
fricticnal interacticne by uniform diclocation on each of zeveral
rectangular fault patches. ke then estimate the block velccities and
fault parameters from geodetic dats. COur Eayesian -inuersion
procedure employe prior estimates based an geclogical and
ceicmological data. We apply the method to the Transverze Ranges,
using prior cata from Bird énd Rosenctock (1324) and geodetic data
from the USGE trilateration networks. Qur model consziszts of Ail
blocks and 26 rectangular fault batches. The block motion inferred

from the geodeticzc data has the zame o«rder of magnitude &as the
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qecloqgic estimates, and for many faultse the agreement is excellent.

However, the 4gecdetic data imply & displacement rate of about 20

"

mm/yr across the San Andreas Fault, while the Qgecloqic estimates
exceed 30 mm/yr, The pricor model and the final estimates both imply
agout 10 mre/yr crustal cehortening normal te the trend of the San
Andreas Fault., Mest of this shortening occurs on the Sierra
Madre-Cucamonga and the khite Welf Fault eystems. Aseismic fault
motion is & major contributor to plate motion, and the thickness of
the frictional csurface wvaries concsiderably ffbm one fault to
snother. The gecdetic data can help to identify faults that are
euffe;ing rapid stress accumulation; in the Transverze Manges those

faulte are the S3an Andreas and the 3anta Susana.

ORIGINAL PAGE is
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INTRODUCT I ON

Since 1371 the U.3. Geological Survey (USG3) have carried out
precise length measurements on baselines near the San Andreas Fault
syetem in California (Savage et al., 1921). Theze measurements tell
ue rmuch about the details of plate motion, and the process of stress

accumulation leading to ear thquakes.

In this paper we address the following questicns: (1) How wide
ie the plate boundary, and can the plate motion ke blamed on
specific known faults? (2) Do the jecdetic data agree with
conclusions basced on geoloegic observaticonz and plate tectonic

models? (3) Which faults are accumulating stress most rapidly?

King and Savage (i-84) analysed trilateration data for tﬁé
Transverse Ranges using a <imple dislocation model. They showed that
thé ctrain raée fs relatively low in thiz reqicn, compared to cther
locations aldng the 3San Andreas Fault. This i@plies that the
dieplacement rate on the San Andreas at depthl iz lower here than
elsewhere, or that the San Andreas is locked to & great depth here,
or poesibly that displacement i=s taking place on faulte outzide of
the triléteration netwerk., They found that there were csignificant
spatial wvariations in etrain rate, and that the data could bke fit
Areasonably well by & model with only two faults: the 5an Andreas and
'the Garlaeck. Their preferred model héd 20 mm/yry of right lateral
cslip on'the San Andreas, and 8 mm/yr left lateral <clip on the

Garlaeck, with both faults locked to & depth of 1S km.
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hie are able to include many more faulte than previcus
investigqators bhecause we use a new nonlinear inversion procedure
incorporating pricor estimates of all the parameterz. The prior
estimates are based on geologic and seizmological data. By
including many more faults, we qet & much more rvrealistic model of
the plate beundary reqion, and we can test the importance of many

previously neglected faulte.

Qur dislocatioen medel {2z described more thoroughly in

a

separate paper (Matsu‘ura et al., 1328) reporting a similar analysi

w

of the Holliz=ter area of cemtral Caslifernia. The inver=zion method i

w

dezseribed in detail in Jackzon and Matsu’urs (13835).



DISLQCATION MODEL

Acsumptians

e assume that gecdetic displacements, and the bleck and fault

moetions that cause them, are conctant in  time over the periocd

1:

L

71=1523. Thus we use rates of change of line length as our baszic
data, énd velocities andldisplacemenx rates as our primary unknown
parameters., By using geclogical éstimates of bleck welocities in our
ﬁrior model, we implicitely azsume that displacementwrates are
constant over periods of many thousand years. The latter assumption

i

Yyl

a .workimg hypothesis, which we can test. If the final model
aqrees with the geclcgical estimates, then the hypothesis of
constant displacement rate cannot be rejected by ocur Qata. If in
addition the parameters are well rezclved by the gecdetic dats, then
the final estimate is relatively independent of the prior model; in

that case &agreement between the priar and final estimates tends to

confirm the constant rate hypothesis,.

WMe reprecent the cruszt by an elastic half-zpace divided into &
finite number of blocks. The fault surfaces separating these blocks
are divided <scmewhat arbitrarily inte seqments from 10 te 100 km

long., In the absensze of friction, the blocks would zlide freely with

~t

no shear stres

"

accumulation. However, friction on the upper part of
the fault surface restricts motion and causes sStresc. e divide
each fault segment inte an upper "brittle zone" and & lower "ductile

zene", The depth of the boundary between theze zones is called the



"locking depth;" the width of the brittle zone, measured in the

fault plane, iz called the "fault width." For verticql faults the
locking depth and fault width are identical. In the ductile zone,
the displacement rate acrozs the fault is =zimply the velocity
difference of the two blocks separated by the fault., In the briitle
zone, the net displacement rate is the difference between the
relative block welcocity and the dizlocstion rate. Thise dizlocation
ratge is introduced to represent the effects of frictional
interaction,"and it is assumed to be constant over each dislccaticon
patch. The dizlocation rate iz ezsentially a displacement deficit,
likely to be réhaid in the form of earthquakes or other episcdic
displacements at = iater date. A schematic wiew of a éingle fault

segment, and the notation we use to decscribe it, are zhown in Fig.

=

If the entire surface separating two blocks were sliding
freely, there would be no dicslocation motion ror stress
accumulation, and the <curface displacement would ke rigid block
motion only. If the upper fault patch were completely locked, then
the dizlocatien motion would equal the block motion, and stress
would accumulate 3t a rate depending on the locking depth and the
relative bleck velocity.

We wuse the Jenmings gt al. (1973) fault map of Califernia to
determine block boundariez and the lo&ation of the upper corners of
gach fault segment., These are held fixed in cur analysis. The width
and dip angle of each fault patch, and the dislocaticn rate wvectaor,

are ecstimated from the trilateration data. The tlock boundaries



that we assume are shown in Fig. 2, along with the actual traces of
faults.
L ] .

Quer qecleqic time, the fitful metioen in the brittle zone of
any fault segment should average to the same rate as that of the
lewer ductile zeone. Thus, the locading of the upper fault zone by
frictional stress and its unloadiné by earthquakes are each
temporary aberrationeg; the geclegical displacement rates cshould be
compared to the steady "black motion" in our gqeodetic model. n the
short term, friction 3t the upper part of the fault surface will
cause some temporary distartion of the bBlock: it is this distortion
that we model with the dislocation. In crder to distinguicsh the
effects of block motion from the distortiom near the block
boundaries, we need to obzerve displacement both close toe and far

from the boundary. For many faults in the study area this condition

(11}

is atizfied, and wWe can resclve well the dislocation moticn that

”»

causes stress to build up on the fault.

Calcuiating the rate of line lenqth change caused by block
motion 1s simple; the velocity of each monument i3 just the veloecity
of the block on which it rides. 'The rate of line length change
between any two monuments is the projection of the velccity
difference between the two zitecs conte the poéition vector from cone
site to the other. For the dicslocations, we compute thecretical
dieplacements and partial derivatives with recspesct to parvameter

values using the method of Matzu’ura (1377), summarized briefly in

hll
—

Matsu’ufa . (1322G). ble acszume that the earth 1e & wunifarm

t

elagstic half-space, with the Lame’ constants equal.



Primary Parameters

The primary parameters concsist of the eastward and northward
velocity components for each block; and the dislocation rate (D),
fault width (W), dip angle (&), and =zlip angle (A) for each fault
patch. In {he Transverze Ranges we assume 11 blocks and 26 fault
segnents, S0 Wwe héve 22 blochk parameters and 104 fTault parameters,
for a total of 126. The dip angle is defined =zuch that 20 degrees i3
vertical. The <lip angle is defined o that if the dizlocation rate
is positive, then 0 degrees reprezents left lateral strike slip
motion, 30 degrees reprezents pure dip <elip motion, and 130A

) : degrees
represents right lateral strike slip. If the dizlocation rate is

negative, then U and 130 degrees represent right =and left lateral

displacement deficitz, respectively.
Derived FParamsters

e alsa compute estimates of ceveral derived parameters that
are functions of fhe primary parameters. The ‘“"block slip" is the
tangential >component {parallel to the bleck boundary) of the
relative velccity between two blocks. It depends on the blochk
velccities and the corientation of the boundary. Positive block zligp
deroctes right lateral motion. ThHe "block convergence" is the
compaenent of relative motion normal toe the boundary, measured such
that converqgence is positive. "Strike elip" and "dip slip" are the
Foerizental and updip componenfs af the diclocation maotion. A

pesitive strike slip value indicates & right lateral displacement



deficit, and & pocitive dip =lip value indicates a convergence
deficit. "“Creep rate" is the difference between the block slip and
the <strike <lip. In other wordsz, bleck slip is the tangential
displacemment rate at depth (below the dislecation patch), and creep

rate is the shallow <lip rate.

Of course the earth ie not a homogenecus halfspace, and fault
displacement ratee probably de not change discontinuocusly at
rectangular rpatch boundarie;. The fault dislocation parame&ers
represent averages over the fault zorne, rather than specific values
appropriate for any cspecific location. Similarly the "creep rate"
represénts the average shallow displacement inferred from gecdetic
bazelines & few kmm long, and it might not be the came quantity that
l1s cbserved with shart bazeline creepmeters acroszs some faults,

Fer VeEry lang etrike s2lip faulrtz, the rate of cstres

m

accumulation can be calculated from the dislocation parameters;
roughly, it iz directly proporticnal toe the dizlocation rate and
inversely proporticonal te the fault width. Azsuming some fixed value
for strezs drop in & large earthquake, ocne can then c¢alculate the
recurrence time and the characteristic displacement for =such
earthquakesi We give the relevant equations and calculate <some
ecstimated values «f these parameters for faults in the Holliszter

Regioen in Matesu’ura et al. (132g). We do not vreport =uch
calculaticns for the Transverze FRanges, bLecauze the required

assumptione are questionable in this reqion complicated by many

fault intersectione and dip-¢lip fault

"

1



INVERZION METHOD

In our analycsis the data are obceerved rates of change of line
length, while the model parameters are the east and north components
of esach bloch velcocity; and the diszlocation rate, fault width, dip
angle, and slip angle of each fault patch. The observed length rates
sre escentially linear functioms of the bloeck wvelocities .and
dislocation rates, but they afé nenlinear functions of fault width,
dip anqle, and <slip a&angqle. PBecause of . the larqe number. of
potentially active faultsz, the data may be insufficient to recoclve
all of . the relevant unknown parameterz. Thus we are faced with &
nonlinear, possibly underdetermined inverce prdblem. However, we
know & fair amount about the expected waluee of the parameters,
indepenaent of the gecdetic data. For example, the btlock wvelccities
should ke the zame ordef of magnitude 3= the geclegically observéd
rates, and the dip and slip angle should agree with geologicél

obeservaticone. Aszuming that earthquakesz occur in the brittle zone we

can estimate the fault width at least approximately. It is then

appropriate te use & nonlinear Bayesian procedure that makes use cof
the relevant prior information. We use a method dezcribed in detail
by Jackson and Matsu’ura (1985), and summarized only briefly here.
Suppocse that we have n observation equations and m unknown

parameters, and let

where y is an n-vector of obeserved data, x is an m-vector of

urnknown parameters, f iz a vector of poezibly nonlinear functions

lo



qiving the predicted values corresponding tce the cbzervations, and

| o

ig an n-vector of residuals. The equaticn above is retfervred to
as the "obcservation equaticne." Suppose alsc that we have prior

estimates x, for each of the parameters, and let

be an m-vector of residuals to the pricr estimates. If the errore in
the observations and prier estimates can be described as random
variables with mean equal to zero and covariance matrices E and

D, recspectively, then the minimum variance estimate of x

—~—

minimizes

Minimizing T is equivalent to minimizing the <eum of <cquared

residuals to the combined set of equations

where ET EF

L and ET DG = l. The matrices F and_ﬁ
cerve to standardize the cohbeerved and pricor datas, <o that the
equaticns above may be combined and solved by & standard nonlinear
lezet squares estimation packaqge. The pricor estimates stabilize the

inversion, but there is no need to treat them differently from the

cbhservation equaticons in computaticon.
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Aesuming that the functione fi(x) are linear within 3 large
encough neighborhood of the sclution, the probable ectimation errors

are described by the ssymptotic covariance matrix

and the rescluticon matrix (Jackson and Matzy’ura, 1335) ie

D>

N
/

[}
{—

|
(e

!
!

_E iz an m by m matrix, whose diagonal elements give for each
pavameter the relative cencsitivity of the final result to the
cbservations. The complement (one minuse the diagonal element) gives
the.relatiue sensitivity to the prior eztimates., In the tables of
parameter estimates below, the "resclution" for each parameter is: '
the correesponding diagonal element of the recolution matrix,

multiplied by 100 to convert to %.

The repaorted error estimatee for each parameter are the
standard errors, or square rcots of the relevant diagonal elements

of the moedified covariance matrix X', defined as

bR 2, 1, . - , .
where v = T /. v iz the "wvariance inflation facter,”" whaze purpose
is ta adjust the uncertainties to match the observed zum of squared

residales. bWe did not rmaedify the covariancee C and D, zo¢ that the



final error eztimates

uncertanties.

far

some parameters are larger

than

the prior
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Trilsteration data

We wuse line length dats provided by Dr. James Tavage and his
group at UGS im Menlo Park, Cszslifornia. For each line, we
determined the rate of change of line length and its standard error
by linear regression of length on time. The standard error . is
adjusted to be ;onsistent Wwith the length residuals, so that if the
line length is quite linear with time, then .the standard error will
be small. In general, the =tandard error will decreacse in proportion
to the time <¢pan covered by the measurementsz. ble acssume that data
errcrs -are uncorvelated, =o that the data covariance matrix C is a
diagoenal matrix whose diagonal elements are the squares of the
corresponding’ standard errors., bWe use data for 160 lines from the

, and S3an Fernando

n

USG5 Palmdale, Tehachapi, San Gabriel, Los Padre
networke, The locations of the monuments are shown in Fig., 2., The
length .change rates and their sztandard errcrs are tabulated in Cheng

(198%) and will be furniched on request.

Prior estimates

We take prior estimates of block velocities from the model of
Bird and FRosenstack (13234). Their model was adjusted to fit
qeclagically obcerved diceplacement ratez on major faults in scuthern

California and the plate moticon estimates of Minster and Jordan

~.

1578). We make a few mincr adjustments to their model: we modify

come block boundaries <lightly, and we combine their ZSanta Barbara
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Channel, Chino, San Fedro, Santa Anna, and Yallecitoe blocke into a
¢ingle block because they found negligible displacement between
them. We assume rather géenercous prior uncertainties (20 rmm/yr &ﬁ
each component) te allow for tempoval changes from the geclogical
averaqe dicplacement rates. The prior estimates and their
uncertainties appear in Table 1, along'with our final estimates,

which are dicscuscsed below,

he asesurme pricr ectimates of the fault dislocation rate to
offeet the block displacements at the surface, except for a few

faults such as "San Andreass F"'" where creep is cbesesrved. There, we

choose & smaller dislecation rate, <o that the difference ketween

block <elip and strike <lip dislocation movement would equal the
cbserved creep rate. lkle assume generous pricr uncertainties for the
dislocation rate as well; 20 mm/yr for most faults, and 10 mm/yr far
a few less active faults; We assume that the fault width is ;0 t'S

kin for all faults, based on the cbservation that most earthquakes -,
assumed ta ogcur in the brittle zone, have depths in this range.
strike slip faulte we sssume. to héue & dip of 30 4+ 10 deqgrees,

except for the S;nta Ynez énd Pine Mtn faults which we give an
uncertainty of 30 deqgrees. For thrust faults we-éssume a dip of "~G&

+ 20 degrees. The Big Pine, San Cayetanc, Sta Su , San Gabriel,

0
1]
)
Y

Sierra Madre, and Cucumonga are assumed to dip down to the north,
whiie the White Wolf and Pleito dip down to the south in our prior
model, Pricor ecstimates of <lip sngle sre 130 degrees for strike zlip
faults, and 90 degreees for dip =zlip faults, with urncertainties
ranging‘from 10 to 30 degrees depending on the geclogical complexity

of the area. Table 2 showe the pricr esztimates and uncertainties of



all fault parameters, and Table

corresponding to the prier estimates.

-

showz the dervived pavameters



FESULTS

The block and fault model fits the +trilateration data
reasonably well, although the final rms rezidual is about 1.4 times
the eztimated etandard deviation of the data. Thiz modest
discrepéncy might be causzed by nontectonic deformation at <come
sites, by motion of neglected faulte, by systematic errcors in'the
data, or even by bad luck (that 1is, random coincidence)., The
presense - of & few large residuale (twe with absclute recidusal
exceeding four standard deviations) suggests that there are some
problems with & few aof the data, especially from lines involwing
stations Tenhi, Pe2, and Tuj rml. MNevertheless the fit |is éood
encugh that there is no cauce to doubt the overall data quality, aor

the'estimated standard deviations of the data.

Block welocities and mizesing =zlip on the Zan Andreas

Block wvelocities are <cshown in Takle 1 and Fig., 2. The blochk
veldcities afe resclved inte parasllel (block slip) and perpendicular
(tlock convergence) companents for each block boundary in_ Table 3.
Fig; ‘4 showsz the bleck slip, and Fig. S the block converdgence.
Referring to Table 1, we cee that except for the iMojave block, which
is fixéd as a reference by a wvery cstrongly constrained ‘prior

ectimate, the block wvelccities are recsolwed wery well., They differ

substantially from the pricr ectimates, in sharp contrast with our

results fer Hollister (Matesu‘ura et zl1., 133¢), where the



estimated block velccities agree remarkably well with the geological

estimates., In the Hollister region, ocur geodetic analysis showed 26
inrn/wr  of relative motion for blocks within the array; this compares
with 34 mm/yr estimated from geological fault dicplacements, and
leaves about 20 mmsyr te occur cutcide the network, pr%eumably ta
the west, if the total motion 1is to match the plate tectonic
ecstimates of S& mm/yr (Minster and Jordan, 1272). In the Trancverze
Ranges, the gecdetic data account for oﬁly about 20 mm/yr of net
motioﬁ acroszs the gecdetic array (that is, between the Malibu block
(F) and the Mojave block (K). Followiﬁg Bird and Rosenstock (1924
we assume that the Mojave block travels about 14 rmsyr  in tﬁe
direction NMllW with respect to the stéble Morth American continent;
then the Mélibu bleck is rmoving 33 mmsyr at MN2IW  Wwith respect  to
NMorth pmerica. Thus, the geodetic data fall about 2S5 mm/yr zhort of
matching the predicted plate mation in the Transverce Ranges?
cempared to 20 mm/yr at Hollister . However at Hollister, the
gecdetic data match the 4gealogical cobservaticnsz, while in the

Transverse ranges they don’t.

At Hoellister, much of the cshortrall between gecdesy and ﬁlate
tectonics is easily explained by additional displacements west of
the . network. In fact Hall (1331l) and othere estimate that 10 to 1S
maswr right lateral displacement may have ocqprred an the Zan
Sime#orn—-Hosgri fault during the last 3 Myr. In the Traneuerse'Ranggs,
a similar amount of displacement could be blamed on offchore faults,
but there 1< =till & direct conflict between the geocdetic and
qeclogical estimates of motion an the San Andreas Fault system. Our

prier model, btased on the 4qeclogical compilaticen of Eird and

¥y



Rogenstocnd has the Malibu block moving almest 47 rmm/yr at MIZW with

(198%) .
respect to the Mojiave bloeck. COur final model gives 20 mm/yr at W40,

Peesible explanations for the discrepancy hetween g9ecdezy and
gecloegy in the Transverse Ranges are (a) the gecdetic and aqgeolodgic
rates are not comparable btecause of temporal variations- in
displacement rate, (&) the gecdetic estimates are in error, or (c)

the gealogic estimates err.

We do not believe that time dependent block motion, hypothegie
(a) above, provides the answer. bWhile the near surface fault motions
vary with time, the deeper block motione appear to be quite =teady.
This assertion is based on the cloge agqreement between gecdesy and

plate tectonics in the Salten Trough (Savage gt zl.,13739; Cheng,

1983), and on the close agreement between gecdesy and geoclogy for

[

Hollister (Matsu’ura gt al.,

3868)., But of course this evidence

ie circumstantial, and ocur assumption of constant block velocities

ever many thousands of years may fail.

Erraorse in the gecdetic model (hypothesis by could reszult fraom
erronecus data, or from & mistake in modeling. Data errors are very
unlikely to be & szericus problem in  thise analyziz. While zome

syztematic errors may cause annual or cother short period wvariations

(Jackson =t =zl., 1382), =zuch errores would have very little effect

]
f

on the cecular rates of line lenqth change (Cheng, 1383). The
trilateration dats for the Transverse Ranges and for Hollister were

collected Ly identical moibiods, and no discrepancy occure at

{4



Hoellister. A possible modeling erver could result from our azzigning
. L . B, . : . ) .

a pricr fault width of 10 +S kin. The esztimated fault width is

poorly resclved (csee discusszion below), <o that the finmal fault

widtﬁ estimate is strongly influenced by the prior. If the.San
Andreas_Fault were locked to & much grester depth, then <some of the
resulting strain would coccur cutside of the hetwork, and greater
block motion would be required to match the observed dizplacements.
We performed some calculations assuming much greéfer fault width on
the 3Sam Andreas, and we found that the estimated block <lip could
match the geological cobservations if the fault is locked to 25 km or
more (ébout the thickrness of the crust). This seems much tco deep to
us, becausze earthquakes on this cection of the San Andreas rarely
exceed 13 km depth (hiebkb and Kanameori, 1323, and bkecaucse .the
estimafed fault width rarely exceed;lls krm in areas where 1t is well .

resolved (Cheng, 1383; Matsu‘urs gt al., 132&)., Newverthelezs, we

cannot completely reject the idea that the Zan Andreas iz prezently

locked to the base of the crust within the Transversze Ranges.

Errersz in the geolcgic rates of EBird and Reoesenstockare not
. (19349
unthinkable. They concstrained their moedel to agree with plate

tectonice, poszibly causing them to blame the Zan Andreasz for motion
that actually occcurred on unhnown faults. The Rird and Roeenstock
model ie supported by aeed independent datas for fault "San Andreas

A," north of the big bend (Clark gt al., 19&5; Dickinson gt al.,

1972; Sieh and Jahns, 1324), where 20 mm/yr seems to be the minirmurm
bkelievable slip rate. However, on cections B-E, there i1e little
data, and that published aonly in abestract form (Rust, 1322). Data

faor the scuthern zectioen (F) =uggest that 30 rsyr ie  an upper
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limit., Humphries and Weldon (1324) =zuggest & much lower rate for the
San Andreas, more consisteht With our final estimates. The last
word is yet to be written on this questicen, and it is conceivable
that after further investigation the geclogical eztimates will céme

intae agreement with the gecdetic values.

In  summary, we cannot rule out any of the listed hypotheses to
explain the discrepancy bDetween cur ectimated block wvelccities and
the geological prior model. It could be' that the twe are not
comparasble because block rates wary, or that we have  badly
underestimated the locking depth of the San ﬁndreas, or that the

geclogical estimates are off by 10-20 mn/yr.

)]

Convergence scrosz the Transversze Ranges

1]

Qur results confirm the sssertion of Bird and Rosenstock (1324)
that substamtial <hortening occurs across the Transverse Ranges.
Table 2 and Fig. § zhow about 1Q rmin/yr of block convergence acrocs
the ©Sierra Madre-Cucamonga Fault system, with comparable values for
the WNorthern San éndreas, Pleito, and MWhite Welf Faultz, The
estimated conﬁergence ie <staticstically sigrnificant at the 95 %
confidence level for the San Gabriel Q, Sierra Madre, Cucaﬁonga, and
Pleito Faults. For statistical significance, we use the appraximate
criterion that the asbsolute value of the parameter estimate chould
exceed twice the standard error. We did not calculate resclution
estimates of derived parameters, bug it ie clear that the estimates
of block convergence come almeset entirely from the trilateration

data because the black convergence is derived from the well resolwed
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block wvelocities, and because the final uncertainly is much smaller

than the prior uncertainty.

Humphries and Weldon (1324) objected te the convergence implied

by Bird and Rosensteck,because zuch convergence should cause massive
(1934

crucstal asccumulation where only modest thickening is observed., It iz

not imposcsible that the <coenvergence inm our model results from

systematic error causing an apparent secular -decresse in line

length. However, poscsible systematic errvorse have been quite

exhaustively studied (Savage and Prescott, 1383%; Jackson =t 3l.,

1383;" Savage and Gu, 13285) and none has been identified that would
cause & spuricus secular dilatation. Arncther poszible explanatioh.is
that enﬁ effects from fault motion outside the array (on the central
San Andreas, for example) would cause local coentraction, Howeﬁér,
this explanation is in;dequate te explain the observed widespfead
converaence. ble believe our estimatez indicate true tectonic

convergence, and that some explanation must be found for the missing

crust.
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Diclocation v

The dieloecation rates, listed in Table 2,
are agenerally well resclved, but only for a few faults(are)they)

ignificant at the 59%% confidence lewvel., The
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dicslocation rates are projected into their ztrike slip and dip slip
componente in Table 2. The faulte with <significant cstrike <lip
diceslocation rates are the ZSanta Susana E., and the San éndreas A-E.

Morne of the gecsdetic moenuments in  cur study were closze to the
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southernmost section of the San Andreas (sectionm F) <o the
dizlocation rate there is uncertain and poorly rezclved. Dip slip
fault displacement is cstatistically <cignificant at the 395 %

‘confidence level for conly four faults: Santa Susana E, 3San Gabriel
W, Cucamcnga, and Pleite (Table 3). The larger values ( for the
latter three faults) are not geophysically reazonable, and we do not
suggest that they be tskem serioucly., These errconecusly high rates
serve to adjust the motion of monuments very close to the faults
from those predicted by the block motion., Becausze of the steep dip

en the faults, the large dip slip displs
emall effect en the horizontal component of

actually measured. In

specifying prior i
adequately canstraint the dislocatian mo
The errcnecus dip €lip motien will bave

parameters .for the San Gabriel W and Cu

very shallow depth. However, the Pleit

unreazonable estimate of the dip slip moti

error in the block motion for the Pleito Hi

Fault width

The fault width, listed in Table

‘recsolved and seldom.differs from the prior

twice the standard error. Only for the San

Madre Fault does the resolution exceed 20

faulte with wvery zmall ectimated widths,

believe these fault widths are reliable,

n

variance small. Firet, we have found t

cements have a relatively

moetion, which is what iz

nformation, we did not

tion for dip elip faulte,

little effect on other

camcngda, because of their,

¢ 1is deeper, and the

on could cause a moderate

lls blochk.

ie 4generally poorly

-
&y

eztimate by more than

Gabriel W and the Sierra

beth are dip slip

Far twoe reazons we do not

even if the asymptotic

hat the calculated length
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rates are strongly nonlinear functiomsz of the fault width for
shallow faultszs. Second, we have not provided adequate priocr
infoermation for dip zlip faults, ab that the near-surface dip <elip
fault motion is poorly constrained in our moedel. This problem may

alzo affect the depth eztimates for shallow dip slip faultz,

"

In the Hollister - area, Matsu’ura et al. (192@6) find
resolvable depth wvariations an strike <lip faulte without the
ambiguities present in the Transverse Ranges. Estimated fault widths
varied from a few km to 14 k. As mentiocned above, a fault widthlof
25 km or more on the San Andreas would help to reconcile geodetic
and qeclegic =zlip ecstimates, although the gecdetic datas canﬁot

resclve this fault width. NMevertheless, the Hollister analysis

cshowe that locking depth varies conciderably from place to place,

11}

and the data for the Transverse PRange add mild support. Leoccal
uariatiané' in earthquake depths (for example, bebb and Kanamori,

123%5) add further support.
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COMCLUSIONG

Etimated block velocities are well rezolued. They chow
statistically significant str}ke slip at depth on the San Gabriel N,
all cegmentsz of the San Andreas, thé‘Nhite Wolf E, and the Garlock
E. 'Cumulatiue strike elip mation is revealed in the relative block
velocity between the Malibu and Mojave bloecks, which amcunts to only
20 mm/yr in the direction M4UW,., This estimate iec approximately Half
of fhe-geologically determined rate on the San Andreas. The appérent
shortfall af gqeodetic slip could be explained by temﬁoral
variability of <lip at depth, locking of the Zan Andreas to 23 km or
more, ar erraorsz jn the geoclogical estimates. In any case .there is
geodetically observable <clip on diverse faulte, and the plate
boundary region rmust ke considerakly wider than thé{ géodetic
netwark, about 7S km in extent. The gecdetic data show unambiguous
crustal shortening in excess of 10 rmm/yr normal to the San Andreas

system, moeztly on the Sierrs Madre-Cucamonga and bhite Wolf Faults.
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Table 1 Blochk

Black/ Easzt Ree
model (romsSyr) (%%)

A Cuyams:

prior -23.1 + 20.Q

final -20.95 + 4.2 33
B Big Pine Mtn

pricr -26.4 + 20.Q

final -22.9 t 2.3 99
C Cachuma

prior -32.5 + 0.0

final -13.3 + 4.0 98
D Frazier

prior -22.%9 ¢t 20.0

- fimal -24.3 + 4.6 37

E Piry

prior -32.9 + 20.0

final -15.2 + 2.3 399
F Malibu

priaor -33.4 % 20.0

final -15.3 + 2.4 93
G San Gabriels

priar -36.7 + 0.0

final -17.5 + 2.6 59
H San Joaquin

prior -3.6 + 2¢.0

final -13.3 + 5.2 925
1 Pleitoe Hills

prior -¢.7 + 20.0

final -1.9 + 3.2 36
J Tehachapi )

prior -&.0 + 20.0

final -7.2 + 2.9 39
K Mojave

priar -2.6 + L0

final -2.5 % 0 0

Parameters

" BMorth Res Maaqni tude

(rorn/yr) (%) (rom/yr)
2.9 4+ 20.0 26.8
23.9 + 3.6 98 31.5
22.23 + 20,0 392.4
24.1 + 2.3 938 33.2
31.4 + 20.0 45.¢
25.2 + 3.1 5932 31.2
1.4 + 20.0 43 .2
25.2 + 3.1 323 3.4
al.a +  20.0 45.2
26.7 + 2.1 593 31
42.3 + 20.0 S7.8
23.1 + 2.0 93 23.2
27.7 + 20.0 46
18.7 + 1.2 100 26.4
4.6 + 20.0 S.8
0.5 ¢ 6.8 94 13.9
20.1 + 20.0 20,
20.2 t 2.4 33 20.3
17.2 4+ 20.0 13
11.6 + 1.3 100 12.7
12.3 + .Q 12.7
13.5 + .Q o 12.7

Directiaon
(deg)

-43
-4

-4z

-44



Table 2. Primary Fault Parameters
Fault/s ’ D Res W €3 J 433 'k Fes
model (rora/ 1) () (k) (32) (deg) (%) (deg) €3
1 Qzena
prior 3. £ 0,0 10 £ & 20 + 10 13 + 10
final 3.0 £ 7.1 233 10 £ 7 2 20 + 14 Q 1; + 13 1
2 Big Pine W . c
priar 6.0 £ 20.0 10 + S . 50 4+ 10 120 + 10
final -5.2 + 5.2 3¢ 24+ 7 q 33 + 13 2 121 + 13 3
3 BRig Fine C
pricr 6.0 + 20.0 10 + S a0 + 20 120 + 20 -
final 2.1 + 3.6 87 10 + 7 Q g3 + 40 1 130 4 41 0
4 Big Pine & :
priar 2.0 + 20.0 10 + S 4 113 + 20 120 4+ 20
final .0 + 7.7 32 10 + 7 2 1135 t+ 27 3 181 £ 27 1
S Pine Mtn W
pricr L0+ 10,0 10 + S 50 + 30 120 + 20
final ~-3.4 + &.7 7¢& 11 + 6 16 118 + 34 28 167 + 38 14
6 Sta Ynez MW
pricay 0 4+ 10,0 a0 + € 90 £ 30 TolEe £+ 20
final 3.7 £ 10.5 44 10 + 7 0 93 + 40 "1 176 £ 40 4
7 Sta Ynez E ‘
prior L0 4+ 10.0 10 £ S 30 £ 30 120 £ 30
final -4.4 £+ S5.6 @23 10 £ 7 1 29 t 23 7 162 £ 38 11
3 Pine Mtn E
prior L0+ 10,0 10 £ S 30 + 30 120 + 20
final -1.3% + 10.83 37 10 + 7 0 21 + 41 0 178 + 41 1
2 Zan Cayetanc -
prior L0+ 20,0 10 + € 11S + 2 20 + 20
final -11.4 £+ &.6 B30 11 + & 11 21 -+ 19 71 112 + 16 64
10 2ta Susana W .
prior L+ 2000 10 + 115 4+ 20 30 + 20
firnal 2.1+ 4.3 37 12+ 7 3 112 + 20 43 0 4+ 23 2ZS
11 3ta Susans E
prior L0+ 20,0 10 + S 115 + 20 20 £+ 20
final 2.0 + 2.5 93 10 £ 3 74 33 + 12 72 31 + 10 &7
l2 San Gabriel M .
prior L0+ 20,0 10 + & 115 + 2 S0 + 20
final 17.7 + 12.2 20 12 £+ 6 26 1383 + 14 74 114 4+ 22 32
13 Zan Gabriel W
pricor L0+ 20,0 10 £ S 118 + .20 50 + 20
final =-40.0 4+ 10.0 &7 3+ 1 37 117 £ 3 &8 64 + 11

82



Table 2- primary Fault parameters

Fault/ D Rees o Res g res ™
model (e WY ) (%) QAUR (5e) (del) (%) (deqa)
14 Tiervd Madre i

priov 0 * 20 .0 10t 2 115 + 20Q a0 + 20
) final -20.8 % 17 .7 57 2+ 2 37 120 F 11 @4 g2 & 1S
1% cucanenaa

prier ot 20.0 10 ¥ 9 115 t 20 20 ¢ 20

final -21.9 £ a.7 920 7 + © 22 114 £ 21 38 110 % 18
16 2an sndreas A .

priar 21.0 ¢ 20.0 10 + 9 0 + L0 120 £ 10

final. 23.8 + .4 93 13 + © 27 50 + 13 12 172 % 12
17 Tan anaress B8

pridf z5.0 % 20.0 10 £ © 30 + 10 120 10

final 17.7 & 2.3 91 10 £ © 21 22 + 13 =4 131 + 13
138 aanlﬁndraag <

prior as.0 £ 20.0 10 + S a0 + 10 1e0 + 10

final 24.3 T 14.2 73 12 £ 6 8 26 X 13 10 123 £ 11
19 3an andreas D

priov 25.0 & 20,9 10 £ S a0 + L0 120 £ 10

final 13.0 T 4,1 98 12 + © 30 a4 + 12 15 174 £ 11
oQ Ban andreas E

priot 35.0 t za.0 10 £ S a0 + 10 130 & 10

final 16.6 £ 2,83 27 12 + 3 79 106 * 7 73 171 % 6
21 sahn andreas F :

prior o + a2u.t 10 + © a0 + 10 yan + 10

final -25.6 T 22.3 22 12 ¥+ 7 & a3 + 14 a 179 % 14
2z phite Wolf W

prior -g.2 % zin, 0 10 + S cs 4+ 20 a0 + 20
. GipaL  —E-9 T 17.2 e 10 %7 2 6 + 27 ¢ 34 + 27
23 Whi te wolf E .

pricr -0.2 * 20.U 10 * = &S + 20 o0 + 20

fFinal 10.3 ¥ 15.8 (=45 9+ 7 4 57 + 18 56 96 x 2
g Pleitc

prior O 10,0 10 + © gs + 20 a0 + 20

“inal 2.8 £+ 7.0 -5 13 %3 46 o ¢ 11 8¢ 34 + 18
[T Garlock W

priov -2.0 % 20,0 10 + © 20 + 10Q 120 % 10

final 7.0 * 5,4 98 11 + 7 2 231 ¥ 13 1 172 t 13
26 Ggarlock

prior ~3.0 2a.0 10 + S 90 + LU 10 £ 10

fFinal -4.3 % 2,6 28 10 ¥ © 190 20 £ 13 2 122 £ 13

a
w
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Table 3.

Fault/
model

Block
Slip

(s yr

Uzena
prior 2.9
firlal 2-2

Big Pine W
prior 6.3
final -4.5

c

Bigq Pirne
prior k.o
final 1.5

Bigq Pine E
priaor 4,

w

final 3.
Pine Mtn W

prior .0
final =-6.4
Sta Ynez W
prior .U
final -=-2.2
Sta Ynez E
priar  {
final 2.6
Pine Mtn E
prior ,
final =-9.2
San Cayetanc
prior 7.1
- final .1
Sta Susanas W
priar 9.7
final 0.3
Sta Susana E
prior 3.9
final -0.8
San Gabriel N
prior 1.2
fina - 3.5
San Gabriel W
pricr =0,9
final 3.1
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Table 3. Derived Fault Parametersc

Fault/ Block Block Strike Dip ‘Creep
model Slip Caonveragence Slip Slip fate
i Yy ) (rorn/yr) Crarn/ Yy ) (rof/ yr) (rnmn/wr )

Sierra Madre

prior S.8 + 28,3 13.7 4+ 28.3 0.0+ 0,0 0.0 + 20.0 $.8 + 28
final 0.5 ¥ 2.8 3.5 £ 2.2 4.3 +4 8.1 -20.5 + 17.7 -2.8 £ 8
Cucamoenas - :

priar W0+ 22,3 14.2 + 28.3 0.0 + 0.0 ¢.0 + 20,0 Q.0 + 22

final -3.3 + 2.8 2.0+ 2.2 -7.4 4+ 7.1 -20.6 1+ 8.4 4.1 + 7
San Andreas A

prior 97,0 + 22.3 -1.1 + 23,3 -21.0 + 20.0 0.0 + S.4 0.0 + 34
final 21.3 + .1 10.6 + &.1 23.8.+ S.9 +0.4 + S.1 -1.2 + &
San Andreas B -

prier 28,2 + 23.2 2.7 + 22,3 3I&.0 4+ z0.0 .0 + 6.1 -5.2 + 24
final 19.0 + 6.3 0.6 % 4.0 17.7 .+ 8.3 -0.2 + 4.1 1.3 + 12.
San Andreas C )

pricr 23.2 t 2&8.3 6.0 £+ 28,2 25,0 4+ z0.0 ¢.0 + 6.1 =-1.2 + 34

final 23.6 + 7.1 .34+ 3.7 34.0 % 13.3 -4,6 + 7.2 -10.4 £+ 17
San Andress D ’
pricr 36.3 £ 20.0 1.7 4+ 20.0 Z5.0 + 20.0 0.0 + e, 1.2 4+ 2@
final 1&.1 £ 2.6 0.7 &4 1.0 13.0 % 4.1 *1.2 + 2.4 3.2+ S
San Andress E - B

prior 36.3 4+ 20,0 -1.2 4+ 20,0 35.0 + 20.0 g.0 £ 6.1 1.9 + 28
final 1lo.1 + 2.6 =-0.3 &£ 1.1 1l8.4 + 2.3 +2.7 £ 1.7 -0.2+ 4
San Andreaz F .

prieor 36.3 + 20.0 =-7.0 4+ 20.0 .0 + 20.0 .0 £ 0.0 6.2 + 28
final 15.8 + 2.% =-3.1 + 1.3 -2%5.5 + 22.3 -0.2 + 6.1 41.9 + 22
Wi te Wolf W

prior -10.8 + 22,3 11.5 £+ 28.3 .0 £ 0.0 ~0.2 + 20.0 -10.8& + 22
-final -20.6+ 7.5 10.1 4+ 6.3 -0.5 + 2.2 -5.4 .+ 17.1 -20.2 + '8
White Walf E

prier =S.7 4+ 2.3 11.4 + 28.G Q.0 £ 0.0 -0.2 + 20.0 L7+ 2z
final -11.5+ 6.3 5.8+ 5.2 ~1.2 + 4.2 -10.! + 15.3 -10.4 + 8
Pleito ) 7

pricr -3.4 4+ 23.3 2.8 + 2.3 0.0 + 0.0 2.0 + 10.0 -2.4 4+ 2&
final =-2.8 + 5.3 2.7 & 3.7 -2.2+ 6.3 +21.7 + 7.0 -0.6+ 7
Garlock W

priar S32 £ 20.0 -4.4 + 20.0 -3.0 + Z0.0 a.0 £ 0.5 g.2 + 28
final 4.3 % .3 -S.2 4+ 4.0 .3 + 9.4 +0.24 1.6 -2.G + 11
Garlock E .

pricer =-0.,1 4+ 20,0 -4.5% 4+ 20,0 -3.0 + 20.0 .0 £ 0.S 2.3 + 23
final -5.0 %+ 2.5 -0.7 + 1.3 -4.3+ 3.6 40.1 £+ 1.0 =~0.6+ 5
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FIGURE CAPTIONS

Figq. 1. Fault gecmetry and notation. The dizlcecation rate (b),
the fault width (W), the dip angle (d1, and the slip angle (X) are
all treated as unknown parameters. The depth to the upper fault edge

(d) is fixed,

Figq. 2. Map showing faults, both as mapped and as idealized
for thise study; blocks; and trilateration monuments (triangles).,

Blocks are named in Table 1, and faults named in Table 2. The area

0

shown iz 210 ki by 170 km,

Fig. 3. Prieor and final estimates of block moticn. Final
estimates indicate slower displacement acrosz the San Andreas Fault

than do the prior estimates.

Fig. 4, Estimated block clip (that is, parallel =lip at depth).
Shaded arrows indicate right lateral motion, open arrows left

lateral.

Fig., S, Estimated bloeck convergence. Arrows peinting towardsz
faults indicate convergence, arrows pointing awaly indicate

diverqence.
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