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Ahslra cf. Gc(ddic  t i m e  sc[ics dc[clmlinc(l  with  (hc Cilohal
l’osiliotlirlg SystcIll inclica[c (11:1( (Ilc gc(dc[ic  I:IIC of ii
pcrtlulr]cn(  site ill l)aSadCIIiI, c’alil’ort]ia  [Jl)I,hll ch;ingccl
signit’ican[ly  al[ct the 17 Janu:iry 1994 Nlot-[l)lidgc Calil’(~r[]ia
Cal@lKk. Subtracting the pre-qdx m(c and Lx-seismic
OIISC[ Icdves 303 4 mm of intcgrakxl  castwml  CMWS motion
ohsct\,c(l ill Ihc three years Iollowing t h e  cat-[ hquakc. North
and vdr [ical cotnponcnts  show cxccss  motion 0( -1 I 3 3 mIII
:IIKI 2 5  ~ 1 1  mm rcspcdivcly. local surveys to lhrcc
additional poin[s near JPI. M changed by no more than 6 mIII 11,
3 111111  h’, aIKl 15 n]!]] V during  (Ilc [lvo years atlcl  the

car(hquak, ruling (NI[ the possibi l i ty of’ a local cIIM[ at the
JP1.M mrmumcnt.  ‘1’hc (Iirr?c[iotl and Sim of’lhc post -se ismic
displ:iccmcn(s  at J1’I.M are not consistcn(  wi[ll additional  s l i p
ot] [hc fault  which rupklrc(l. “1’hc n)os( rapid :lccL]tl]L]l:l[i(~]) of
cxccss  motion  occurs imndiakly allcr t h e  carlhqualw,
suggesting a I-clat ionship  hc[wccrl  the IWJ(J events.

Int roduct  ion

The Global Positioning SySIClll [[;[)S]  has hccn
ins[[umcnlal  I“(II  slu(lics [If (IIC 17 JiIIILI:\Iy  1°94 N1(J[thtidgc
c;(r(hqLl:\kc [hlkY(~.7], wh ich  to(k p lace in ;{ rcgi(m of h i g h
gmlctic s(l:lill accumulation  in (IIC Vcntuia  Il:lsin  II)OIIIICII;IH
c1 al 1993]. I;pisoclic  Gf’S mc:isL]rcmcn(s III(I(IC in thr mon(h
Iolloivitlg Ihc C2W[hC]U;lkC  V,vlc Lld [() Colllpllk the co-seismic
displaccnwnt  i’Icld [IIIAI{I cl (//., 19961. W h i l e  data t’10111
inltcq Lwnt site occ Llpation\  has IcIdcd  to (Iomitmtc  the cdrly
his(()[y ot’cILIs[al dct’orm2Ltiotl sludics usitig G1’S, cot)tinuously
opua[iug sites have begun to play an incrca$ir)gly  itllporlallt
role a~ dcn](mslratcd  I(N [he 1 9 9 2  l,mldas carlhqwkc  [l;/cw’i/(

c1 ( I l . ,  1993; i~m-k  c1 a l . , ly)~;  S(fv(qy (/}1(/ .Ylwrc, 1997;

H’(/()\ti/l.\/,i,  1997]. ccm(itlwLls  ClI’s IUca<lll-clllc[lts can d e t e c t
slo~v post- scisn)ic motions which have a pcri(d too lcmg to hc
ohscIvd by scismotnctcrs. .Antlual or semi-:lt)nual sampling
i s  ((w spatmc to pl(~pcldy charactcliyc  such cvcn(s. I)dt:l from
pcl[[lat)cn(  si[csit] l’~~s;lclct);] [J I’l.kl] al)(l Gol(ls[otlc,  California
[GOII)] collcdcdsince 1991 prov ide cvidcncc Iol-signillcanl
pc~st-scis!))ic  motion  al(ci  (hc Nor(ht-idgc car(l]quakc.

Analysis
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RCSUIIS  fw this paper WCI-C  ohtaitd with  the (ill’SY/OASIS

1 1  soltwaw  dcvclopcd  at (k JCL PropLllsiotl  1 ahora[ory,
Calit’ornia  Ins(itu(c o f  TcL’h nology  [ Wf’bb ({/1(/ Zumb(’rgc,
1995]. Positions,  velocit ies, NK1 t ime series for JP1,M and
GO1.1) \VCI-C dcrivd as parl of a Iatger sol Lltiorl based cm nearly
I  ( ) ( ) , ( ) ( ) ( )  s t a t i o n - d a y s  of CJI’S data flom 1S0 sites
[lItt[l://siclcstl{)  \\.j[ll. rlas:~.go\/r~~hll/scrics.t~[l~il]. Al l  dai ly
sol Ll[ions v,crc LNmp LI(cd  Llsing a nwllducial s[ra[cgy  [1/cf/i/l  (’/

(//., 1 992] and poin(  positioning was Implcmcnkd  star[ing
Scpbmbcr  1, 1995 IZundwqy,  C( (//., 1996]. t)aily sol Ll[iotls
were comhincd  Llsing the full covariancc infot  ma[ion avail  ahlc
ml each day. The global combination, ol which JI’I.M  ad
031,1) ale a par[, has hccn tcs(cd for stability hy r i g o r o u s
c o m p a r i s o n  lvith  the NUVI;I,-  IA pla(c m(~tiot] nmtcl and
observations f r o m  V e t - y  1  Amg Ilasclinc  intcrfcromc[ry,
proi,ing  the ability 01 CiPS to mcawrc  lkth’s tectonic plate

mo[ion  al an accuracy of ahoLlt 2 mdyr [AIgm ad //(>f/in,
1 995].  NJos( sites were nwlelccl  wilb a single posi[ion  and

vcloci(y,  hLlt (301 D and JP1 ,hf were modeled as piccc-wi  sc
Iirlcar  with rcscls of posit ion and velocity at bolh  the 1 9 9 2
JUI]C 28 l.andm and 1994 JanLlary 17 N(lr[h[idgc  earthquakes.
I)a(a from COIJ)  and J1’I.hl tvcrc  nearly c(m[irlu[ms with  orlly
[WO gaps hctwwm 1991 and 1997. I’hc  I“rrsl gap falls  bctwccrl
a (WIO month dcrncmst  ration in 1991 and the mscl of daily
global  analysis in June of 1992. ‘1’hc SCC(NI(]  &Ip v,’ii\  mud
hy ir~~plctllcl)[;]tic)l) o f  Ar~ti-Spoofin.g  IAS] hy the I)cpar(mcn[
of I)cfcnse  in 1994. Ilis[orieal data f rom o[hci s i tes  wa~ not
cor]titl  LroLrs awl is sLrmmarizcd in [hc analysis of Shetl c1 al.
[1996],

Results and ]ntcrpretation

‘1’IIIK s e t - i c s  f o r  tllc 1 7 9  knl CK)l .l)J1’t .hl hasclinc  arc
illus[ralcd  in l;lgLlrc 1. I’hc  mtc ohscrvd hctwccr~ the lime o f
[hc 1.andcrs a n d  NorLhridge carlhqLrafw\ has hccn sLrhtt”actd
fro]]) each p lo t .  Ck-scisruic  displaccmcrl(s  fr(,rll both the 2 X
June 1992 IAndCI-S and the 17 January  1994 Nor[hridge
Cat-[ hqLIakCS are present in the rcsid Lral time series, along with a
sigr)iflcarll  pos(-scisnlic sigr]al after Nor[hridgc, 11011] linear
and I(lgarithmic  models wet-c used in an atkmpt to quan[i fy the
ti nlc-dcpctldcnt  nalLrrc o f the ohscrvcd deformation. ‘1’hc
l o g a r i t h m i c  f i t ,  y  =  rx*lnl~*l + 1], prdicls motion
acc LlmLrlating approximately Iincarly  with  log time [Maronc  c1
({/., 1991]. I’hc v a l u e s  of X2 p r o v i d e d  hy linear  and
logarithmic fits to the cast baseline compommt  arc 147.33 and
146.59 rcspcctivcly. I’hc  best fit valw of ~ is 1.7 + ().4
inverse years. I’he  most rcccnt six months of data suggest that
the ra(c is rc[urning  to its prquak value In rdcr to provide
a rll(}cl  cl-i  [lclc[lcrlclctl[  measure of post-seismic di splaccment,
intcgtatcd  excess motion v,,a< derived by sLlbtraclirl&? cstima(cs
of the prrxlLlakc  velocity and co-seismic ofl’set from each
hascli!lc  component ad averaging over tl)c last I fio diiys of
data. “1’hc ohscrvcd cxccss  is 30 i 4 mm Ii, I I fl 3 mm N,  and
25 i I I mm V over- a pcriml  of roLlghly (Ill-cc year.. Rcsulls arc
sLrrnr~~ar-izcd in ‘1’able 1. One sigma errors at-c reported for (IIC
prc-quake I-Nc. two sigma cn(ws arc givcrl  fot- the cwscismic
oft’sch, and the WRMS  sca[(cr of the Ias[ I S() days is wpor(cd
for  [bc cmr of the inlcgratcd  excess. Since the ohscrvd posl  -
scismic transient commences a[ the time of the Nortbridgc
cat-lbquakc and siwc tbc implications of (his motion  may hc
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siguifican(, we now c r i t i c a l l y  assess ~arimts possihlc  causes
and crmr  soLlrcm.

local cllccts  sach as a slumping ol’ Ihc hillside m sc[lliag
(If (hc concrete monument  ~Jn v,, hich t h e  L3PS an~crll~a is
ruourlkd  could could cause transicn[  molioa  wilhoLIt invoking
any tectonic movement, W c  [LX(CCI this hypothesis by
processing three local sLlt-vc?ys. N!cawrcmcn[s  Iakcn hcforc
aIKl alkr the cat”[hq Llakc indicarc than nmw 01’ the local sLIrvcys
changd try more than 6 mm 1}, 2 mm N, and 15 mm V, ruling
011( the possibility o f  local dclornlaliorl al t h e  J1’l,hl
morlurmml.  One sigma error bars arc rcporkd for all GI’S tics.
Corlvcrltional  ties dcrivd irl 1986 have Iargcr rcporlcd  crrmrs
as cxpcckd.  S u r v e y  results are sLlmrtlarid in  l’ahlc 2, Ir)
addit ion, the vertical motion  a( JP1.M was Lrpwwl alkr the
ctu [hqLlakc, rLllirlg oL]t Ihc p o s s i b i l i t y  o f  sLrt3sidcr]cc. Wc
at(cmptcd to quantify the spatial cAlc Ilt of [his (ransicn( by
compari])g  lhc curtcot  vclocilics of  addi t iona l  siles wi~h prc-
Nor-[ hlidgc vcloci(ics ddcrmincd Iron) historical
rllcasLlr cmcnls. ‘1’ogcthcr, the local SLI rwys and rvm hy si [es
p r o v i d e  lo}t,cr and u p p e r  Iirnits  on thr s p a t i a l  cx(cn( 0(
dcf”orma (ion. which arc 376 m and 20 km Icspcc[ivcly,

lla~ing chcludul t h e  t])os~ Iikcly clro[  soLlrccs and I(Jc:lI
eft’wk, \vc now consider tectonic  cxplanaliom. Posl-seismic
displaccmcrl(~  h a v e  b e e r ]  obscxwd  afkr marly car~hq LlaJics,
V1,B1 stations Iocatcd near the 1987 ad 1988 GLIII of Alaskii
ea[ (hcl Lrakes and near the 1989 I mm Ptic(a carthqLakc show
pos(-seismic transients on the ordcl  of 10% 01 (hc co-seismic
signal [A r~{~,s a~d l,yzcIIg(/, 1994]. S i m i l a r  ratios of post-
scismic to cc~-scisrnic displacement were ohscrvd for the grca(
] 9(,() ~hil~:ill car[tlqLtakc [//c~r)ic)/lo.$ c1 [//., 1992] :Illd al(Cr” thC

1 9 9 2  l,andcrs carLhqLlakc [e, g. Satw,yc and SLWK, I  9 9 7 ;
l!’dou,ilis~i, 1997], }Iigher  ra[ios Of 400%” and 40@k) were
ohwt  vcd in Japa II after (IIC 1992 [Kc/}i(/.w/Li  c/ a/., 1995J  a n d
1~~~ I \\rc/)/)  ~,f c1/., 1997] SarlrikLl eallhquakcs rcspcc[ivc]y,

t3Ll[  these displaccmcrl(s  look  place owr a period of several
days rather (Imtl several years, A Iario of’ roLlghly 1 ()()% was
drwrvcd in the mrm(hs following Ihc 1994 Sarlrika car[hq Llakc
which was consis[cnl  Jvi(h allcmlip on the main rup(ulc plain
~tl(’ki  cl all 1 997],

‘1’hc I-atio of post-seismic to co-seismic displacement is
roLighly 3009( for the cast componcn(  at JPl,ht.  ‘1’hc lack of
such lal-gc pos[.seismic displacements al I’Slill, W O R K ,
W1.SN, a n d  (J~[.1’rLl]cs  OLI1 m cxpiaaa[ioa  hascd m aftcrs]ip
ot) the Norhtridgc  rLlptLllc plane and suggests dcltwmalion  of a
s[rLlc(alc Iocatcd coasidcrably  ncamr to J1’1,. ‘1’hc anrrmalotrs

ea~twarcl motion  can hc explained by ohliquc  slip on an cast-
V,CS[ [Icnding  thrus[ fault it’ J} ’I,kl is Ioca(c(l mar  the edge of
this proposed faLllt. Afkrshocks l(wa(cd I(J the cast of t h e
hTol-(hl-iclgc rLlptLm s h o w  l>r-cclorlli1121iltiy thl-Ll SL mcchanisllls

[c.s. ~4~~/’i c1 (//,, 1995; f/~{[{k,$.\o/i C( cI/. l. “1’hc’  soLlth-dippiag
Nol(ht-idge nlplLlrc plane ahLlls and is truacatcd by the norlt~-
dipping 1971 San Fernando eat-thqLrakc platw al a dql~h of
about 5 km [Mc)ri  et a/., 1995; fla~{k.<.fc~l~ cl (//., 19951. T’hc 2 0
km lorlgsLrr face rLlptLtrc of the 1971 car(hqLlakc is located jusl
(() the cast d the Nol-thl-idgc lLq~tLlrc. ‘1’he locations ot’ G}%
siks  and fault  planes arc ill Lls(ratcd in J:[gurc 3. Since Jf’l,h’f is
Iocatcxl  dircctlycm the csc:irpmcn( rrlthc rlorlh-dipping Sici-ra
Mad!-c t h f-L i s t  faLllt s y s t e m ,  W’C hypothcsim  that triggctwd
:iscismic  sl ip may have occ Ll(rcd fol lowing (Iw Nor(hridgc
Car[hqaak.
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In older  10 idenlily p o s s i b l e  tectonic  soLlrccs of lhc

observed mo(ions, claslic dislocation inversions w’cl c
pcrlot-mcd, ‘1’hc mcthrd  used appr{lximatcs  the Fkrlh  as a
Llllit’ol”nl clas(ic halt’-spacc, employing the rectangular
dislocation formulae derivd by (Xada  [ 1 985].  Inversion for
Ihc best-fltling fault  was acconlplisld Llsing an adaptation of
the downhill simplex simulated annealing algorithm discLlsscd
b y  I)IeSS cl al. [ 1988], ‘1’hc prcsct~( invmsion  ptoblcl~l is rather
p o o r l y  c o n s t r a i n e d  bccallsc 0[ the Sp:it-sct)css  and notl  -
optirnality in the distl-ihutio!l  of obscr~a(it~ns. As ii rcsul[,
bload lamilics of candidate solutions. ralhcr t h a n  uniqLm
inwls ions, charactcri~c this s(udy. I’his mcaIIs th:lt ra[hc[
than displaying a protmunccd  unique minimum, the chi-sqLlarcd
goodness-ol-flt rewlts approach unity  over a range which may
n o t  k well  dcscrifd by  s imple  (3;mssian crrt)rs. I’hc  bcs(
nmdcls agree in pointing to a single ca~t-kvcs( striking ohliquc
t’aul[, dipping modcra[cly  to the norlh. ‘1’hc rcqLlircd slip is
gcncl al 1 y shal low in ordcl- {o conllnc  the (Ibscl-vcd  nlo(iol)  t o
the immdiatc JP1, M region. Ilmvcvcr,  in lhc aknce of mrrtc
spatially dense observations, it is dift’lcu](  to set mm t h a n
broad hounds on fault  pmrmctcrs. For invctsions  with rcsidLlal
c}li-squat-cd values in the range l.0 - 1,5, soLltc’c dqt}ls range
bctwccn ().5 and 8 km, while slip anlpli(Ldcs  are in the range 1
-3 ct]~, divided roughly evenly bctwccn rcvcrsc  aIKl sinislral
nlntion.  ‘1’hc dip Iics wilhin 20 dcg[ccs of 45 dcgrccs and t h e
Ialcral dimensions of the fault  extend not farther than 20 ktn
fr(ml Jf’1.hf. Data from all the sites shown in FIgLII-C 3 were
uSCd,  ;ilthoLlgh  it is principally the sites with  statistically
signillcant rcsidud  motion  and small form;il  uncertainty that
Lxmtl”ol the rcs Lilts, Best-ttt models suggest lcll-lateral
thlllsting on an cas t -west  Ilcnding strLlcLurc  which d ips
m o d e r a t e l y  (0 the norlh  or soLlth, suggc.sti~c of transient
nm(ion connwtcd  with the Srm ~Jabricl moLln(ains fr{mtal  lault
Syslcm.

Conclusions

‘1’hc hypotbcsis  or signi(lcan{  ascismic s l ip  fo l lowing the
Nor(hridge  e v e n t  m) a fau]( tha[ d i d  rl(lt ruplLlrc i n  t h e
car[hq Llakc carries with it imporlan(  implications for both
seismic ha~arcl awcssmcnt and geodetic nlcas Llrcnlcnt
s[ra[cgics.  Ascismic  s l ip  or] fault sys(cims in  the ,grcatcr I,os
AT)gclcs  reg ion may apprec iab ly  affcd cs(itnatcs of thcit
ac(ivity.  l{valuating  the cxlcnt  and Ircquency  of sLIch ascismic
movements is ituporlant in any attempt to fully charactcri~c
the tectonic deformation flcld If ascisrnic events tLlrn out to
bc common, thry may explain the hypothcsizd earthqLtakc
dcflcits  in SoLlthcl-n California [/)o/atl d a/., 1995] and other
reg ions 01 the world A s  this StLK[y ill USllatCS, COtllill LIOLIS
tempo]al  and dense spa[ial gcodc[ic  covcragc \vill hc csscnlial,
Iknsc spatia] sampling will bclp 10 identify the sources of
slrain accLlnl Lllatiorl, while mrrrc frcqwnt temporal sampling
w i l l  impt-c)vc the ctlar:tctcri  ?:~tic)rl o f norl-lirlcal time
dcpcndcncc.
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}lI;}’I.IN Ii-l’ AI,.: RA’1’l; CIIANGI; AI~l’liR “1’Hfi NCJIUI’kIf<IIXifi IiARrl’tIQUAK[

III II;I.IN Ii’l’ Al,.: RArI’ti  CHANGIi  A}~l’lif/ ‘l’lIt; NOR’I’}lRII)(; I1 llAR’1’flQLJAK[

f:igurc 1 .  R e s i d u a l  [itnc scl-ics lot the 179 km GOI,I)Jl)l.hl
tmcltnc. ‘1’hc baseline rak otrse! vcd trctwccn the time of the
1,andcrs  and Ncrrthridgc car(hquakcs has been sLlb~ractd fronl
Cach plot, Onc sigma crrot- bars arc included for each
conlponcnf,  Daily rcpcatabilily is 3 ntm N, 4 mm 11, and 11
ml)) v.

l;lgufc 2 .  M a p  shmving  loca[ions  of GI’S gcodclic  si(cs i n
relation to carlhquakc  fault  planes. Shaded at ea~ i ndica!c from
\vcs(  10 cast (k approxinlatc  su] face pr(ljcctiolls  of Ihc so Ll(ll -
d i p p i n g  1994 Northridgc  rLlplurc p l a n e  atKl the 197 I San
}:crnando rLlplut-c plane. IMkxl  and dadwd  lIIKS indicalc  tnajor
faults. light vccwm wilh clrot  ellipses indicalc  the <)hsct vcd
chanfge it) m e a n  s e c u l a r  rak. tkrot  cl[ipscs  I-cprcscnl 95°i
con fldcncc  hrrL]rlds,

I:igu(c  1. RcsidLlal time series fm the 179 km CK)l,I)J1’l,h$  baseline. ‘1’he hascl i nc ra(c obscrwd  hc(wccn t hc
Ii m of the I.andcrs and Nor(hridgc  carthqLlakm has fwcn sLthtracLcd  from each plot. Onc sigma error bm arc
includd fm c~ich con]poncnt.  I)aily rcpc,llahili[y  is 3 mtn N, 4 mm 1;, and I I mm V.

Iilgurc  2, hfap sholvi ng locations of GI’S geodetic sites in rcla(im 10 ca~-thqtlakc fault planes. Shadd  al-cas
indica(c  from west tn cast the approxima(c  sLlrfacc projections of the s(~Llfl)-dipping 1994 Northridgc  rLlp(urc
plane and the 1971 San Fernando rupLLltc plane, I)otlcd  and dashed Iillcs indic.alc~ nlajor  faults, I.igh(  vectors
with  cino[ ellipses indicate the ohscrvd change i n  m e a n  s e c u l a r  ra(c. llrlor clli[lscs  rcprcscn( 95Y~
Con  flclcncc  tmln[ls.
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liable 1. Prc-quake ralcs,  cx-seismic ollsc(s, and pos(-
scismic  cxccss  comp LI(d Ii-om (k ~;~)] ,I)JI)I .M baseline.

(’OITl~KMICIl(  i’i C-C@@ C ( ) - s e i s m i c I W - s e i s m i c

R a t e Olt’scl l; XCCSS

[Inmlyl] [[,111)1 [I))m]



‘1’able 2. 1,ocal surveys bcl’{w and al’tcr tlw Nw[hridgc  carthqwkc,

Comp(mel)[ AI(cI I)iw Ilc[olc’ [km
[mm] [mm]

JP1 /MJPA2 Ii
JI’1/klJf’A2  N
J1’1 ,hlJPA2  V
JPJ,h’J7263 Ii
JI’1/h17263 N
J1’l,h172(i3 V
JPI ,hll  .AR3 1;
JP1JMI>AB3  N
JI’l,NII.AI13  V

87726 +- 3
81382+- 1
17561+- 7

-10279 +- 3
26665 +- 1

6 +-6
-98723 +- 1

-359240 +- 1
-51223 +- 5

01/17/97
ol/17/97
01/17197
01/17/97
01/17/97
01/17/97
11/17/95
11/17/95
11/17/95

87722 +- 3
81384 +-3
17550+-  3

-10280 +- 3
26662 +- 3

4 +-3
-9s718+- 1

-359238 +- 1
-51208+-  4

09/05/86
09/05/86
09/05/86
09/05/s6
09/05/s6
09/05/86
I 1 /30/93
11 /30/93
I 1/30/93

8

I)ifl
[1,11,1]

4 +-4
-2 +-3
11 +-8

1 +-4
3 +-3

2 +-7
-5+- I

-2+- I
-15 +-7
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Time Series for JPLMI i 1 ,
Northridge M6.7 ““r-nI6  Landers M7.3
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