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Evidence of Shallow Fault Zone 
Strengthening After the 1992 M7.5 

Landers, California, Earthquake 
Yong-Gang Li,* John E. Vidale, Keiiti Aki, Fei Xu, 

Thomas Burdette 

Repeated seismic surveys of the Landers, Califomia, fault zone that ruptured in the 
magnitude (M) 7.5 earthquake of 1992 reveal an increase in seismic velocity with time. 
P, S, and fault zone trapped waves were excited by near-surface explosions in two 
locations in 1994 and 1996, and were recorded on two linear, three-component seismic 
arrays deployed across the Johnson Valley fault trace. The travel times of P and S waves 
for identical shot-receiver pairs decreased by 0.5 to 1.5 percent from 1994 to 1996, with 
the larger changes at stations located within the fault zone. These observations indicate 
that the shallow Johnson Valley fault is strengthening after the main shock, most likely 
because of closure of cracks that were opened by the 1992 earthquake. The increase 
in velocity is consistent with the prevalence of dry over wet cracks and with a reduction 
in the apparent crack density near the fault zone by approximately 1 .O percent from 1994 
to 1996. 

A fault plane undergoes sudden stresses, 
shaking, and cracking during an earth- 
quake. Extensive research has been directed 
toward understanding this phenomenon (1, 
2), but many facets remain obscure. 

We focus on the rate at which a fault 
regains its strength following a large earth- 
quake. This rate is needed to understand 
how fault zones strengthen or ''heal" after 
an earthquake, but so far, only simple laws 
have been assumed based on laboratom ex- 
periments rather than direct observations in 
the field. In addition, the healing rate may 
affect the probability of another earthquake 
in a fault zone. Experimental studies (3) 
indicate that a longer interval since the 
previous episode of faulting correlates with 
higher stress drop in the subsequent rupture. 
Studies of repeated earthquakes along a 
fault (4 )  show trends that are consistent , -, 

with state- and rate-dependent healing 
models (5). 

We had the particularly favorable situa- 
tion of ~robine the evolution of a shallow 

fault that had recently undergone large dis- 
placements. Earlier efforts to identify dila- 
tancy that might be detectable near fault 
zones failed because of low sensitivity cou- 
pled with what we cow know to be subtle 
precursory changes due to dilatancy (2, 6). 
Repeated surveys near Parkfield (7) is show- 
ing small changes in velocity over time, but 
in the absence of a laree earthauake and .., 
with uncertainty about the precise location 
of the velocity change, its significance is 
hard to assess. A comparison of earthquakes 
before and after a specific large event 
showed a small coseismic reduction in wave 
velocity at stations with unconsolidated. 
sedimentary rocks that were strongly shak- 
en (8), suggesting the temporal change was 
a shallow effect of shakine rather than a 
physical change in the bediock. One study 
(9) suggests changes in scattering of P 
'waves with a 1-s period around the time of 
large earthquakes, but the pattern is not yet 
well established. 

We conducted two identical seismic ex- 
c. 

periments on 2 November 1994 and '6 Au- 
Y.-G. Li and K. Aki, Department of Earth Sciences, Uni- gust 1996 (Fig. 1) to monitor the &ange of 
versity of Southem California. Los Angeles, CA 90089- 
0740. USA. fault zone physical properties after the 1992 

- - .  - - - 
J. E. Vidale and F. Xu. De~artrnent of Earth and S~ace M7.5 Landers earthcluake. A pair of explo- 
Sciences, University of Gifornia at Los Angeles,' Los sians, or "shots," in-30-m boreholes aiong 
Angel-, CA 90095-1 567, USA. 
T. Burdette, U.S. Geological Survey, Menlo Park, CA the Johnson segment of the 
94025. USA. Landers fault zone were detonated in each 

70 whom correspondence should be addressed. experiment, using 400 to 700 pounds of 
yg~iim.usc.edu chemical emulsions for each. A pair of lin- 

ear three-component seismic arrays record- 
ed the arrivals of seismic waves for each 
explosion. The arrays were 3-km in length 
and aligned perpendicular to the fault. The 
two arravs were se~arated bv 13 km. and the 
explosions were located between the arrays 
(Fig. 1). The array along line 1 had 36 
stations and the array along line 3 had 21 
stations. 

Line 1 is centered at the region that 
experienced the maximum amount of s l i p  
about 3 m-on the Johnson Valley fault 
during the Landers earthquake (Fig. 1). Slip 
is smaller near line 3, and also diminished 
to the north until the surface rupture con- 
nected with the Homestead Valley fault. 
Fault slip at depth is more difficult to de- 
termine, but seems to resemble the slip at 
the surface (1 0). The recurrence of faulting 
on the Johnson Valley fault is estimated to 
exceed 1000 years (1 1 , 12). 

The data from line 3, collected in 1996, 
had P waves visible on all traces near 1 s. 
The S waves had a longer period and were 
more ~rominent on the horizontal comm- 
nents near 2 s, and the fault zone trapped 
modes appeared from 3 to '8 s (Fig. 2). The 
trapped waves showed larger amplitudes, 

Fig. 1. Map of the study region showing locations 
of two seismic arrays at line 1 and line 3 and two 
explosions SP4 and SP5 in the fault zone.of the 
1992 Landers, California,. earthquake. Only the 
southern half of the Landers rupture lieswithin this 
map, and the dextral surface-fault slip profile is 
shown (inset) to the left of the map (12). JVF, 
Johnson Valley fault; KF, Kickapoo fault HVF, 
Homestead Valley fault; and PMF, Pinto Mountain 
fault. 
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lolver frequencies, and longer \vavetrains from the fault trace. The fault zone trapped 
~vl th  slight dispersion than P and S waves. Ivaves excited by near-surface explosions 

. , 
Holvever, the trapped \\laves n-ere not vlsi- are sinlilar to those generated hy micro- 
ble on stations located further than 200 111 earthquakes occ~irring nithin the fault zone 

Fig. 2. Three-component Vertical Parallel Perpend~cular 
seismograms recorded along --)v, iw+;~.-- +,~i,ipP~\n\n\n,"-,--.- I ::o 
line 3 from shot SP5 in 1996. ra+~L-- -$~~ii'-.i'- -,p>y,.fi*n,h.."~.v,-- :33 3- +/ih'hmhhul-------- *$dh!#!&?flJk-,,*,- 
The REFTEK seismometers E6 &..---- --*?~&&WA-."-----. i c l j , b ~ ~ h ~ ~ ~ ~ ~ ~ . ~ ~ ~ ~ - - -  
recorded continuously, and +4vrr~~rr~~-- -w$w~,.---.----- + y ~ ~ ~ ~ ~ w . ) * r , ~ , ~ , ~ J . -  300 

, * , :  *'i'hl511)/~.~.------ ~$dJ~\k,"%~',P,\-#A"&. 
time was synchronized by , ~ l v ~ ~ V ~ u : - V V  4 y ? f i q i , ,  4dJ,Air;,i*\---,-,-- 

global posiiion~ng system 
The sensors, Mark product 
122, were bui-ied w~th the 
three components aligned 
vert~cal, parallel, and per- +-?--A- + ~ p , ,  . o 
pendicular to the fault trace 

"-- w t w f h h / . ! \ r \ r 2 w  &,\iiiivl,i- 

,, ,+,'---- *~*.\,:$;%"-4\:i","-- *>;ffltb,/*:t,, ,<-- 

Statlon spaclng is not even, "%--------- J r Y r ~ ~ ~ ~ ~ ; ~ w c - r c - r ~  + # + W , + N ~ , N ~  :C? 

12 stations located closest +- h S - L  . +'b~-."+x-.n- +J'JuII,%.*~~,- ~ 1 / 1 / * ~ ~ ~ ~ -  --wY*L,.~,L>~*~.~- 
1 , .  . -  

to the fault trace have 50-m #IL$ 
&LC.c. ,>-- +~~~:.~-.Y.~--- $[a 

spacng, but there IS 100- to 5 , " -  u '-$+-, U 5 I o 1400 

500-m spaclng for farther Time (s) 
stat~ons 

Fig. 3. Vertical component 
of n e  1 for shot 4 in 1994 
and 1996. Stailon spacng is 
not even, 16 statlons locat- 
ed closest to the fault trace 
have 25-m spaclng, but 
there is 50- to 250-m spac- 
ing for iarther statons Ses-  
mograms are low-pass ill- 
tered at 8 Hz and plotted 
w~th a fixed-amplitude scale 
ior all traces. 

Time (s) 

236 
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a t  Landers ( 1  3) ,  hut have lower freq~rencies 
and travel more slo~vly, suggesting that the 
fault zone is seisnlically slolver and possibly 
tvider as it auuroaches the surface. We have 

L L 

used microeartl~iluake-ge~~erated trapped 
waves recoriled at the Landers fault zone to 
itelineate a 180-111-\vide fault core where S 
velocity is reduced hy 30 to 50% at the 
seismogenic depth (13). We. ho~vever, ~1.111 
focus on the t e m ~ o r a l  variations in arrival 
tlmes of P and S \!a\ es that tral el through 
the ahallo\! fault zone 

Figlire 3 sho\vs the similar xvave f ~ ~ r m s  of 
P, S, anci trapped \vaTres recorded on  line 1 
from shot SP4 between 1994 and 1996, but 
with a time advance <0.1 s for the 1996 
recordlngs. For an example, the travel time 
decreases of these waves 111 1996 are sho~vn 
Inore clearly In Fig. 4. We extracted P. S. 
and trapped waves from four t m e  windows 
and cross-correlateci each pair of recordlngs 
for the same shot and same selslnolneter to 
obtain trine differences between the 1994 
and 1996 recordings. \Vincio\vs 1 and 2 are 
P and S \vaTres, respectively. Windo\vs 3 anci 
4 are some sort of fault zone trapped Lvaves. 
All phases arrlveci faster in 1996 than in 
1994. Although the travel times of these 
xvaves decreased only a few hunciredths of a 
seconci from 1994 to 1996, the changes are 
an order of magnlt~rcie larger than the ~ m -  
certainty 111 the orlgin tune of the explo- 
sion, \vhich is less than 0.001 s. Also note 
that the peaks of the cross-correlation are 
near 1, indicating ~vavefc~rm similarity be- 
t\veen 1994 and 1996. 

The ratlo of decrease in travel time for 
P to S waves (At,/At,) between 1994 and 
1996 is 0.77. This IS from 112 nleasure- 
ments, with an SD ot 0.07 (Fig. 5) .  This 

Time (s) 

I 7 
L 

Time shift (s) 

Fig. 4. (A) Vertical component sesmograms recorded at staton W1 of lhne 3 for shot SP5 n 1994 (sol~d 
nes )  and In 1996 (dotted lines). (B) Autocorrelatons and cross-correlations oi sesmograms recorded 
n 1994 and 1996 at the same statlons ior four tlme wndows lncudng P (wlndow I ) ,  S (wlndow 2), and 
fault zone trapped waves (wlndows 3 and 4). The length of windows 1 and 2 IS  0.5 s ,  whereas the length 
of wlndows 3 and 4 IS 1 s .  The peak of the autocorrelation curve is at zero tlme In each wlndow. The 
negative tme sh~ft ndlcates tme advance. The cross-correlat~ons In wlndows 1 to 4 reveal time 
advances of 0.01 8, 0.025, 0.045, and 0.06 s ,  respectively, for the waves In 1996. 

rL Offset  from fault trace (m)  

Fig. 5. (A) Arr~val-tlme advances of S waves In 
1996 determ~ned from cross-correlat~ons of 
three-component recordngs (B) Rato of tlme ad- 
vances measured for P waves d~vded by tme 
advances ior S waves. 
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ratio is valid for all P and S arrivals both 
within and outside the  fault zone. Also, the  

be 1.64 for dry cracks and 0.17 for wet 
cracks. 

being a t  least partially created during the 
mainshock (13).  Closure of cracks would 
increase the  frictional strength of the fault 
zone, as well as its stiffness 11 9 ) .  Thus. such 

arrivals in  the  middle of the  linear arrays 
(near the  fault trace) have a greater time 
advance fro111 1994 to 1996 than the  arriv- 
als a t  stations toward the  edges of the  arrays. 

Because the  observed ratio is lower than 
the  predicted ratio for dry cracks, some fluid 
may be present in the  cracks. Also, the 
apparent density of saturated cracks may 
decrease tuore slowly or quickly than the  
density of dry cracks immediately after an  

~, 

a pattern of healing fault zones may help 
explain observations of increasing stress u 

Based o n  the  size of the  zone exhibiti~lg 
larger arrival time decreases froin 1994 to 
1996 (Flg. j), we estimated that the  fault 
zone in the  top few kilometers is about 
300 m \vide. 

If the  change in velocity is unlform 

drop with increasing recurrence intervals 
( 3 ,  4). 

ea r thqkke ,  gut the  simplest inte'pretation 
is the  prevalence of dry rather than wet REFERENCES AND NOTES 
cracks. 
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example, in Fig. 4 )  would be easy to inter- 
met .  T h e  P wave arrives 0.01 s earlier, with 
a travel time of 1 s, so the  P wave velocity 
increased by 1%. Similarly, the S wave ar- 
rives 0.025 s earlier, with a travel time of 
2.5 s, so the S wave velocity also increased 
by 1%. T h e  trapped waves with longer trav- 
el times have larger time advances than do 
P and S waves, again resulting in -1% 

a is the  radius of penny-shaped cracks. Be- 
cause the  cracks are th in ,  the  reduction in 
apparent crack density by 1% causes a re- 
duction in volume that 1s much less than 
1%. 

Seismic velocities would increase if the  
water level rose. However, a cha~ lge  in the  
water table would not produce the  signal 
that we saw. 111 detail. if a laver that was 

increase in velocity. 
T h e  decrease in the  travel time of these 

waves is largest withill t he  fault zone (Fig. 
5). Also, the  longer ray paths show the  
larger travel time changes. However, the 
chai~ge is not proportional to  travel dis- 
tance. T h e  longest path is 10 knl (shot SP5 
to line 1 )  and the  shortest path is 3 km 
(shot SP5 to line ?),  but the  time advance 
for the  10-km path is only 20 to  30% larger 
than the  time advance for the  3-km path. 
Lateral variations in  time advance along 
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implausibly large change in  water level of 
more than 200 111 is needed to  change travel 
time by 0.02 s, as observed. 

T h e  reduction i r ~  qlparent crack density 
might be discernible in  geodetic measure- 
ments. As  rocks heal, there might be either 

the  fault are also evident, as the  pair of shot 
SP4 and line 3 shows greater time advances 
than the  pair of shot SP4 and line 1,  despite 
t h e n  similar path lengths. These trends sug- 
gest that the velocity change is strongest in 
the  fault zone rather than being distributed 

inore of the  right-lateral shear deforinatio~l 
from the  regional stress field that doininat- 

u 

uniformly across the  fault zone and the  
bedrock on both sides and that the  velocity 
change is less in the deeper part of the  fa~l l t  

- 
ed the  coseismic displacements or faullt- 
normal compression from the  reduction in 
volume. Deforinatioi~ has bee11 reported 
with a time scale of several years and a 
distribution pattern matching the  Landers 
rnai~lshock double couple (1 6). O n e  pattern 
observed is not explal~led by our model; 
synthetic aperture radar linages reveal upllft 
and detlresslon wlth a 1-vear time scale that 

zone. T h e  deeper ray paths penetrate 2 to  3 
km below the surface (14) .  
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closure of dry cracks as the  crust heals after 
the  earthuuake. This nrocess inav be 
thought of i s  the  reductivi dilatancy ( 2 ,  6) .  
Estimates of the  cha~ lee  in velocitv due to 

is consistent with reequilibration of pore 
fluids because of mainshock-induced stress- 
es (1  7). W e  are not  aware of any reports of 
fault-normal contraction for the  Landers 
faullt zone. For the  1989 Lolna Prleta earth- 
auake, however, there is evidence of fault- 

- 
the  change in the  density of cracks may be 
calculated 11 5).  W e  assumed randomlv ori- , , 

ented cracks, although there may be some 
a l~enment ,  whose coherence is not sirnnle 
to  predict and may cha~ lge  with time. Dry 
cracks in a Poisson solid are predicted to 
cause It,/At, of -1.22. Water-filled cracks, 
o n  the  other hand, cause I t , , / I t< of only 
-0.27. So  the  observed It,/It> -0.77 (Fig. 
5 )  is closer to the  prediction for dry cracks. 
If the  rock has a n  anomalous Poisson's ratio 

. , 

normal c o ~ ~ t r a c t i o n  of several centimeters 
per year 111 the  years follo\vlng the  event 
(18).  

W e  co~lclude that some cracks that had 
opened during the  rnainshock closed soon 
thereafter. T h e  closure of cracks 2 to  4 years 
after the  earthauake is collsistellt with our 

such that the P wale  1 elocity is t w c e  the  S 
\va\ e ~ ~ e l o c i t ) ,  then AtF/At, 1s expected to 

tentative interpretation of the  strong, low- 
velocity Landers fault zone waveguide as 1 October 1997, accepted 26 November 1997 
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