
geo t l~e r~na l  gradients \vithlll coll isl~llal  OTO- 

i'ens. Witll in the central Himalaya.;, the 

8 C Pnet and C Jaupalt E a ~ t l ~  Plal~et SCI Letr 84, 
87 (1 987) 

9 F A. Datien and T. D. Barr, J. Geoph)/s Res 94, 
3906 (1989), T. D Barr and F A Daheli {bid , p 
3923, S M Peacock, n MetainoruI?isin and Cr~israi 
E v o i ~ ~ t i o ~  l/l/esien7 Coi~tenn~i?oi,s Ui l~ted States. W 

(1989), K \I Hodges era/ . ,  COIJ~I-ib Mii~eral. Petrol. 
117. 151 11994) M P Searle. D. J. W C0oper.A J. 
Rex n Tecroi~ic Evol~~rioi? of r t~e tiin?alayas and T~be?. 
R M Shackleton, J F De,~vey, B F W~ndley, Ecls 
(The Royal Socety, Lolidon, 19881, pp 1 17-1 50 

1G K V Hodges, M S. Hubbard D S S\/erberg. PIJI- 
10s Trai~s. R Soc L O I J ~ ~ I ?  Sel. P 326, 257 (1988) 

17 H Lyon-Caen and P Molnar, Tectonics 4, 51 3 
(1 985) 

18 B. C Sca le t  C. France-Lanord P Le Fori, J \lo1- 
C Z I ? ~ '  Geori~el~l?. Res. 44. 163 (1 990). P Vlcla A. 
Coticer~e P Le Folt, Geoch~~n.  Cosinochim Pcta, 
46, 2279 (1982) A M Macfarlane thes~s Massa- 
c t i~~set ts  nst~tute of Technology (1 992) 

19 We thank two anonymous revewers for I iep fu  com- 
ments Suppolt ,pblas prov~ded by NSF grant EAR 
941 8062 to K V H 

(Ieveli)p~llel~t of inverted field grailients, ac- 
comp.~n~ei l  hy ub.;tantial crustal melting, 
o c c ~ ~ r r e d  at  ahout ?O to 25 mi1liol-i 1-exs 
ago, ahout 25 ti) 35 Ivly after the initiation 
of collisioll between India and Eura.;ia i 15) .  

G Ernst, Ed (Prent~ce-Hall, Englewood Cl~ffs, NJ, 
1987). pp. 953-975 

10 L H. Royden, J Geouhys Res. 98, 4 4 7  (1 993) , , 

Rocks currently at  the surface n.ere at  
depth.; of 20 to 43 kln d u r ~ n g  regional meta- 
m ~ r ~ ~ l - i i s m  (1 2 ,  16),  \-1eldii-ig averaged rates 
of d e n ~ ~ ~ l a t i o n  of 1 to ? kmlh~ly. Likewise. 

1 1 K, V Hodges, P Le Folt, A Pechel, Geology 16 707 
I 1988) 

12 A Peeher, J. Metam01'pIJ. Geoi. 7, 31 (1989) 
13 M Brulie and J R K~enast, Can. J. Eairl? Sci 23, 

11 17 11 9861, M P Searle and A J Rex, J Meia- 
i n o ~ p l ~  Geol 7, 127 (1 989) 

14. P. Molliar ancl P. England, J Geop/~)/s Res. 95, 
4833 (1 990). G A Houseman D P McKenz~e, P 
Molnar, ibid 86. 61 15 11981) 

15 M. S Hubbard and T M. Harr~son Tecio~?~cs 8 865 

, , 

cste~-i.;~ve tracts of loiver (Illdian) plate 
rock, wit11 an  e x ~ o s e d  wrface n.1dt11 ereater 
t han  3L70 k ~ n  have bee11 accreteJ eplsodl- 
call\- onto  the upper (Eurasian) plate since 
the  time of collision. Paleosulxluct~i ,~~ rates 
are ~~nci)nstrai~-ieil ,  h ~ ~ t  moJel-11 rates of co11- 

1 A p r  19% acce1:ted 12 June I 9 9 6  

vergence across the Himalay,ls are a h o ~ ~ t  1L7 
to 25 km/My (17).  Radioact~\,e heat pro- 

Lithologic Control of the Depth of 
Earthquakes in Southern California cluctlo1-i rate.; for ~netamorphic  anil LgneoLls 

rocks of the I-limalayas range from - 1.5 to 
>6 p W / m 3 ,  n.it11 slgnific,~nt proportion 
(>25%)  of reported values ill escess of 4 
FV(//ln3 ( I  8). Thus, parameter \.,dues ( r ipe-  
cialll- A = 3 pW/m' )  used to construct FIE. 
2 are iollsistel-it 1~1th  ol~servati i~nx iron1 the 

Harold Magistrale* and Hua-wei Zhou 

The depth distribution of southern California earthquakes indicates that areas underlain 
by schist basement rocks have a shallower (4 to 10 kilometers) maximum depth of 
earthquakes than do areas with other types of basement rocks. The predominant min- 
erals in the schists become plastic at lower temperatures, and thus at shallower depths, 
than the minerals in the other basement rocks. The lateral variations in lithology will 
control the depth extent (and thus the magnitudes) of potential future earthquakes; these 
depths can be determined from the depth of the current background seismicity. 

IHim,~layas. T h e  agreerlent hetnreen timillq, 
pale~tem~erature . ;  am1 depths recorcletl in 
the central Hinlalayas, alli{ the  moJeleil 
thermal stl-ucture 32 My after ci)llisii~n (Fiy. 
2)  .;Llggests that reilistributloll of m,~tcr i ,~ l  
\\.it11 21 high rate of heat 1-rroil~lct~oll nit11111 
the  Himalav,j~-i oroge1-i may have heen a11 

Ear thquake  ~nagni tude 1s proportional to 
fault area. T h e  fault area is thc ~-irocl~~ct of 

schists es tend over a large lateral area in  
the  subsurface (8-1 1 ) and are >7 km thick 
(1 2) .  These surveys and the regiotlal dlstrl- 
I , ~ ~ t i o n  of the scl-iiqts ( I .  3-7) ~lldicate that 

illlportant factor in its thermal evcduticm. 
Our  ~noclel .;uppests that accretion ailil L,,~ 

erosion and the attendant redistril~ution of 
HPE-enriched matel-la1 exert iirst-order 

the length and the  [vidth of the  fault 011 

which brittlc runture o c c ~ ~ r s .  A t t e l n ~ ~ t s  to 
colltrol o n  the thermal and metamorphic 
e\:olutioll of collisioi-ial i)roee~-is. Accl-etloll 

iletermine the magnituile ofpotellti,rl future 
earthuuakes m~ls t  therefore consiiler factors 

they prohahly ~~nclerlay much of ol-isl-iore 
qoutl-ier1-i California. Similar11-, much of the  

leads to the Jevelopment ,rllil rn,rintenance 
of a nedee of HPE-enrichecl material n l th in  

that ii-itluei-ice tlle depth extent of rupture. 
Here \ye esamlne v;lriatlolls in the  ~ n ~ l s l -  

inner continel-ital boriierland offshore of 
.;outlier11 C,lllfornla 1.; uniierlain 131- the  h'le- 
sozoic Catalinn S c h ~ s t  (13-15). This schist 
also has only sparse .;urface outcrop, hut 
seislllic reflect~oll survevs and horehole 

the  upper plate of illtr,~colltil-iental sulxluc- 
tion zones. Su rhce  el-osion also controls the 

LIIUIII depth of earthquakes in s o ~ ~ t h e r n  Cal- 
ifornia anci correlate a relatively shallon. 
m a s ~ m u m  depth to the  presence o i  schist g ~ o ~ l l e t r j  i)f this \\,edge and ellhance.; heat-  

ing nrithin the upper plate hy acivecting 
Illaterial from ileepcr to shallo\\rer crustal 
levels. 

s.1111~11eq ~ l ld~c ; i t e  a \videspread Xubsurface 
extent (14 ,  15).  

Recently, Zhou ~llvertecl so~l thern  Cali- 
fornia e a r t h q ~ ~ a k e  arrival tiines for crustal 
veloci t i r~  ,rllil h\-pocenters (16) .  About 
3 i ,0@0  ell-recorded earthuuakes detected 

basement rocks. 
T h e  Late Cretacei~us-earlv Tertiary Pe- 

lolls, Orocopia, and Rancl Xchists are struc- 
turally lolv rocks exposed in sp,Irse outcrops 
(1 )  (Fig. I ) .  T h e  schists AI-e in lon.-allgle 
f a ~ ~ l t  contact nit11 the overlvilli' c r~s t~l l l i l le  
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ella Valley and San Gorgonio Pass, con- 
tinuing west and north along the San Gab- 
riel fault to Tejon Pass (depths are shallow- 
er north and east of the faults) and then 
along the northwest side of the Tehachapi 
Mountains (depths are shallower to the 

Fig. 1. Map of the southern California area show- 
ing the present-day surface exposures (13,30) of 
schist rocks (black) and the subsurface extent (3 1) 
of the Catalina Schist (yellow) and the Pelona, 
Orcopia, and Rand schists (blue). Solid lines indi- 
cate the major faults and the coastline. Letters 
indicate the faults and places mentioned in the 
text. Abbreviations: CV, Coachella Valley; LAB, 
Los Angeles basin; MC, Malibu coast; NIF, New- 
port-lnglewood fault; SAF, San Andreas fault; 
SGF, San Gabriel fault; SGM, San Gabriel Moun- 
tains; SGP, San Gorgonio Pass; SJF, San Jacinto 
fault; SN, southern Sierra Nevada; TP, Tejon 
Pass; TM, Tehachapi Mountains. 

southeast). In the Los Angeles basin, an- 
other step is identified along the Newport- 
Inglewood fault (depths are shallower to the 
west) and along the Malibu coast (depths 
are shallower to the south). In most places, 
the change in the maximum depth is <5 
km wide, whereas along the Tehachapi 
Mountains. the southern Sierra Nevada. 
and the Malibu coast the change occurs 
eraduallv over zones tens of kilometers 
kide. T;le location of the step in the max- 
imum depth of hypocenters (Fig. 2) is gen- 
erally coincident with the edges of the 
schists in the subsurface (Fig. 1). 

The depth of earthquakes depends on 
four main factors: temperature, strain rate, 
fluid pressure, and rock composition (20, 
21). Lateral variations in these factors will 
~roduce lateral variations in earthauake 
depths. We focus on rock composition to 
explain the change in the maximum depth 
of earthquakes because the change is 
abrupt, regional, and coincident with the 
edges of the schists. 

The Pelona, Orocopia, Rand, and 
Catalina schists are composed predomi- 
nantly of quartz and micas (1 , 13). These 
minerals become plastic at much lower tem- 
peratures [-300°C for quartz (21)] than 
minerals, such as feldspar [=450°C (21)], 
that comprise the majority of the other 
types of basement rocks in southern Cali- 
fornia (6). In any geothermal gradient the 
schists will become plastic at a shallower 
d e ~ t h  than other basement rock tvDes. 

8 L 

~Gerefore, the schists will have a shallower 
maximum d e ~ t h  of brittle ruDture (earth- 
quakes) tha; the other basemen; rock 

types. For example (18), in the San Gorgo- 
nio Pass area, a reasonable geothermal gra- 
dient of 22°C km-' and a surface temper- 
ature of 15°C results in a temperature of 
about 300°C at the 13-km maximum depth 
of seismicity seen north of the pass in an 
area underlain by Pelona Schist (22) and 
about 450°C at the 20-km maximum d e ~ t h  
of seismicity in the mostly feldspar Penin- 
sular Ranges type basement rocks (23) 
south of the pass, in agreement with the 
observed hypocentral depths (Fig. 2b, cross 
section A-A'). Thus, steps in the maxi- 
mum hypocenter depths are produced 
where fault slip has juxtaposed the schists 
against other basement rock types near San 
Gorgonio Pass, along the San Gabriel fault 
(22), and along the Newport-Inglewood 
fault (14). More gradual slopes in the max- 
imum hypocenter depths are produced 
where the crust has been warped by local 
uplift, such as in the Tehachapi Mountains 
(1 1) and the southern Sierra Nevada (24). 

Schists abut other basement rocks along 
the San Andreas fault in the Coachella 
Valley (22) and along the offshore portion 
of the Newport-Inglewood fault (14). We 
therefore expect steps or slopes in the max- 
imum hypocenter depths along those parts 
of the faults. Indeed, maximum hypocenter 
depths are shallower east of the San An- 
dreas fault than west of the fault in Coach- 
ella Vallev. and the maximum d e ~ t h s  are 
shallower 'west of the offshore ~ e w ~ o r t -  
Inglewood fault than east of the fault. How- 
ever, our seismicity data in those areas are 
too sparse to permit us to locate any steps 
with an accuracy of <20 km. 
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T h e  step in the  masimum eartl-iquake 
clepths pro~.ides a usef~ll strain marker \\,it11 
wl-ilcll to meas~lre the amonnt of slip o n  
Q~laternary f a ~ ~ l t s .  For example, the  San  
Jaclnto fault :one offiets the step by =2C 
k111 (Fig. 2a),  n7ll1cl-i 1s compatdile ~\rith an 
ear l~er  meas~~rement  of the  total slip mea- 
sured f:~rtl-ier sontll (25) .  lvlagistrale and 
Sal-icier\ recently used tl-ie apparent lack of 
offbet in the step near the  San  Gorgon~o  
p. ays .- to argue for the accol-i~modatioll of Sa1-i 

AnJre,r> far~lt  zone slip 1iy distributed defor- 
mation 111 that area ( 1  8). 

Tl-ie c o m p o s ~ t ~ o n a l  control of the  max- 
i~ l - i~~ l l l  depth of earthiluakes can he ~ l sed  ~ L I  

e s t m a t e  the  ilepth extent of potentla1 fn- 
ture earthquakes (26 ,  27). W e  compared 
the  maxlnlnm depth deflned by eartl-i- 
qnakes before recent lal.ge eartl-iquakes to  
the  deptl-i def~necl by the  aftershock :ones 
of the  large earthquakes (Fig. 3 ) .  I11 el.ery 

case, the  m a x ~ m n m  deptll of ruptnrc of the  
large earthquakes, as deflned by the  after- 
sl-iock :o11es, was the  yame as the  masi- 
mtun depth of the  eartl-iq~~akes h e f x e  the  
large ea r t l lq~~akes  (28) .  Tl-icrcf~~re, \ye con- 
cl~lile that  the  iiept1-i extent ,  ancl tl-ins the  
magnitude, of potential fntnre earthqnakes 
in >ontherl-i Calit~~rl-i ia call be deternlined 
fro111 an exan l ina t~on  of the  ilept1-i of the  
hackgro~lnd s e ~ s m i c ~ t y .  This proceilure 
may challqe estimates of the  magnitn~ies of 
potentla1 future earthquakes 111 the  Lo> 
Angeles hasin region (20)  11ecause steps in 
the  maslmLlm depth of the  earthquakes 
run through and near that  region (Flg. 2 ) .  

T h e  accurate Lietermlnatioll of the later- 
al varlatlons 111 the  thlckl-ie.;~ of the brittle 
crLlst ~ l l C 3 ~ 1 l L i  llelLl to resolve the ~ S S L I ~  <If 

~vhetller the h~stor ic  rate of ear t l~i~uakes  In 
the Los Angeles reglon is a d e q ~ ~ a t e  to ac- 
C O L I I I ~  for the  geodetically deterlllilled s t r a ~ n  

b 
North Palm Springs Landers-Big Bear Northridge 

South North West East Southwest Northeast 

H H I I J J' 

Distance (km) 

Fig. 3. (a) Map of hypocenters (black crcesj  and cross section ocatons (rectangles labeled with lettersj 
across the aftershock zones of some larger earthquakes (1 986 North Palm Spr~ngs, 1992 Landers-Big 
Bear. 1994 Northridgej. Hypocenters of a dates are plotted (b) Hypocenters plotted n cross sect~on 
befol-e (c~pper pa~ielsj and after (lower panesj the larger earthquakes The background sesmcity before 
the larger earthquakes defnes the maximum depth of the aftershock zones (dense clouds of hypo- 
centersj. The Landers aftershocks, near 65 km n cross secton 1 - 1 '  extend 1 to 2 km deeper than the 
backgro~ind selsmicty near 65 km but are ge~ierally no deeper than the background sesmlcty of the 
entire cross secton. The background sesmcity In cross secton -I '  is sparse. so we used a large cross 
secton area to defne a Inaxmum depth. Vertca exaggeration. 2 : 1 .  

rates (20,  29).  If ,  as \ye have f o ~ ~ n d ,  portlolls 
of the  hrittie crust are thil-il-ier than previ- 
onsly ass~lmed, then more deformatiol-i 
\\rould occur asei~micc~l lv  ancl less lnoment 
release n.ould he r e q ~ l ~ r e d  of the  historic 
earthr~uakcs. 
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Mechanism of Phreatic Eruptions at Aso 
Volcano inferred from Near-Field Broadband 

Seismic Observations 
Satoshi Maneshima," Hitoshi Kawakatsu,-l 

Hirotoshi Matsubayashi, Yasuaki Sudo, Tomoki Tsutsui, 
Takao Ohminato, Hisao Ito, Koichi Uhira, Hitoshi Yamasato, 

Jun Oikawa, Minsru Takeo, Takashi lidaka 

Broadband seismometers deployed at Aso volcano in Japan have detected a hydro- 
thermal reservoir 1 to 1.5 kilometers beneath the crater that is continually resonating with 
periods as long as 15 seconds. When phreatic eruptions are observed, broadband 
seismograms elucidate a dynamic interplay between the reservoir and discharging flow 
along the conduit: gradual pressurization and long-period (--20 seconds) pulsations of 
the reservoir during the 100 to 200 seconds before the initiation of the discharge, followed 
by gradual deflation of the reservoir concurrent with the discharging flow. The hydro- 
thermal reservoir. where water and heat from the deeper magma chamber probably 
interact, appears to help control the surface activity at Aso volcano. 
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