
"ice" may be to some extent coincidental. It 
is possible that material in the deep interior 
contains both a component which-is lighter 
than "ice," perhaps hydrogen and helium, 
and one which is heavier, that is, rock, and is 
more or less uniformly mixed. Fixing the 
interior rock/"icen ratio to the solar value, 
we find for Uranus and Neptune that the 
total mass fraction of free hydrogen and 
helium is about 0.14 in both planets, with 
about one-third to one-fifth of this compo- 
nent (that is, about 0.05 in N l  and N3, and 
about 0.03 in N2) in the outermost auno- 
spheric region at pressures srnaller than 100 
kbar. and the remainder distributed uni- 
formly through the interior. 

With such a small total mass fraction of 
hydrogen and helium, the deuterium to 
hydrogen number ratio ( D m )  in the auno- 
spheres of Uranus and Neptune should be 
about the same. and equai to the elevated 
value for primordial ices in other water-rich 
solar system bodies, that is, about 2 x lop4,  
rather-than equal to the primordial nebular 
value of about 2 x l op5  which is seen in the 
atmospheres of Jupiter and Saturn (21). 
~ e c e n t  observatio~li of deuterium in the 
atmospheres of Uranus and Neptune have 
confirmed that this is the case (22). 

One of the most striking differences be- 
tween Uranus and Neptune is the substan- 
tial net interior heat flow for Neotune. The 
heat flow for Uranus is so far undetectable 
and significantly smaller than the value for 
Neptune (23). Attempts to model this dif- 
ference have taken the path of either relating 
it to differe~lces in interior structure, with 
the possibility of pronounced chemical gra- 
dients suppressing heat flow in Uranus (24), 
or to relating it to atmospheric effects which 
may suppress convection in Uranus due to 
its greater proximity to the sun (1 7, 25, 26). 
 he similaritv of interior structure which we 
infer here, and which had been suggested in 
earlier models (27), makes the second expla- 
nation more attractive. 
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Relations Among Fault Behavior, Subsurface 
Geology, and Three-Dimensional Velocity Models 
ANDREW J. MICHAEL AND DONNA EBERHART-PHILLIPS 

The development of three-dimensional P-wave velocity models for the regions sur- 
rounding five large earthquakes in California has lead t o  the recognition of relations 
among fault behavior and the material properties of the rocks that contact the fault at 
seismogenic depths; regions of high moment release appear to  correlate with high 
seismic velocities whereas rupture initiation o r  termination may be associated with 
lower seismic velocities. These relations point toward a physical understanding of why 
faults are divided into segments that can fail independently, an understanding that 
could improve our ability to  predict earthquakes and strong ground motion. 

F AULTS EXHIBIT BEHAVIORS RANGING 

from aseismic creep to brittle rupture 
in great earthquakes. Along the length 

of one fault, these variations can divide the 
fault into segments that fail independently 
(1). To investigate the mechanism control- 
ling these variations, we have determined 
three-dimensional (3-D) P-wave velocity 
(V,) models for the regions surrou~lding 
five moderate-to-large earthquakes in Cali- 
fornia. The 3-D V, models, derived from 
local earthquake arrival-time data, provide 
indications of variations in the subsurface 
geology at seismogenic depths that may 
relate to the slip behavior of the faults. The 
five mainshocks studied (Fig. 1) are the 
magnitude M = 6 1966 Parkfield earth- 
quake, the M = 6.7 1983 Coalinga earth- 
quake (2), the M = 6.1 1985 Kettleman 
Hills earthquake (2), the M = 6.2 1984 
Morgan Hill earthquake (3), and the 
M = 7.1 1989 Loma Prieta earthquake (4).  

We calculated the 3-D Vp models using 
simultaneous inversion of local arrival-time 
data for the velocity model and the locations 
of the seismic sources. The arrival time of a 
seismic wave at a seismographic station de- 

Branch of Seismology, Mall Stop 977, U.S. Geolog~cd 
Survey, 345  middlef field Road,  menl lo Park, CA 94025. 

pends on the time at which the wave origi- 
nated (origin time), the locatio~l from which 
the wave originated (hypocenter), the loca- 
tion of the station, and the seismic velocities 
of the rocks along the raypath from the 
source to the station. The hypocenter, and 
sometimes the origin time, are known for 
explosions, whereas neither is known for 
earthquakes. The inversion process starts 
with initial estimates of the velocity model, 

Fig. 1. Map of the five mainshocks cnldied shou-  
ing their focal mechanisms, the location\ of the 
cross sections shown in Figs. 2, 3, and 4 and thc 
San Andreas and Calaverac faults. 
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Fig. 2. Fault-perpendicular cross sections of the 3-D Vp models, afkrshodr hypocenters (in white), and mainshock 
hypocenters (in yellow). The velocity models are represented by 0.5-km/s contours in addition to the color cock. Except 
where noted, a 10-km width of seismicity is projected onto the cross sections. (A) Loma Prieta mainshock slip region. 

-* -+ 

rn 24 
(B) Creeping segment south of Lorna Prieta mainshock slip region. (C) Middle Mountain area at Pack6eld (note that 
background seismicity is shown instead o f a f k r s e  for Parkfield). (D) Gold Hill area at Parkfield (E) Calavaas fault 
north of Morgan Hill mainshock slip region. (F) Morgan Hill mainshock slip region. 5.5 

origin times, and hypoamen. These estimam fieId areas, which occasional M = 6 to 
are then~adjus t ed inorder tomin i -  7eardrquakes,fbrmthenorthemandsoutbrm 
mizethedi&xncebetweentheobservedand boumhiaofthecreepingsegmerrtdtheSan 
calcukd arrival times for each source at each Andreas fault (SAF), v q x d d y  (7). 'Ihe 6.5 

. . 
station. creeping segment slips in a ambmtcm of 
In the patticular method we used (5), the 

docitymodclisparamctenzedatanirregular- 
lyspacedgridofnodes,andveiocityislinmrj. 
interpoiad between &. In our mcdek, the 
mdespacingisaminimumof2~,drus,the 
*t~;changesappear=-kk 
dixTete- . . .  . An approximate 3-D 
ray-tracing- (6) wasusedto*Ilculate 
realisticraypathsand~arrivaltimesin 
hl%hlp - fnc2dia. 

E a c h ~ f t h e f o u r V ~ m o d e l s ~ b e k w v  
isbasedonseveralthousadarrivaltimesh 
a few hundred earthquakes and up to 26 e x p b  
siom recorded by statiom ofthe U.S. Geolog- 
ical Survey Central Califbmia seismic network 
and a variety of temporary netwarks. 'Ihe 
sourcesandstati~~l~arewithin,ordosem,the 
area being modeled; maximum separations are 
80 km. For each area, a prebmry  iwersion 

aseismicaeep-&-earthquakes 
o f M  < 5.TheMorganWareaispartof 
theCalamwhk,astrike-slipfaultthathasa 
long-term slip rate approximat%y 5096 less 
thanthatoftheSAF(8).IntheCahgaand 
Kettleman Hills area, young hlds are undedain 
byblindthrustfidtsthatruptureinudeme 
earthquakes (9). 
In the creeping section ofthe SAF (lo), the 

velocity model images the fault as a simple, 
sharp, horimntal V p  gradient (I I) (Fig. 2, B 
andc).WheretheLomaPrietaandP- 
~ p r o d u c e d ~ m o s t s l i p , t h e S A F  
has more amphted velocity images. The 
crclssseaionthNnlghthe~uweofthe 
LomaPriemearthquakchhigherVpon 
thesourhwestsideatdephsbelowlOkrn,but 
higher V p  on the mntheat side above that 
depth (Fig. 2A). Where most ofthe slip in the 

larger events. At Morgan HiU the mainrhodr 
segmentdoesnotadpinaaeepingsegment 
butkmmimesagaiostasegmemthathas 
odyM < 5 . 5 e v e n t s a n d s o u r c e ~ n s o f  
lesthanlOLm(13).Inthisnoahemsegment, 
the hkis well imaged in the velocity model 
(Fig. 2E). In the d o n  that rupnrred dmkg 
theM=6.2mainshodqtheCala=hkis 
harder to ddine (Fig. 2F), and the behavior 
maythusbesimilartothatobsavedatPark- 
fiddandLomaPliem 

At Loma Prieta (Fig. 3A) the along-fault 
extent of material with VP > 6 kmls at 
depths of less than 7 km coincides with the 
area that is infirred to have ruphlrcd cbring the 
maiashock (14). At Parltfield (Fig. 3B) the 
m a b h O & ~ u n Q r t h e h V p v o h m K  
at Middle Mounrain (IS), but most of dw 

waspafbrmedwithacoakegridof~~80 
bylookm.Then,more~modelSwere  
~ w h i c h e e t e n d 6 0 m 1 0 0 k m a l o n g  
faultsaike,20m3Okma~ros~fault,andto16 
kmindepth.Theresdutionisgmtestwhere 
b t h t h e n u m k a n d v a r i e t y o f r a y p a ~ a r e  
gteatest,whichistheseismogenicpartofthe 
fildt 

The 3-D V p  mo&h image the saucturr in 
four areas ofthe Pacific-North American plate 
boundary (Fig. 1). The Lama Prieta and Park- 

1% ~ama inshodr tod r *  (12),the 
V p  shuaure (Fig. 2D) sxmmdhg the SAF is 
complicated and indudes small bodies ofhigh- 
velocityaateriaLThese*ons~that 
thefaultarepswhereitisawelldewbped 
structurethathas,~~~t.theseismogenic~ 
interval, either a unifbrm contrast in material 
propertiesaapssthefaultoral~wV~mataial 
onatleastoneside.Wherethevelocitystruc- 
ture near the fault zone is more compliated, 
the slip behavior tends to be brittle Mure in 

momentr$easeocwrredadjacentmthehigh 
v p l l l i l t e r i a l ~ ~ G o l d H i l L T h i s  
rnamialisincmtaawiththefaukfbraleqgh 
similartothemaximumslipareal'. - 4 
fbrthe 1%6mainrhodr(12).AtM~Hill, 
thcmaiashockalsoinitiatedundaabodyof 
h V p " , b d l e v ~  
akmgthefauhtoanalong&donthat 
has more rnamial with V p  > 5.5 km/s in 
conolawiththefault Most ofthemomentwar 
releasedinthisdon (16) (Fig 3C). 
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Fig. 3. Along-fault cross sections of the 3-D velocity models, aftershock 
hypocenters (in white), mainshock hypocenters (in yellow), and main- from geodetic modeling (14). A 15-km width of seismicity is projected 
shock slip distributions (in green). We show the side of the fault that has onto this cross section. (B) Northeast side of San Andreas fault in Parffield 
the greater along strike Vp variations in the area surrounding the region (note that background seismicity is shown instead of aftershocks for 
mainshock rupture; the other s ~ d e  of the fault is shown at selected points Parffield). Green contours (from 20 cm to 60 cm) show mainshock slip 
in Fig. 2. The letters above the cross sections show the locations of the from geodetic modeling (12). (C) Southwest side of Calaveras fault in 
cross sections in Fig. 2, A to F. (A) Northeast side of San Andreas fault in Morgan Hill region. Green contours (from 40 cm to 80 cm) show 
Loma Prieta region. Green rectangle is boundary of uniform slip region mainshock slip from seismic waveform modeling (16). 

Fig. 4. Cross sections of the 3-D velocity model for the Coalinga-Kettleman green). (A) Cross section across Coalinga anticline. The dark green curve 
Hills region, aftershock hypocenters (in white, circles: Coalinga, diamonds: shows the extent of coseismic slip and the light green curve shows the 
Kettleman Hills), mainshock hypocenters (in yellow), and location of postseismic slip. (B) Along-anticline cross section. The green lines show the 
mainshock and postseismic slip determined from geodetic modeling (17) (in along-strike extent of coseismic slip. 

The Vp model for Cdnga shows that the 
above relations between spatial variations in Vp 
and rupture mode may also apply to thrust 
faults. The Coahga, mainshock ruptured 
through rocks of the Franciscan sequence that 
have 5.7 < V, < 6.2 km/s; the upward termi- 
nation ofthe rupture is near the contour V, = 
5.7 km/s, which is the idemxi boundary be- 
tween the Franciscan and Great Valley se- 
quence rocks (2) (Fig. 4 4 .  Above this bound- 
ary the rupture continued, but in an aseismic 
mode during the following 4 years (1 7). Thus, 
the upd~p extent of the mainshock rupture area 
is associated with variations in the material 
properties that surround the fault. 

Like mainshodcs, microseismicity patterns 
may also be related to the variations in the 
velocity models. At Parkfield (Figs. 2C and 3B) 
the densest dusten of background seismicity 
are associated with the sharp across-fault Vp 
contrast where uniformly low V, material con- 
tacts the northeast side of the SAF. The same is 
true of the background seismicity at Loma 
Prieta. Viewed along the antidine axis, the 
Cdnga and Kettleman Ws aftenhodcs are 
generally confined to rocks that have Vp of4.5 
to 6.0 km/s (Fig. 4B). Both of these Vp con- 
tours vary in depth along the antidine, along 
with the seismicity. At Morgan Hill, few earth- 
quakes occur within a low V, sedimentary 

basin (3) (Figs. 2, E and F, and 3C). These 
observations imply that the boundaries of the 
seismogenic zone are related to the variable 
material propelties. 

We have shown that within California (18) 
there may be a general relation between in- 
creasing Vp and increasing abity of the rocks 
to store strain energy and release it as brittle 
f5h-e. A notable limitation on this relation is 
that the seismogenic zone in California extends 
to only about 15-km depth. Below this depth, 
increasing Vp does not indicate greater tenden- 
cy toward brittle Mure because of the e f k t  of 
higher temperatures on the rheology (19). 

The relation between V, and the mode of 
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strain release can be explained in two ways. 
High fluid pressures can both reduce Vv (20) 
and cause stable sliding by reducing the effec
tive normal stress on the fault (21). This process 
is probable at Parkfield where a few lines of 
evidence suggest the fluid pressures are high 
under Middle Mountain (22). If the low Vv 

rocks exhibit stable sliding, then the locked 
zone may be smaller where such rocks are 
present to greater depths; in this case the 
amount of strain that can be stored in that area 
would be reduced (23). Thus in those areas 
where stable sliding is present to unusual 
depths, the fault may not be able to store 
enough strain to produce large earthquakes. 
This notion could account for the limits on the 
rupture of the Loma Prieta earthquake and 
why little moment was released near the hypo-
centers of the Morgan Hill and Parkfield earth
quakes. 

Another possibility is that the areas with 
high displacement in the geodetic and seis
mic-waveform models actually represent areas 
where the stress drop is high and that the true 
slip pattern covers a wider area. This scenario 
is possible because in these models a uniform 
rigidity is used to convert the observed stress 
drop to slip. Thus a larger area may slip 
during the mainshock, but the geodetic and 
waveform observations are primarily sensitive 
to the areas of the fault that have a high 
rigidity and high Vp (24). In either case a 
dynamic rupture might end when it attempts 
to propagate through a region of low Vv. 

If the material properties of the fault zone 
and the surrounding rocks control the manner 
in which the fault produces earthquakes, then 
J/p models could be used in earthquake predic
tion. For instance, current long-term predic
tion methods rely on our ability to identify fault 
segments that will fail in individual large earth
quakes (25). Identification of fault segments 
has been based on surface geology, historic 
seismicity, and microseismicity (13, 25, 26); 
however, such observations are not always 
available or definitive. The use of Vr models to 
augment these techniques may help to identify 
segment boundaries. Proper fault segmenta
tion and identification of the parts of a fault 
segment likely to release the most moment 
could also allow improved prediction of strong 
ground motions. 
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es during the Miocene (14 to 8 million years 
ago) (5, 6). Since then, volcanism has been 
limited to small, isolated subalkaline to alka
line undersaturated basaltic volcanic centers 
(7, 8). The most recent volcanic activity at the 
NTS occurred at the Lathrop Wells volcanic 
center. A recent geomorphic and soil profile 
study suggested that at least five temporally 
discrete eruptive events occurred at Lathrop 
Wells at approximately 20 ka (thousand years 
ago) (9); these studies have large chronologic 
uncertainties and contradict radiometric and 
paleomagnetic data (10). We dated seven sites 
(Table 1) using the 40Ar/39Ar method to 
further evaluate the isotopic age of the Lath
rop Wells volcanic center. 

At the Lathrop Wells volcanic center, 

4UAr/39Ar Age of the Lathrop Wells Volcanic Center, 
Yucca Mountain, Nevada 
BRENT D. TURRIN, DUANE CHAMPION, ROBERT J. FLECK 

Paleomagnetic and 40Ar/39Ar analyses from the Lathrop Wells volcanic center, 
Nevada, indicate that two eruptive events have occurred there. The ages (136 ± 8 and 
141 ± 9 thousand years ago) for these two events are analytically indistinguishable. 
The small angular difference (4.7°) between the paleomagnetic directions from these 
two events suggests they differ in age by only about 100 years. These ages are 
consistent with the chronology of the surficial geological units in the Yucca Mountain 
area. These results contradict earlier interpretations of the cinder-cone geomorphology 
and soil-profile data that suggest that at least five temporally discrete eruptive events 
occurred at Lathrop Wells approximately 20,000 years ago. 
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