
NOTICE CONCERNING COPYRIGHT 
RESTRICTIONS 

 
This document may contain copyrighted materials. These materials have 
been made available for use in research, teaching, and private study, but 
may not be used for any commercial purpose. Users may not otherwise 
copy, reproduce, retransmit, distribute, publish, commercially exploit or 
otherwise transfer any material. 

 
The copyright law of the United States (Title 17, United States Code) 
governs the making of photocopies or other reproductions of copyrighted 
material. 

 
Under certain conditions specified in the law, libraries and archives are 
authorized to furnish a photocopy or other reproduction. One of these 
specific conditions is that the photocopy or reproduction is not to be "used 
for any purpose other than private study, scholarship, or research." If a 
user makes a request for, or later uses, a photocopy or reproduction for 
purposes in excess of "fair use," that user may be liable for copyright 
infringement.

 
This institution reserves the right to refuse to accept a copying order if, in 
its judgment, fulfillment of the order would involve violation of copyright 
law.

 



Geothermal Resources Council, SPECIAL REPORT NO. 13, M a y  1983 

SEISM0LILX;ICAL INVESTIGATIOfJS OF VOLCANIC AND " I O N I C  PROCESSES 
IN THE WESTERN GREAT BASIN, NEWADA AND EASTERN CALIEYlRNIA 

Ute R. Vetter, Alan S. Ryall and Christopher 0. sanders 

Seimlogical Laboratory 
University of Nevada 
Reno, NV 89557-0018 

ABSTRACT 

The wstern meat Basin is structurally can- 
plex, and seisnogenic processes vary within it. A 
significant increase in seismicity around the 
"White Dwuntains seismic gap", north of the rupture 
zone of the 1872 (M = 8-t) Wsns Valley earthquake, 
suggests that the potential for a major earthquake 
in the gap is greater than it has been for several 
decades. Seismicity within the "Stillwater gap" of 
northern Dixie Valley (Wallace, 1978) is very low 
and earthquakes that do occur there are small and 
shallow, suggesting that the potential for a large 
shock there in the near future is lcrw. 

Earthquakes around the Mobe Hills Tertiary 
(ca. 3 m.y. ) volcanic center show a tendency for 
temporal clustering, which appears to be charac- 
teristic of geothermally active areas in the Great 
Basin. Teleseidc P-wave travelthe residuals 
indicate a low-velocity zone, possibly a zone of 
partial mlting, at shallcrw depth in the crust. 

Since October 1978 a major earthquake swarm 
has been in progress near Martmoth Lakes, Califor- 
nia. Shallow earthquakes of th is  sequence are dis- 
tributed in in an irregular-shaped zone extending 
30 lan in a WPW-ESE direction and about the same 
distance frm north to south. At the north end 
this mne extends 7 km into Long Valley caldera. 
Within t h i s  shallmi zone the crust is undergoing 
complex brecciation, possibly ac-ed by the 
formation of clusters of dikes or fissures. Events 
deeper than about 10 km are located in a 
northerly-trending zone 25 km long and about 5 h 
wide; mechanisms for these events are consistent 
with oblique or normal faulting along the Sierran 
front. sane of the Mammoth Lakes earthquakes are 
characterized by lack of S-waves at regional sta- 
tions north of the caldera, and P-waves for the 
same station-event combinations are deficient in 
frequencies greater than about 2-3 Hz -- effects 
that can be explained by one or mre shallow magma 
chambers. In July 1980 spasITlodic t r m r  began to 
occur in one -11 area inside the caldera. Taken 
together with the observation of uplift (Savage and 
Clark, 1982) and new %role activity within the 
caldera, these effects are interpreted as evidence 
for adjustments within the cauldron block, caused 
by stress changes related to the earthquake 
sequence. 

More than 150 P a v e  fault-plane solutions for 
earthquakes in western Nevada and the eastern 
Sierra Nevada shm a systematic change in mechanism 
with depth. Earthquakes shallower than 6 km are 
characterized by strike-slip mtion, while most 
events deeper than 9 kmhave a strong normal-slip 
component. These observations are consistent with 
a model of lithospheric extension that involves 
oblique or normal faulting at mid-crustal depth and 
formation of vertical fissures or dikes in the 
shallow crust. 

INTROWCTIOM 

man the geologic literature, active faulting 
in the western Great Basin appears to be rather 
evenly distributed over much of the region. For 
example, Figure I is from a photogramnetric study 
by Slemnons (1967) and s h m  faults in late Quater- 
nary alluvium, glacial deposits or lake sediments 
of the playa, Mnneville or Lahonton type. Approx- 
htely a thousand faults are shown on the figure, 
ranging in length frm about 1 to more than 100 km, 
striking from NW to N to NE. In contrast to this 
picture of relatively even fault distribution in 
the Nevada region, historic seismicity has been 
concentrated in the western half of Nevada. Figure 
2 shows this seismicity from 1969 to 1978 in 
western Nevada and eastern California, on a gen- 
eralized map of late Cenozoic structural features 
(Wright, 1976). 

In the first part of this paper w e  present a 
general description of seismicity in the western 
Great Basin, with emphasis on (1) the Dixie Valley 
area, where the last major earthquakes in this 
region occurred in 1954 and where a nunrber of 
industrial groups have focused considerable effort 
on geothermal exploration: (2) the mcelsior bun-  
tains area where teleseismic P-residuals indicate 
the possibility of a mgma chamber: and ( 3 )  Ibng 
Valley caldera, where a sequence of earthquakes and 
associated magmatic activity has been in progress 
for alrrrost five years. In the second part of the 
paper we discuss results of a study (Vetter and 
-11, 1983) that indicates a systematic dhange in 
focal mechanism with depth in this region and leads 
to estimates of maximum and minimum principal 
stresses to mid-crustal depths. 
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SEISMICI'IY 

Figure 1. Map of fau l t s  that shaw @-kotogranmetric 
evidence of maternary displacement (adapted fran 
Slemrw>ns, 1967) . 

Figure 2. Generalize$ map of late Cenozoic struc- 
t u r a l  features of the western Great Basin (Wright, 
1976), together With  epicenters for  the period 
1969-1978 (dots) and approximate rupture zones of 
major historic earthquakes (stippled areas w i t h  
year of main shock). me "Stillwater seismic gap" 
is between the 1915 and 1954 rupture zones and the 
"White Mountains gap" is between the 1872 and 1932 
zones -- respectively in the upper r ight  and lower 
right parts of the figure. 

General Description. Fran the rupture zone of 
the -Wens Valley earthquake of 1872 (bot- 
of map h Figure 2), &rent seismicity spreads tc 
the north through west-central Nevada and to t h e  
northwest along the eastern Sierra Nevada, formins 
tm mre-or-less separate zones. In the southerr 
part of this region earthquake swarms occur fre- 
quently i n  the area north of Bishop, and a mjor 
stwnn near Mamrroth Lakes has been in progress since 
4 October 1978. So far t h i s  sequence has produced 
four earthquakes with M = 6-k and upl i f t ,  spasmodic 
trmr and increased fumarole ac t iv i ty  i n  Long Val -  
ley caldera have been associated w i t h  probable 
m p  injection (-11 and -11, 1981a, 1983; 
Savage and Clarlc, 1982; U. S. Geological Survey, 
1982) 

As shown by the stippled a r e s  on Figure 2, 
major earthquakes during the historic period have 
occurred in a northerly-trending belt f ran t h e  
southern Wens Valley i n  southeastern California tc 
Winnmucca i n  north-central Nevada. Wallace (1978) 
pointed out that three "gaps" within this belt are 
l ike ly  candidates for  future large earthquakes. 
TM of these are  the Stillwater gap b e t s  the 
1954 and 1915 ruptures in the upper r ight  prt of 
Figure 2, and the White Mountains gap between the 
1872 and 1932 zones in the luwer r ight  part of the 
figure. The third is the Southern Sierra Nevada 
gap south of the Onens Valley rupture zone, and 
w i l l  not be discussed in this paper. 

~n the region around the white Mountains gay 
since 4 October 1978 mre than 50 earthquakes witk 
MI, 4.0-5.4 have occurred in the follawing zones: i 
"E-trending zone between Mono Lake, California anc 
Iuning, Nevada, a t  the mxth end and east side of 
the White Mountains; and in the northern M n s  Val -  
ley (Figure 3). In addition, mre than 100 shock2 
with ML 4.0-6.3 have occurred i n  the €-&mmth Lakes 
area. In ccrmparison only 18 events with ML 4.0 01 
greater were observed in this ent i re  regior 
(including the Mammth lakes area) during the pre- 
vious nine-year period. Thus, the level ol 
e e r a t e  seismicity since 1978 is about s i x  t h 2  
higher than the previous decade i f  the MammtI 
Lakes sequence is excluded, and m s t  t m t y  t h e  
higher i f  it is included. The similari ty betweer 
this pattern and that observed by Mogi (1969) 
before large earthquakes in Japan suggests that t h e  
.potential for  a major earthquake i n  the White Moun- 
tains gap is substantially higher now than it h a c  
been for a t  least the last tm decades (Pya11 and 
Ryall, 1983). 

The belt of recent seismicity extends no132 
through the 1932 Cedar Mountains (M = 7.3) rtzptwe 
m e ,  the 1954 Dixie Valley-Fairview Peak rupture  
zone (M = 6.9, 7.1, respectively) and the 191: 
Pleasant Valley zone (M = 7.6). A second zone, oi 
frequent d e r a t e  earthquakes but no major historic 
shocks, extends "W f ran the Mmo basin along t h c  
eastern boundary of the Sierra Nevada. In t h e  
northern part of this zone near Reno (Figure 41, 
c lusters  of earthqudkes are obsemed in the follcm- 
ing areas: (1) on the California-Nevada border hest 
of Reno, where an ML 6 event occurred i n  1948; ( 2 )  
north of lhrckee, California, where an ML 5.7 shoe3 
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occurred i n  1966; ( 3 )  south of Reno in the Steam- 
boat Hot Springs area; and (4) in the Virginia 
Range SE of Reno. 

Figure 4. Map of the Reno-Truckee-Lake Tdhoe area 
(39.0' - 39.8'N, 119.5O- 120.5'W), shuwing seismic 
s ta t ions ( t r iangles) ,  faul ts ,  and earthquakes w i t h  
location qyali ty "C" or better for the period 
1975-1982. 

Figure 3. Seismicity north of the 1872 (Mens V a l -  
ley rupture zone, 1978-1982. 

Dixie Valley Area. In recent years Dixie Val -  
ley, i n  north-central Nevada, has been the focus of 
geothermal exploration involving surface and d r i l -  
l ing investigations by a number of o i l  cmpanies. 
In 1980 and 1981 the University of Nevada Seim- 
logical: Laboratory operated an eleven-station 
seismic netmrk in and around northern Dixie Val- 
ley, the area of most intensive exploration. Fig- 
ure 5 s h m  the seismic netmrk used i n  the tm- 
year study, together With  1,128 earthquakes 
analyzed for the period from 1970 t o  1981. As the 
figure indicates, almost a l l  of the seismicity was 
in a 90 km-long zone extending through southern 
Dixie Valley and along the east side of Fairview 
Peak (dense cluster  of earthquakes south of s ta t ion 
Em) -- Within the rupture zone of tm major earth- 
quakes that occurred within four minutes of each 
other on 16 December 1954 (Slemmns, 1957; Farmey, 
1957). Detailed analysis of epicenter maps for 
different periods of time indicates the existence 
of northerly-trending (NW to  PJE) fracture zones, 
With an average trend of about N5-10' E. Since the 
seismicity is almost en t i re ly  confined to the 1954 
rupture zone, we conclude that it represents a 
decaying aftershock sequence. Indeed, a plot of 
earthquake Occurrence i n  t h i s  zone as a function of 
time (Figure 6) shows a gradual decrease i n  
ac t iv i ty  over the 12-year period of observation. 

--- 

A histogram of focal depths for earthquakes in 
the Fairview Peak-southem Dixie Valley zone is  
shown on Figure 7. The plot has a peak in the 
depth range 10-12 lun. The few earthquakes that  we 
recorded in northern Dixie Valley a l l  had depth 
less than 7 h, and a l l  of t h e m  were qui te  small. 
Meissner and Strehlau (1982) and Sibson (1982) stu- 
died earthquake depths on a global scale,  based on 
laboratory t e s t s  w i t h  quartz-bearing rocks and dif-  
ferent assumptions of water content. For a given 
rock type and water content they predicted the 
depth of occurrence of earthquakes i n  a specified 
region as  a function of heat flow. In the western 
Great Basin the depth distribution of earthquakes 
agrees w e l l  w i t h  the theoretical distribution cal- 
culated for estimated conditions of water satura- 
t ion  i n  the crust.. 

Lvidence related to  the possibi l i ty  of a large 
e arihquake i n  northern Dixie Valley is ambiguous. 
Ch the one hand we noted that Wallace (1978) con- 
s iders  that area t o  represent a seismic gap, With  
the potential  for an M = 7+ earthquake in the near 
future, and h i s  conclusions are supported by our 
obsewation of very low seismicity north of the 
1954 rupture zone. Ch the other, the few earth- 
quakes we recorded i n  northern Dixie Valley were 
very s h a l l w  and could even be associated With lis- 
t r ic  faulting i n  a shallow crustal  section overly- 
ing a zone i n  which deformation does not involve 
b r i t t l e  fracturing. In a previous study, Richins 
(1974) noted that earthquakes in NW Nevada, a 
region characterized by high heat flow and geother- 
mal act ivi ty ,  tend to be sha l lwer  and smaller than 
those in the mjor earthquake zones of central  
Nevada. He  concluded that the maxhm magnitude of 
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Figure 6. Distribution of earthquakes in the Dixie 
Valley-Fairview Peak zone as a function of time, 
1970-1981. cklly events with ML >, 2 are sham. 
Ihshed line - northern limit of 1954 rupture zone. 
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Figure 7. Hisixgram showing depth distribution fc 
217 events with quality "C" or better (unshade 
area) and 42 eveits With quality "A" or "B" (shade 
area). smooth curve is nomldistribution fo 
man depth 11.3 km, standard deviation + 3.22 Ian. 

earthquakes in geothermally active regions y y  k only 5-3/4 to 6, as a result of the weakening o 
crustal rocks in the vicinity of intrusive bodies 
or by the effects of stress corrosion and leachin 
due to geotheml fluids. 

Tb study the stress pattern in the Fairvie 
--Dixie Valley region, P-wave fault-plane solu 
tions were determined for eleven earthquakes in th 
mgnitude range 3.0-4.5. These solutions, Shawn o 
Figure 8,  -re -sed prkily on F ~ J  arrivals, bu 
clear Pn arrivals were used. W e  found strike-slip 
oblique-slip and normal-slip mechanisms, with thl 
axis of ~n~ qressive stress in all case 
oriented roughly EUW-SE in agreement with the know 
direction of lithospheric extension in the wester: 
=eat Basin. Of particular interest was the obser 
vation that the deeper events had a strong can 
jmnent of mrmal slip, while the shallcwer event: 
were all strike-slip. For the shaflw events, thc 
':w planes of the fault-plane solution were essen. 
tially vertical, but for the deeper shacks tht 
planes were inclined With dips of 40-60*. OU: 
interpretation of this change, follwing a paper b] 
McGarr (1980), was that the change in mechanisx 
could be due to increasing overburden pressure witl 
depth. This topic is discussed further in the sec 
tion on focal mechanisms. 
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Figure 8. P-wave fault-plane solutions (luwer hem- 
isphere, qal-angle projection; compression qua- 
drants shaded) for selected events in the Dixie 
Valley area. Orientation of T-axis (axis of 
minimum cmpressive stress) indicated by heavy line 
on kch mhanism. Nmbers indicate depth, km. 

Wno-ESEcelsior Area. In the area east of bbno 
Lake (Figure 2)  earthquakes occur i n  a roughly E-W 
zone through the Adobe Hills Tertiary volcanic 
center. Detailed inspection of earthquakes i n  this 
area indicates that the E-W mne is mde up of a 
number of short PJE-SW segments i n  an en-echelon 
arrangemnt. Gilbert et  al. (1968) described the 
Adobe Hills center as the source of the mst 
voluminous eruptions i n  the Wno basin during the 
last 4 m.y., and attributed the eruptions to zones 
of extension related to left-lateral rrotion on 
faults striking abu t  N60%. According to them, 
such mtion muld result in rotation of the blocks 
between the faults and produce open spaces where 
north-south faults within the range intersect the 
transverse faults. Focal Illechanisms for this 
region (Figure 9) are consistent with the observa- 
tion of predorninently left-lateral sl ip on NE- 
striking faults by Gilbert e t  al. 

Recent earthquake sequences i n  th is  region 
(Adel, Oregon, 1968; Denio, Nevada, 1973; m t h  
Lakes, California, 1975, 1976, 1978-1983; Pbm 
Basin, California, 1974, 1976, 1978) show a dis- 
t i n c t  tendency for temporal clustering, which 
according to Richins (1974) m y  be characteristic 
of geothermally active areas in the G r e a t  Basin. 
Another indication of relatively high temperature 
a t  mid-crustal depth is the lack of seismic 
activity a t  depths greater than about 15 km. 

Figure 9. Focal mechanisms for the Excelsior 
Wuntains-Luning area.  awn of hming is 10 km 
south of event 20 i n  upper right part of figure. 

To investigate the possibility that m- 
quakes in the &lobe Hills area might be related to 
a zone of partial melting i n  the crust, Vanbbmr 
and Ryall (1980) analyzed teleseisnic P residuals 
for 22 stations in the area mrth and east of Mom 
Lake. These residuals, taken relative to a station 
(Tbnopah) outside the area of interest and 
corrected for elevation, are sham on Figure 10. 
For teleseismic sources to the southeast (azimuth 
119' to 155O) Figure 1Oa shaws an area of rela- 
tively late arrivals east of Pbno Lake, elongated 
to the northeast around the southern edge of the 
Excelsior Mountains and the eastern side of the 
Garfield Hills. For sources to the northwest 
(azimuth 303O to  316O) Figure 1Ob s h w  a very 
similar feature. ?he amplitude of this travelthe 
anoa~ly i s  about 0.5 second, which is higher than 
the value of 0.3 second found by Steeples and Iyer 
(1976) for mng Valley caldera. The size of this 
this anmly and the agreement i n  its location for 
waves propagating i n  opposite directions indicates 
that it is due to shallow structure. m v e r ,  the 
plateau between the -0.1 and -0.2 second contours 
in the upper le f t  part of Figure loa, and the pla- 
teau between the 0.1 and 0.2 second mntours in the 
lower right part of Figure lob suggest an upper-. 
m t l e  CCBnponent of the anmalous mne in  this 
area. Taken together with the volcanic history of 
the area, the P residuals on Figure 10 wuld  be 
consistent with a region of partial melting i n  the 
shallow crust below the Adobe Hills (centered about 
25 krn east of Mono Lake), extending to the 
northeast along a zone of mapped faults and con- 
nected to an uppermtle  source below the Excel- 
sior Mountains. 

A similar result was obtained by Iyer and 
Evans (1983) for the Pbno and Inyo Craters. Their 
interpretation of the traveltime a n m l y  was in 
t e r n  of a Iw-velocity body extending fran shallow 
depth to at  least 25 km, under mst of the volcanic 
chain. 
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118.5" I 18.0' I I 8 . 5 O  118.0° Narmmth Lakes case, although sane of the swarrr 

events have the appearance of very shallw earth- 
quakes (weak P onset, amorphous signature) none 
have the long-period character associated w i t h  
mgma injection in other areas (~.cJ., Malone 
al., 1983). As a result, mile  these intensive 
swarms probably result f m  magmatic processes 
within the caldera, it seem less likely that they 
represent ma? injection a t  very shalluw depth. 
It is interesting to note that swarms with the 
appearance of s p a d i c  tremr were not observed 
prior to  the large earthquakes i n  1980, suggesting 
that the swarms reflect adjustments within the 
cauldron block, caused in t u rn  by stress changes 
associate3 with the earthquakes. 

In previous work on the configuration of the 
0 IO 2 0  30 40 

SCALE, KM 

Figure 10. Maps of the area southeast of Walder 
Xake (n) shaWing t e l e se idc  P residuals relative 
to  station "P. Figure on left  is for sources to 
SE: figure on right is for sources to NW. Arraws 
shw direction of propagation. N u n h r s  are P-wave 
residuals in hundredths of a second. 

Fbrrmth Lakes Area. Over the last five years, 
start- the fall of 1978, a major earthquake 
swarm has been in progress i n  the b0~naax-y -zone 
between the Sierra Nevada and the Great Basin, near 
~ t h  Lakes, Cllifornia. So far this swarm %as 
produced four earthquakes w i t h  ML 6 or greater and 
uplift-and spasrmdic tremr in Wng Valley caldera 
have been associated with probable ma- injection. 
AnE$rthqu ake Eizard Watch was issued by the US 
Geological Survey for this area i n  May 1980, and a 
Volcano Exzard Notrice was issued in May 1982. Evi- 
dence that led to the prediction of the larger 
--- 
shocks of this sequence is described by wall 
Ryall (1981b). 

Figure 11 shaws mre than 2,000 earthquakes of 
the mth Lakes sequence for the period 1978- 
1982. me epicentral zone for shallow earthquakes 
of this sequence is irregular i n  shape, extending 
mre than 30 km in a WNW-BE direction, about 30 km 
fran north south, and 7 km into Long Valley cal- 
dera. While some lineups of events czin be seen, 
spatial correlations of epicenters w i t h  either 
mpped faults or l inea r  features on Landsat imagery 
are generally lacking. Instead, the epicentral 
distribution appears to reflect intense brecciation 
of the shallcw crust. Earthquakes deeper than 
about 10 km, hawEtver, are located in a mre res- 
tricted m e ,  5 km wide and about 25 km fran north 
to south. Wing this sequence no earthquakes have 
keen recorded i n  the area between the caldera and 
Mom m e .  

Six weeks after the ML 6+ shocks in 1980, 
earthquakes in one small area just east of the tawn 
of Mammth Iakes began to occur as intensive 
swarms,  with a typical swarm lasting 1-2 hours, 
producing hundreds of microearthquakes and having 
the appearance of spasnodic -error (wal l  and 
-11, 1981a; 1983). In volcanic regions spaanodic 
trenor is axsidered to represent intensive crack- 
ing w i t h i n  the volcanic system, due either to the 
injection of a tongue of magma or to gas released 
under high pressure fnrn the ma- chanbr. In the 

Lang Valley mgma chanter, Hill  (1976) concluded 
that secondary arrivals observed on a refraction 
profile across the caldera could be reflections 
f rm the roof of a maqm chamber a t  depth of 7-8 
km, and Steples and Iyer (1976) interpreted a 
0.3-second teleseismic P-delay in the nest-central 
part of the caldera as due to ancmdously hot rock 
a t  depths greater than 7 km and probably less than 
25 km. m v e r ,  Steeples and Iyer also observed 
that stations inside and outside the caldera 
recorded teleseismic S-waves and concluded that i f  
true magma was present.along the ray paths i n  ques- 
tion it was either i n  small pockets or had suff i -  
cientviscosity to transmit S-klilves. A t  a US 
Department of Ehergy (1980) wrkshop the p r t i c i -  
pants concluded that law geotherml gradients meas- 
ured in boremles in Long Valley caldera suggested 
a tanperatwe of about 600° C a t  15 km depth, and 
appeared to preclude the existence of magna at 
depths accessible by drilling. 

I I 

. .  

0 10 20 km 

Figure 11. Mamnoth Lakes eartfiquakes, 1978-1982, 
Heavy lines show mapped faults and caldera boun- 
dary. Tawn of Mammth Lakes is shown in SW part of 
caldera, W e  Cruwley is SE of caldera. 
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m i n g  analysis of the bkmrmth Lakes earth- 
quakes Ryall and Ryall (1981) noticed that shallcw 
earthquakes around the southwest boundary of the 
caldera were characterized by lack of S-waves at 
regional seismic stations to the north, and P-waves 
for the same station-event pairs were deficient in 
frequencies greater than about 2-3 Hz. They con- 
cluded that these observations were consistent with 
Hill's (1976) interpretation of a magma chamber at 
depth of 7-8 km. This study was extended by 
Sanders and Ryall (1983) based on detailed analysis 
of more than 200 well-located events of the Mamnoth 
Lakes sequence on recordings of about 30 regional 
seismic stations. man a canparison of ray paths 
for signals with anamlous and normal character, 
they concluded that one or possibly t w  regions in 
the uppr 13 km of the caldera were responsible for 
the observed S-wave and high-frequency filtering 
effects. These regions are shown in map view and 
cross section on Figures 12 and 13. The analysis 
suggests that the large magma body in the south- 
central part of the caldera is relatively massive 
between depths of about 7 to 13 km. For depths of 
5-7 km path effects are less pronounced, suggesting 
the presence of smaller magma bodies (dikes, sills) 
alternating with solid rock. kQn 4.5 to 5 km the 
attenuating material seems even mre diffuse and 
for depths shallawer than 4.5 km paths through the 
caldera are associated with normal signals. A 
second magna body in the northmst part of the cal- 
dera is less well-defined, but coincides with the 
reflection tentatively identified by Hill (1976) as 
evidence for a shallow magma chaniber. 

Caldera Rim 

I 

km 10 
O- 

. '* . .* 
.* 

* *  . 
37.50 . ii8.j~ . . . 

Figure 12. Map shaWing the location of probable 
magma bodies in mng Valley caldera. Dots -- epi- 
centers of events used in.the analysis; shaded area 
in central part of caldera - main magma M y ;  
shading patterns correspond to depth ranges sham 
on Figure 13; dashed lines -- zone in which a 
second, mller body m y  be present in FW part of 
caldera: dotted lines - outlines of resurgent dome 
and hot spring area. 
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Figure 13. Cross-section along profile W-E on Fig- 
ure 12, sh&g approximate outline of magma body 
in central part of mng Valley caldera. Dashed 
line -boundary between normal signals (open cir- 
cles) and anamlous signals (closed circles) for 
possible maw body in NW part of caldera. Note 
that section is bent. 

Similar to the pattern observed by -11 and 
Vetter (1982) for the Dixie Valley-Fairview peak 
zone, P a v e  fault-plane solutions for earthquakes 
in the Mammth Lakes area show consistent strike- 
slip mechanisms for depths less than 9 km (Figure 
14) and primarily oblique or n o m 1  faulting for 
greater depths (Figure 15). Orientation of the 
axis of minknun qressive stress (T-axis, Figure 
16) for all of the solutions is consistent +th 
crustal extension perpendicular to the NNW-trending 
Sierra Nevada frontal fault system -- with deeper 
events resulting fran normal or oblique mvement on 
faults striking NNW and dipping east, and shallow 
events reflecting conjugate right- and left-lateral 
shear on nearly vertical fractures striking, 
respectively WNW and "E (upper right part of Fig- 
ure 16). Hill (1977) proposed a d e l  in which 
conjugate shear failures of t h i s  type accampany the 
formation of magma-filled dikes, to explain the 
predminance of strike-slip mechanism in volcanic 
regions prone to earthquzike swarms. -ison of 
his &el with focal mecham 'sms for the Mamnoth 
Lakes sequence (bottom of Figure 16) suggests that 
events with strike-slip mechanisms m y  be associ- 
ated with the formation of clusters of vertical 
fissures or dikes at depths less than 9 km. 

Taken together, these observations support the 
suggestion of Iachenbruch and Sass (1978) that 
lithospheric extension in the Basin and Range pro- 
vince results in a ccanbination of normal faulting 
and mgmatic intrusion of, the brittle crust. 
According to those authors bhmdal volcanic centers 
like Long Valley caldera exist "because they are at 
places where the lithosphere is pulling apart 
rapidly, drawing up basalt fran below to fill the 
void." In the case under consideration a mjor 
earthquake swarm in the Mamrroth Lakes area appears 
to have started with a cchnplex pattern of strike- 
slip faulting, possibly associated with the forma- 
tion of northwest-trending dikes, at shallow depth 
in a broad area south of Long Valley caldera. This 
activity reached a crescendo in the spring and sum- 
mer of 1980, with uplift of the resurgent dome 
(Savage and Clark, 1982) and the occurrence of 
several strong, T l e x  ruptures along the caldera 
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and Jin the crustal block south of it. E'oll&g 
this mximum activity brecciation and possibly 
associated intrusion of the sbllaw crust spread 
rapidly to the south, mrkh and west, w i t h  m a -  
sioml bursts of s p a d i c  tremr mrking an area 
of rapid crack formation just east of the txrwn of 
~ Lakes, due either to the injection of a 
-11 tongue of m p  in the southwest part. of the 
caldera or to gas expelled under high pressure f m  
the shallow magma chaniber. 

Figure 14. 
?a.rf-&quakes 

0 to 20 nn 

NRGNilUDE 
. S O P ) -  

? 3  Y S H ) I  

m a l  m e c h a n i s m s  for Lakes 
shallower than 9 km. 

Figure 15. Fbcal mhanisms for Mamma Lakes 
eartkpkes deeper than 9 km. 

T -axis Strike 

Figure 16.. H e 1  to explah strike-slip €aulti 
for shallm Marmath Iakes earthqudkes (adapted fx 
Hill ,  19771, Tbp left  -- rose diagram showi 
orientation of 'ftaxes; top right - rose diagr 
showing strike of the tw planes of the fault-pfa 
solution; bot- -- mdel with MiJ-striking vertic 
fissures or dikes together with conjugate rigt 
and left-lateral shears on planes sham. 

Analysis of P a v e  first-mtion far mre tE. 
150 earLhquakes in  a l l  active areas covered by c 
network Shws strong Mications for a consist€ 
pattern of stress change with depth Wetter E 
-11, 1983). Ebr the entire region studie 
earthquakes in the uppenwst crust (depkh to abc 
9 h} are characterized by strike- or oblique-SI 
mechanisrras; purely strike-slip events are strow 
restricted to the upyw3r 5-6 km. Belw 9 km w e  fj 
mostly oblique- or noml-slip events* There i 
sane deeper strike-slip eartkpakes, but 
normal-faulting events were found for depths le 
than about 8.5 km. 
Figures X4 and 15 for the ManmWh Lakes area 5 
deeper events have a significant ccmplrnent a€ nc 
mal slip for most of the areas studied. 

Similar to the change s h m  

This change i n  ~ ~ ~ ~ t h  depth is trl~ 
illustrated by Figure 17, wh ich  sham fault-plz 
solutions for two Mamath Lakes w a k e s  tE 
occurred nine ininutes apart i n  time and had a h  
identical epicenters but different depths. 
first, with depth 8.2 km, had a strike-slip mechi 
i s m  and the second, a t  depth 14.2 h b  was ablic 
w i t h  a s t r q  noxml-slip cxxrpment. 
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An exception to this pattern is observed for 
the Mono Basin-Excelsior bbuntains, where primarily 
strike-slip earthquakes are found, even though a 
third of the events have depth in the 9-12 km 
range. This is illustrated by Figure 9, where the 
only mechanisms with a strong ccpnponent of normal 
slip are located north of the Excelsior Mountains. 

The observed change in mecham 'sm with depth 
over much of the western Great Basin can be 
explained by increasing overburden pressure with 
depth (Vetter and Ryall, 1983). At shallaw depth 
the predominance of strike-slip mechanism requires 
that the greatest principal stress (S, )  is horizon- 
tal, while the occurrence of nom1 faulting at 
mid-crustal depths requires that S ,  be vertical. 
We a s s m  that the vertical stress is the overbur- 
den pressure, S V  = p g z, where the rn crustal 
density p 2 2.7 gm/m . 

The observation of changing focal rrrechanism 
with depth can be used to estimate the values of 
the principal stresses as a function of depth in 
the region, shown on Figure 18. Ch the figure, Pa 
is the pore pressure, assumed to be hydrostatic. 
%e least principal stress S, = sh is horizontal at 
all depths considered, since S3 represents the axis 
of extension. 

The mean depth of all the strike-slip earth- 
quakes found in our study was about 5 km; for 
oblique-slip events with abut equal strike- and 
normal-slip components the mean depth is 10.6 km; 
and for normal faulting it is about 13 km. man 
t h i s  observation we conclude that at about 10.6 km 
the lines S and S must cross (point 3 on Figure 
18). The Occurrence of both strike- and oblique- 
slip earthquakes deeper than about 7 km, and 
oblique- and normal-slip events deeper than about 9 
km indicates that below 7 km the difference between 
the intermediate and greatest principal stresses is 
not great, and that local stress variations m y  
determine which type of mechani gnoccurs. mback 
and -back (198Oa, b) proposed previously that the 
intermediate and maximum principal stresses were 
about equal in the western Great Basin. 

Measurements of m x h u m  shear stress -Ymax = 
( S  - S, )/2 in the upper few kilmeters of the 
crust have been interpreted by €himSon (1977), 
McGarr and Gay (1978), McGarr (1980) and Zoback et 
al. (1977). These papers indicated that s h z  
stress increases approximately linearly with depth, 
and is 1-r in soft rock than in hard rock. For 
the latter the stress change with depth follws a 
regression line 

- 

(1) rmw M 5.67 + 6.37 z (MPa), 

while a regression line through a l l  the data points 
measured in an extensional regime is 

(both curves fran McGarr, 1980,). 

The value of (S - S3 ) froan equation 1 is 
Shawn on Figure 18, extraplated to mid-crustal 

Vetter e t  al. 
dew. The difference betwen equations (1) and 
(la) is greatest at shallow depth where we find 
strike-slip earthquakes, but it is small at greater 
.depth mere oblique- and normal-slip events predm- 
inate. 

FYQTI equation (1) with S, = sV (noml fault- 
ing regime) - estimate Sa at 10.6 and 20 km depth 
to be about 135 and 260 MPa, respectively (pints 4 
and 5 on Figure 18). At shalluwer depth (for a 
strike-slip regime with S H  > SV > s h )  we can esti- 
mate Si and Sg only for the special case where 

,For a depth of 3 km this relationship gives 
values 
18). 

stress 
of 105 and 55 MPa (points 6 and 7 on Figure 

For the nom1 faulting regime at depth 'j. 10 
Ian we also use Byerlee's (1977) equation 

(3) 

with Po = pore pressure and p = the coefficient of 
friction. p is experimentally determined by Byer- 
lee to be about 0.85 for normal stress less than 
200 MPa, representing the upper 6-8 km of the 
crust, afbd about 0.6 for normal stress in the range 
200-2000 Mpa, representing the deeper crust. P is 
assumed to be hydrostatic. 

If we assume, then, that the horizontal 
stresses increase linearly with depth we obtain 
from equation (3) that the change in sh with depth 
is about 13.4 MJ?a/lan (p = 0.85) ,  or 15 M.Pa/)un (p = 
0.61, in both cases for 
stress. 

the minimum horizontal 

1601 

37.619.118.919 

D 14.2 M4.3 B 

.Figure 17. Fbcal mechanisms for tho Mamnath Lakes 
earthquakes on 9 August 1981. D -- depth, km; M -- 
magnitude ML; B - quality. 
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MPa Stress 

100 200 300 
t 

Figure 18. Es t imates  of the principal stresses as 
a function of depth. EQmImls explained in the 
t ex t .  

For the maximum horizontal stress S H  also 
increasing l inear ly  With depth we can write 
fMcGarr, personal amnunication, 1983) 

where A and o are constants. The constant A can be 
determined a t  the surface, where for s t r ike-s l ip  
fault ing TW = ( S  - S )/2.  According to equations 
( la)  and (1) we calculate C, a t  depth 0 h as 1 and 
5.7 Mpa, respectively. These give values for  A of 
2 and 11.4 MPa, respectively. A t  depth 10.6 km 
where the S ~ a n d  Sqcurves cross, S V =  SH and we 
obtain a value of 0.19 Mpa/km for the a n s t a n t  6 
With  A = 2 Mpa; With A = 11.4 M P a  w e  find 6 = 1.1 
mh* 

A- 

A r t  McGarr and M. L. zdback corrected errors 
i n  the original manuscript and made helpful sugges- 
t ions regarding our presentation of the data. Fig- 
ure 18 is based in plrt on a sketch by M. Do zdback 
during the October 1982 QlapMn Conference i n  Utah; 
h i s  sketch was derived fran our preliminary conclu- 
sions on sys temt ic  changes i n  mechan-2 'sm With depth 
and possible implications for stress i n  the litho- 
sphere. This resear& was partly supported by the 
U. S. Geological swfvey under axtract 14-08-0001- 
21248, and par t ly  by the U. S. Department of Ehergy 
under contract DE-As08-82ERf2082. The research vas 

also part ly  supported by the Mvanc& Research pr 
jects Agency of the Depr tmnt  of Defense and b 
mnitored by the Air Force Office of Scientif 
Research under contract F49620-83-C-0012. 
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