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INVESTIGATION OF MAGMA CHAMBERS IN THE WESTERN 
GREAT BASIN 

DOE Contract DE-ASO8-82ER 12082 

June 9, 1982 to October 31, 1985 

Introduction. 

This document is the final report to the Department of Energy from the 
University of Nevada Seismological Laboratory covering work done under the 
above-named contract. I t  covers investigations undertaken in the western Great 
Basin with emphasis on the Mammoth Lakes, California region. 

Work by personnel at  the University of Nevada Seismological Laboratory has 
contributed significantly to the delineation of shallow crustal attenuating bodies 
in and south of bong Valley caldera (Ryall and Ryall, 1981, 1983; Sanders and 
Ryall, 1983; Sanders, 1984; Ryall and Ryall, 1984). In connection with the Mam- 
moth Lakes earthquake sequence that started in 1978. they noted that shallow 
earthquakes occurring near the southern boundary of the caldera produced 
earthquakes with P-waves depleted in high-frequency content and' no S-waves a t  
all a t  regional stations to the north. This work led to the suggestion by Sanders 
and Ryall (1983) that several magma chambers were present in the caldera at  
depths of 4 to 8 km. Further studies of S-wave shadowing led Ryall and iiyall 
(1984) to  propose a crustal anomaly, possibly associated with magma, near the 
south end of the Hilton Creek fault, 10 km south of the caldera. 

Magma has almost certainly been recently intruded to shallow depths in 
Long Valley caldera, as is most clearly evidenced by recent uplift of the resur- 
gent dome within the caldera (Savage and Clark, 1982; Rundle and Whitcomb, 
1984). The presence of recently-intruded magma .south of the caldera would 
open the possibility of a system of feeder dikes connecting these two magma 
bodies and provide fundamental information about the timing and physics of this 
process (e.g.. the possibility that intrusion of magma. like the seismicity, first 
occurred 10 km south of the caldera). One clear advantage of working with a 
possible magma zone south of the caldera is that the sites over this zone, being 
mostly on hard rock, provide a potentially clearer view down into the associated 
earthquake source zone than stations located in the caldera. Under our just 
completed DOE contract, we have expanded our seismic network to  provide 
better coverage of this southern seismic zone. Our plan was to place seismome- 
ters directly over the earthquakes occurring in the Sierran mountain block to 
provide well-controlled hypocentral information on these sources, and to place 
stations along the west flank of the White Mountains to observe raypaths that 
would pass through suspected attenuating bodies. As often happens in science, 
the natural phenomena did not conform to the plan. Instead, seismicity in the 
mountain block became progressively more quiescent during Fall 1984. Subse- 
quently, the November 1984 Round Valley earthquake occurred east of the 
mountain block in the center of the dense array of stations, with especially good 
azimuthal control provided by the White Mountains stations. This magnitude 6 
event produced thousands of recorded aftershocks, some of which showed 
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anomalous phases at  the stations placed in the Sierra Nevada. These data have 
provided more evidence on the nature of the possible magma intrusion at the 
south end of Hilton Creek fault. The arrival times and wave character of these 
anomalous seismic phases have led us to suppose that they are P reflections, 
much like those found by Hill (1976) in the NW part of the caldera. These phases 
are so strong and are seen so frequently that we are now able to hypothesize the 
approximate geometry of a causative body (roughly cylindrical, four to eight km 
deep, and perhaps 2 km wide). This report provides some of the latest informa- 
tion covering our efforts in this area, 

This report summarizes our work on three basic tasks: (1) network opera- 
tions, (2) data analysis and interpretation, and (3) study of magma bodies. We 
conclude the report with a summary of abstracts and publications which have 
been supported by this contract. h 4 Y W - v W . d  

Task 1. Network Operations. 

All research done under this contract draws from seismic data taken lrom 
the UNR-USGS-DOE seismic array. Operation of this network is therefore playing 
a vital role in providing detailed monitoring of an area of known geothermal 
resources, and with potential for both major volcanic eruptions and tectonic 
earthquakes. This section describes network operations during the recent con- 
tracting period. 

Current Network 
The University of Nevada is currently operating 56 seismic stations in 

western Nevada and eastern California, with heavy emphasis on the Long Valley 
region. In addition to our o m  stations, we also receive telemetered signals from 
stations operated by other agencies, 2 from the University of California, 1 from 
the California Department of Water Resources, and 15 from the USGS at Menlo 
Park. Our current 74-station network is listed in Table 1, and the Long Valley 
area stations are shown in Figure 1. Including multi-components and time sig- 
nals, we are currently recording 88 channels of data from this network. 

Data Acquisition and Analysis 
Analog System. Since 1969, all signals from the telemetered network have 

been recorded on analog magnetic tape. Simultaneously, eight selected stations 
are monitored on Helicorder paper-drum recorders. Until recently the Ilelicord- 
ers were scanned to choose events for detailed analysis, and those events were 
played out on 16-channel strip-chart (Siemens ink-jet) recordings using switch- 
selectable groups of stations. The Siemens records were timed by hand, cards 
were punched from the reading sheets, and the data were fed into the PDP- 
11/70 for hypocenter and magnitude determination. The analog-tape recording 
system is still functional, and is preserved today as a backup system. 

On-line Sys tem.  A computer-based earthquake recording system has been 
operating at UNR since May 1984 and is triggering successfully on local events, 
regional earthquakes, teleseisms, and explosions. It  provides on-line event 
detection and digitization of the analog seismic signals transmitted to the Reno 
data facility. This system facilitates analysis of large numbers of earthquakes 
and will allow waveform analysis of the network data. The triggering algorithm 
has been tuned sufficiently that false triggers comprise 10% of the total number 
of events recorded. We are currently recording 84 seismic signals and 4 time 
signals on the 96-channel on-line system. The data are processed with an 
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Figure I. Seiszic  stations in the Mammoth Lakes region as of 01 July 1985. Sta- 
tions installed wi th  DOE funding are underlined. 
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interactive graphics software package developed at the University of Washington 
that allows rapid timing and location of earthquakes. All arrival time picking is 
done by human analysts, but the computer system has greatly reduced the 
errors which are of necessity associated with analog analysis. During the first 
year of operation we have recorded and archived digital seismograms for 6129 
seismic events. Of this number 3544 (58%) are local earthquakes that we have 
located and cataloged. The remainder of the data are teleseisms, regional 
events, nuclear tests, and local events of less than 10 seconds duration, (roughly 
magnitude < 1.5 ML), for which we save the traces but do not time the arrivals. 
The Helicorders are still scanned on a daily basis t o  guarantee that no events 
are missed, but the experience has been that the on-line system records more 
events and down to a lower threshold than was previously achieved with the 
hand-analysis method. 

Digital Staf ions.  The University of Nevada has constructed a 4-station, 
telemetering digital array which is now deployed in mine tunnels at Battle Moun- 
tain (BMN), Mina (MNA) Washoe City (WCN) and Donnelly Peak (DNY), and teleme- 
ters continuous digital data from those sites to the University recording facility. 
The stations are designed as a completely digital data acquisition system, 
featuring 72 dB resolution, 96 dB dynamic range, and 0.05-20 Hz signal bandpass 
(Nicks, et al., 1983). Data from the stations are phase encoded and input to a 
1200-baud modem for VHF radio transmission to the recording facility a t  Reno. 
The design uses CMOS technology to reduce power consumption which facilitates 
battery or solar-powered operation. The recording system consists of a com- 
puter input assembly that accepts phase modulated data from the field stations 
and formats it for input to an LSI-11/23 computer. The data are continuously 
recorded on digital magnetic tape. Efforts are under way to increase the sam-  
pling rate from 25 to 50 sarnples/sec and to expand the station capacity OF the 
computer. In order to accommodate tpe increased data rate, the 11/23 will be 
switched from continuous to event-triggered recording. Four stations are 
currently in operation, and we expect to add one station per year over the next 
three years. 

Task 2. Analysis and Interpretation 
In the course of our work on this contract with the Department of Energy, 

we have placed major emphasis on the interpretation of basic seismological data 
as it pertains to the seismotectonics of the Mammoth Lakes region, with 
emphasis on the possible locat.ion of shallow crustal magma. These basic data 
sets comprise (1) seismicity, (2) focal mechanisms, and (3) waveform analysis. 
Contributions in each of these areas are described in this section. 

2.1 Seismicity 
2.1.1 Relocations of the Earlier Earthquakes 

Mammoth Lakes events.  During this reporting period the work of C. S. Lide 
appeared in print. The main contribution of this work was to present a set of 
precise master-event locations of the early part of the aftershock sequence of 
the 1980 Mammoth Lakes earthquakes. Before discussing the results, we 
present a commentary on the importance OF the master event method as 
applied in this region. 

The so-called maste.l-event location method is a procedure for determining 
quite accurate relative locations of hypocenters even if the density of the 
recording stations is quite low, as it  was at  the time of the 1980 sequence (UNR 
was operating only three telemetered stations in the area at  the time). The 
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essence of this method is to  choose a well located earthquake and assume that 
the travel-time residuals observed for it are a reflection of the uncertainities in 
the velocity model. The residuals are then employed as station corrections to 
locate other events that are close to the "master event" in space and time. This 
assumption can introduce a systematic error in that all of the relocated events 
will be displaced by the distance between the calculated and the "true" location 
of the master event. However, this method subtracts out  the random corn- 
ponent of the velocity model errors and usually gives a truer picture of the rela- 
tive locations of the earthquakes to each other. The master-event technique can 
be made extremely rigorous by calibrating the master with explosion data and 
by being highly selective in the choice stations used. Compare, €or example, 
locations computed using ordinary methods of the 1978 Wheeler Crest aft- 
ershocks with locations found, using much the same data, via the master-event 
method, shown in Figure 2. Using the ordinary method, a rather diffuse cloud of 
earthquakes is given, while the master event method quite clearly shows an 
north-south lineup of epicenters (Figure 3). Using a dense array of stations 
placed over the aftershock region, the USGS has located some of these aft- 
ershocks (Figure 22). If one believes that earthquakes should line up on linear 
features, such as faults, a comparison of these figures suggests that the 
master-event locations are probably correct. 

This point is particularly important at Mammoth Lakes, where the stations 
coverage was sparse during this time period. Preliminary ep.centers deter- 
mined showed a similar tendency toward an amorphous cloud of events. A major 
question was this: on what structures were these thousands of earthquakes 
occurring? In the absence of sufficientlyprecise locations, it was not possible to 
answer this question, particularly because there seemed to be no correlation 
between the seismicity and the obvious major Holocene faulting features of the 
Mammoth Lakes region, such as the Hilton Creek fault. This left researchers in 
quite a quandary. I t  was therefore quite important to attempt precise relative 
locations to see if, in fact, the earthquakes were occurring on structures either 
known or unknown. 

Somerville and Peppin (1980) were the first to report master-event loca- 
tions of Mammoth Lakes earthquakes. They found that the seismicity above 
magnitude 4.0 appeared to concentrate on N-S lineaments. However, the work 
was justly criticized for relying on a small n b b e r  (only 50) events. Therefore, 
it was important to try and perform master-event analysis on a larger subset of 
a complex data set comprising about 10.000 earthquakes. This was one of the 
contributions made by Lide in his Master's thesis. 

Shown in Fuure  4 are master-event locations given by Lide (1984), on the 
right (for comparison, the UNR catalog locations are given on the left, again 
showing how the master event procedure tends to reduce the scatter of the epi- 
centers computed). The number of events Lide used is limited by a rigorous 
application of the master-event technique, which required that the same sta- 
tions be used for all of the events. However, in this figure, as found by Somer- 
ville and Peppin (1980), the events tend to sh'ow two lineations (NNE rather than 
N, however). Although this trend is not what one would expect based on the 
geology of the area, the precision of the locations gives quite unequivocal evi- 
dence For such trends, and Lide sought to find an explanation. He noted that 
Mayo (1937) had done a study of jointing in the Mesozoic rocks of the mountain 
block south of the caldera, and had shown a strong incidence of NNE jointing in 
these rocks (Figure 5). This suggests that present earthquakes south of the cal- 
dera may be occurring on lines of preexisting weakness (the NNE joints) and 
therefore that the tectonics giving rise to active volcanism in Quaternary times 
around the caldera may now be speading south. 
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Figure 2. Master-event locations for aftershocks (with magnitude 4 and greater) 
of the 04 October 1978 Wheeler Crest earthquake (Somerville and Peppin, 1979). 
Solid square: main shock. Exactly the same stations and station weights were 
used to perform these locations relative to a master event (which was located 
using many more and local stations). 
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UNR Locations Using HYPO71 
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Figure 3. UNR catalog locations of the larger aftershocks of the 04 October 1978 
Wheeler Crest earthquake. The stations used for the locations in Figure 2 were a 
subset of the stations for the locations in this figure (Le., UNR permanent sta- 
tions only). 
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Figure 4. Right: Master-event Epicenters of 344 aftershocks of the May 1980 
Mammoth Lakes earthquakes whose master-event RMS residual was 0.1 second 
or less. Solid dots: 25 May 1980. 1633 GCT and 27 Yay 1980, 1450 GCT (1 and 2, 
respectively). Master event locations from Lide (1984). Left:  USR catalog loca- 
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Figure 5. Rose diagrams showing frequency of various orientations of steeply 
dipping joints and fractures for four areas south of Long Valley caldera, from 
Mayo (1937). 
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In connection with our recent contract, these matters are of not inconsid- 
erable interest. For example, a number of authors (Rundle and Whitcomb, 1984) 
have theorized that the seismicity at  Mammoth Lakes is controlled by the injec- 
tion of magma into the area of the resurgent dome, citing, for example, that the 
increase in volume as measured geodetically gives about the same order of 
volumetric seismic moment as shear seismic moment released by all of the 

, earthquakes. On the other hand, injection of magma may be a passive part of 
the ongoing tectonics of the region. That is, the forces that now appear to be 
acting to cause lineups of earthquakes south of the caldera may incidentally be 
causing the upward movenient of magma. Clearly then, this aspect of the con- 
tract work has given important new information that will have to be factored 
into any suggestions on how the seismicity and the magma are related, and we 
are presently increasing the population of master-event locations for the 1980 
sequence to explore these points further. 

Another point as noted by C. S. Lide in his thesis is that the seismicity 
appears to be truncated to the west by a NW trending, W dipping boundary which 
is on strike with the Hartley Springs fault north of the caldera (Figure 6). As 
this fault is a rangefront fault, this result suggests that there may be a secular 
migration of seismicity west from what is clearly the eastern boundary of the 
Sierra front (the Round Valley fault), which will in time lead to a movement of 
the boundary between the Sierra and Basin and Range tectonic provinces. 

1978 wheeler Crest. Because the 04 October 1978 Wheeler Crest earth- 
quake was the first large event of the sequence, and because Julian (1983) and 
Julian and Sipkin (1985) have argued for a CLVD non double-couple mechanism 
for this earthquake, it has recently attracted some interest. Both the University 
of Nevada and the U.S.G.S. put out temporary stations following this earthquake 
to record aftershocks. The U.S.G.S. located about 350 aftershocks, mostly 
deriving readings from smoked paper recordings. We are presently relocating 
some of these using the UNR data, which can be timed more accurately than the 
smoked-paper recorGJ (timing precision about 0.02 versus 0.05 second for the 
latter). Somerville and Peppin (1980) have argued that the Wheeler Crest region 
exhibits characteristics of an asperity, such as found on the San Andreas fault 
near Parkfield (Bakun and McEvilly, 1979), in that episodes of seismicity which 
occur along the whole eastern Sierra front from Reno to Bishop appear often to 
initiate near Wheeler Crest. If this is true, then a better understanding of this 
source region will be an essential part of unscrambling the tectonics of this 
region. 

2.1.2.. On-line Locations Computed since 1984. 
Locations Near  and South of Long Valley Caldera 

The seismic activity that has occurred since the on-line system started 
operation in May 1984 is summarized in Figure 7. As has been the story since 
1980, the majority of the earthquakes have been occurring in the Sierra Nevada 
mountain block south of thc Long Vallcy caldcra. Of thc thc scisrnicity that has 
occurred in the caldera, virtually all of it has been confined to the south moat, 
and the majority has been located along the south rim fault. This is somewhat 
surprising because geodetic measurements for the region indicate that defor- 
mation is affecting the whole caldera and the center of maximum uplift is 
towards the center of the caldera. 

Within the mountain block to the south, the earthquakes are rather scat- 
tered, but a couple of NNE-trending linear features are prominent. These 
appear to be the result of continuing activity on fault-like features that were 
discovered among the 1980 aftershock epicenters (Somerville and Peppin, 1980; 
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Figure 6. Cross section BB’ (see Figure 4) of the earthquakes shown in that 
figure, with the two large earthquake hypocenters shown as before. “HSF” is the 
surface projection of the south end of the Hartley Springs fault onto the cross 
section. From Lide (1984). 
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Figure 7. UNR catalog seismicity to date (May 1984 through December 1985) of 
the Mammoth Lakes region. The same lineations of earthquakes found by Lide 
(1984). Figure 4 above, are visible, and seismicity a t  the south boundary of the 
caldera is greatly reduced relative to a few years ago. 
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Lide, 1984; Lide and Ryall, 1985). Further to the southeast, earthquakes were 
numerous in the aftershock zone of the 1984 Round Valley earthquake. The 
majority of these occurred in late 1984 and the first few months of 1985, and the 
seismicity was approaching background levels by November, 1985. 
Locations of the November 1984 Round Valley aftershocks 

As part of our recent DOE contract, our existing seismic network in the 
Mammoth area was augmented with 10 new stations located south and east of 
the Long Valley caldera during the summer of 1984 (Figure 1). The intended 
purpose of these stations was to gather more data on anomalous phases that 
had been observed for events during the spring and summer of 1984 (see below). 
These phases had characteristically been observed at stations east of the Sierra 
Nevada for earthquakes occurring in the Sierran mountain block south of the 
Long Valley caldera, especially those occurring towards the south end of the Hil- 
ton Creek fault. These new stations included five within the Sierra Nevada, 
whose purpose was to permit accurate locations for the seismic sources. and five 
stations located 20 to 40 km to the east to hopefully observe the anomalous 
phases at  new sites with similar azimuths. During the late summer and fall of 
1984, the seismicity became progressively more quiescent, and no anomalous 
phases were observed at  the White Mountains stations, although some were seen 
for stations installed in the Pioneer Basin of the Sierra Nevada. Finally, on 
November 23, a large earthquake occurred right in the center of the new net- 
work, the result being high-quality data collected on the mainshock and 
thousands of aftershocks, yielding excellent control on hypocenters and focal 
mechanisms. Although the aftershock zone was quite extensive and complex, 
the many anomalous phases generated by these aftershocks appeared only for 
events from very localized regions of the aftershock zone. These will be dis- 
cussed in more detail below, but first this must be put in the context of what has 
been learned so far about the Round Valley earthquakes themselves. 
Round Valley earthquake 

At 10:08 am PST on November 23, 1984, an earthquake of magnitude 6.2 ML 
(Pasadena) occurred under a broad circular depression known as Round Valley, 
that is located between the 2-km high escarpment of the Wheeler Crest on the 
west, and the less elevated depositional surface of the Bishop Tuff (referred to 
locally as the Sherwin Grade) on the east. The location of this earthquake was 
not unexpected because it occurred proximate to a major Sierra Nevada range- 
front fault, the Round Valley fault, which shows well-documented evidence of 
normal faulting up through the IIolocene (Bryant, 1904). However, the evidence 
gathered from the mainshock and the thousands of aftershocks appears to indi- 
cate that the Round Valley earthquake most probably occurred on a fault quite 
different than the one expressed a t  the surface. 

Initial work presented by Ryall and Hill (1984) and Corbett (1985) showed 
that the mainshock itself was most probably the result of rupture on a single 
well-defined fault plane, as indicated by the first 3 hours of aftershock activity 
(Figurc 8). Thcsc data suggest that the initial rupturc was on a vcrtical plane 
trending N 30" E that was 6 kilometers long and extended from 6 to 12 km 
depth. The location of the mainshock epicenter relative to these aftershocks 
further suggests that the rupture initiated in the upper northeast corner of this 
plane and then propogated unilaterally to the southwest and downward. A 3 by 3 
km zone of no aftershocks in the vicinity of the mainshock (see Figure 8) has 
been interpreted as a possible asperity by Corbett e t  al. (1985). Focal mechan- 
isms for aftershocks during the first 3 hours indicate strike-slip motion, with 
planes trending N 30" E that would correspond to left-lateral movement (Smith 
et al., 1985). A first-motion fault plane solution was not obtainable for the 
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Figure 8. Seismicity and cross sections across (NW-SE) and along (SW-NE) a NE 
lineup for the first three hours following the 23 November 1984 Round Valley 
earthquake. 
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mainshock due to a foreshock preceding it by 4.5 seconds. However, Barker and 
Wallace (1985) have performed an inversion on the teleseismic body waves for 
this event which also indicates left-lateral faulting on a NE-trending plane. 

After these first few hours of activity, aftershocks began to occur frequently 
off this main trend and at  shallower depths, so that this simple zone quickly 
grew more complex. After three weeks the aftershock zone was a 12-krn sided 
triangle with the initial KE trend still apparent as the main structure (Figure 9). 
Cross-sections of these data show that most of the off-trend activity is shallower 
than 6 km and tends to get progressively shallower to the NW (Figure 10). There 
is also a somewhat weaker suggestion of a planar structure that dips 80” to the 
NE and trends NW from the south end of the original fault rupture. Fault 
mechanisms for these shallower events show that these are predominately 
vertical-slip or oblique-normal events. Both of these types of mechanisms con- 
tain N2-trending planes, but they would correspond to down-to-the-west move- 
ment, which is a t  odds with the Quaternary tectonics that is observed at the sur- 
face. Due to the NW-trending line-up of some of the shallow normal events, one 
has the option of choosing down-to-the-northeast movement on NW-trending 
planes, but this trend is nearly perpendicular to  the range-front fault at this 
point. In short, the many aftershocks that occurred off of the principal strike- 
slip trend suggest a complicated process of tectonic stress release that is quite 
different from the initial mainshock rupture as well the Holocene surface fault- 
ing. A possible explanation is suggested by Corbett et  al. (1985), who note that 
the aftershock seismicity propagates westward and upward as a function of 
time. They suggest that this phenomenon is the result of pervasive Fracturing of 
the shallow crust in response to the temporal migration of stresses and/or 
fluids. Although the presence of magmatic fluids is well d0curnente.d under the 
Long Valley caldera, it is surprising that they may be located this far to the 
south, especially in light of the lack of extrusive rocks younger than the Bishop 
Tuff (0.7 m.y. age) and the absence of geothermal activity in this area. Thus, we 
have made an  effort to stermine the relationship (if any) with magmatic 
activity south of caldera. 

2.2. Focal Mechanisms. 
The November 1984 Round Valley earthquake offered an excellent opportun- 

ity to study a large number of first-motion earthquake focal mechanisms using a 
dense array with good azimuthal coverage. Results have appeared in a number 
of abstracts (see below). Several points are of interest.. First, as with the other 
earthquakes of the Mammoth Lakes sequence, the mechanisms show no corrlela- 
tion with prominent geologic features of the area, second, the pattern of focal 
mechanisms is distressingly (not to be facetious) complex, and third they have 
provided information about the extent of the unique Mammoth Lakes stress 
regime. These are discussed in sequence. 

Pow Correlation wiih SuTface Features. As for the 1978 and 1980 aft- 
ershocks, we  again find that a definite vertical fault plane appears to be shown 
by the early aftershocks, and the focal mechanisms on this plane are consistent 
with its strike (see Figures 2 and 6 above). But as with the 1980 earthquake aft- 
ershocks of Lide (1984). this plane shows absolutely no correlation with any 
mapped fault. Because the earthquake occurs to the east of one of the major 
range fronts of the western U.S., with some 2,500 meters of very steep relief, w e  
might have expected to see expression of normal faulting in connection with this 
earthquake, consistent with the sense of substantial, obvious Holocene normal 
faulting that can be seen all along the eastern Sierra front (and which was mani- 
fested only a few tens of km south in the great earthquake of 1872). To make 
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Figure 9. Seismicity comprising most of the aftershocks of the 23 November 
1984 Round Valley earthquake showing the expansion of the aftershock zone. 
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Figure 10. Cross sections for the seismicity shown in Figure 9. The figure shows 
that the NE trend is mainly earthquakes 5 to 12 km deep, and the earthquakes 
occurring off this trend have shallower hypocenters in general. 



matters worse, the aftershock sequence does indeed show quite a few normal- 
faulting mechanisms: but for these the west side (toward the mountains) is 
down. In no other area of the Basin and Range where magnitude 6+ earthquakes 
have occurred (Yellowstone; Borah Peak; Hansel Valley; Dixie Valley; Fairview 
Peak Pleasant Valley: Cedar Mountain: Owens Valley) is there such complete 
lack of correlation of the aftershocks with mapped normal faulting features. It 
is possible to  argue that this is in itself evidence for seismicity strongly 
influenced by other than the normal extensional tectonics of the Basin and 
Range (i.e., by recent intrusion of magma). 

Focal Mechanism Complezicity. The work of Corbett (1985) Smith et al. (1985) 
shows that the pattern of focal mechanism associated with the Round Valley 
earthquake is very complex. After a quite simple start, in which most of the 
earthquakes were KE trending strike-slip mechanism (consistent with the NE 
trend of the early aftershocks), the aftershock pattern grew quite complex, and 
produced a wide variety of mechanisms. I t  appears that at  least a part of this 
complexity arises from the fact that the mainshock appears to be located in an 
asperity of several kilometers extent. In one respect the Round Valley earth- 
quake is "ordinary": focal mechanisms obtained from the teleseismic inversion 
of P-waves (Barker and Wallace, 1985) give a focal mechanism consistent with 
strike slip motion on a NE trending plane. This complex pattern of focal 
mechanisms shows that we must definitely be careful when extrapolating results 
obtained from small earthquake aftershocks to make statements about the 
regional stress field. This complexity may be the result of very localized block 
movements caused by highly fractured rock, and therefore not representative of 
regional tectonics, but rather a manifestation of what amounts to complexity in 
near-source rheology. In fact, we can be hopeful that detailed examination of 
microearthquake focal mechanisms in this area might be used for just the pur- 
pose of studying this rheology. 

Shess Regime Boundary. One of the interesting points about focal mechan- 
isms of the Mammoth LLkes earthquakes is that, uniquely among Basin and 
Range earthquakes, they show dominantly NE-trending axes of extension, where 
Basin and Range tectonics is consistent with extension in a WNW to westerly 
direction. That is, in a rather small area 50 by 30 km in extent, and centered on 
the Long Valley caldera, the directions of extension obtained from focal mechan- 
isms is different from surrounding regions (EW. or San Andreas style extension 
to the west and WNW-ESE, or Great Basin style extension to the east). Pitt and 
Steeples (1975) presented composite microearthquake focal mechanisms for the 
northern end of Owens Valley and reported a rotation of the tension axes for 
Mammoth, as compared with Round Valley events. 

With the occurrence of the 1984 Round Valley earthquake, we were offered 
the chance to reexamine this situation much more critically. Recent work by 
Vetter (1986) is summarized in Figure 11. Shown are stereo plots of the axes of 
compression and extension for two groups of well-controlled focal mechanisms 
(top) and frequency-versus-azimuth plots of the strike of the focal planes (bot- 
tom). The events on the left are west of the Round Valley fault, under Pioneer 
Basin; the events on the right are east of the Round Valley fault in the aft- 
ershock zone of the 1984 event (Figure 9). The Pioneer Basin events are typical 
of others with the characteristic ENE extension axes of caldera events, while the 
Round Valley events are more variable. It  is notorious that almost no mechan- 
isms occurring west of the Round Valley fault show the WNW axes of extension 
that typify earthquakes of the Basin and Range (and reflected in the regional 
geology with NNF trending basins and ranges). Therefore, it can be suggested 
that the Round Valley fault forms the precise boundary between the Mammoth 
Lakes tectonic province and the Basin and Range, and that the transition to 
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mechanisms of the Round Valley aft- 
ershocks. The events on the left are those which occur in the mountain block in 
the vicinity of station PRB, while those on the right occur in the aftershock zone 
of the Round Valley earthquake as shown in Figure 9. The diagrams above are 
stereo plots of the axes of compression and extension: the diagrams below are 
rose diagrams of the frequency of occurrence of focal planes with the indicated 
strike. From Vetter (1986). 
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Basin and Range occurs in a more diffuse zone extending east-perhaps to the 
White Mountains. If true, this hypothesis would provide a substantive constraint 
on tectonic models proposed for this area. 

2.3. Waveform Analysis. 
During the recent contract period a considerable amount of work was done 

on waveform analysis. "Waveform analysis" in this context means the analysis of 
seismic travel times and the general character of waves rather than the mean- 
ing currently understood by seismologists, i.e., comparison of theoretical with 
observed seismograms. Although we are now on the verge of doing some such 
comparisons based on our accumulating data base and knowledge of these 
waveforms, no such work was attempted in the recently-ended contract period. 
Much of the material in this section was presented by Peppin { 1985). 
2.3.1. S-Wave Shadowing. A s  noted above, a primary motivation for the funding 
of research a t  UNR by DOE was the work on S-wave shadowing. The result of this 
work has been the only definite proposal yet published (Sanders, 1984) delineat- 
ing shallow-crustal anomalies in Long Valley caldera which most investigators 
now accept as magma bodies. A t  a recent contractors' meeting involving the 
proposed deep hole drilling project within Long Valley, discussion centered 
around Sanders' work, because i t  provides one of only two lines of evidence that 
would now permit placing a mark on a map and sinking a hole to reach magma 
(the other line of evidence being the location of the January 1983 earthquake 
swarm near Casa Diablo). Recent work by Ryall and Ryall (1984) presented evi- 
dence for a number of crustal anomalies south of the caldera under the moun- 
tain block (Figure 12). Because of the recent deployment of many recording 
stations in this region, our efforts have concentrated here, although we have 
maintained our watch for S-wave shadowing related to the caldera itself. How- 
ever, we note that we have seen relatively few examples of S-wave shadowing 
since initiation of the on-line system (a few dozen examples in 50000 traces). 
Most of the past work on S-wave shadowing was done by F. Ryall, who discontin- 
ued her efforts fairly early in 1985; this probably explains in part why our cata- 
log has few such observations. Because of interest in this phenomenon, we are 
now developing a method to do a computer search, based on spectral ratios and 
statistical criteria, so that the analysis method can be made more objective and 
repeatable. Our efforts have deemphasized S-wave shadowing because we have 
been focussing on what appear to be more promising methods (see below). A 
significant, problem with the method is that we almost never see S-wave shadow- 
ing for short travel paths. In fact, the DOE-supported stations placed along the 
western boundary of the White Mountains were located with the idea of obtaining 
shadowed records to those azimuths, but so far not a single example of shadow- 
ing at those stations had been observed. Therefore, the problem is that, even if 
shadowing is seen, the travel path is so long that it is quite difficult to pinpoint 
the location of the causative crustal anomalous zone. In fact, this is the main 
reason why various investigators doubt the a c c ~ ~ a c y  of the map locations of the 
Sanders (1984) proposed magma bodies. 
2.3.2. Poet-S Phases. 

During the present contracting period we have recorded some 40 examples 
of an extraordinary phase that comes in very strongly and quite a bit behind the 
S wave a t  only one station (Benton). Hereinafter this phase is called the Benton 
phase. The epicenters of earthquakes for which this phase were seen are shown 
in Figure 13. We see that these events cluster mostly in a region west of the Hil- 
ton Creek fault (HCF) and south of the caldera. 
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Figure 12. Summary of earthquakes used to delineate attenuating bodies south 
of Long Valley caldera. The events used in the analysis are shown as solid dots 
(top image). In the bottom image, showing sections parallel and perpendicular 
to Hilton Creek Fault (HCF), the solid dots are the projections of earthquakes 
which show S-wave shadowing and the open circles show earthquakes producing 
normal seismograms. There appears to be an association of the events causing 
shadowing with the inferred projection to depth of HCF, given as the dashed line 
in the lower right section BE'. From Ryall and Ryall(1964). 
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Figure 13. Map location of those earthquakes producing the strong post-S phase 
at station Benton (BEN in the figure as indicated by the large arrows). Solid dot: 
earthquake of 15 August 1984 a t  1650 GCT. The top arrow is the direction from 
the source to the receiver, and the bottom arrow indicates the approximate 
direction motion as indicated by Rayleigh-wave particle motion of the Benton 
phase . 
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Figure 14. Whole-record seismograms taken on a digital wideband event 
recorder for the earthquake of 15 August 1984 at 1650 GCT. The P and S arrivals 
are labelled P and S, while the Benton phase.is labelled BPh. The direction of 
particle motion is indicated on the traces. 
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In order to understand the nature of the Benton phase better, a 3- 
component wideband digital seismograph was placed alongside the existing 
telemetered short-period vertical instrument on which the phase had first been 
noted. Traces as recorded for the earthquake of 15 August 1984 at  1650 GCT are 
shown in Figure 14. The Benton phase is the large arrival, seen about seven 
seconds later than S. The location of this earthquake is indicated also in Figure 
13. 

Consider first the particle motions of the P-wave as compared with the later 
Benton phase. In Figures 15 and 16 we present blown up versions of the three 
components for closer analysis. We see (Figure 15) that the P-wave moves up, ?J 
and E, i.e., longitudinal in the direction from the source to  the receiver, which is 
from the SW. On the other hand, the Benton phase (Figure 16) shows particle 
motion on the horizontal components which is dominantly in the direction about 
N 20" E. some 30 degrees counterclockwise from the direction of P. Moreover, 
note that the vertical component (top trace) is shifted 90 degrees in phase from 
the two horizontal components. Therefore, this motion has the characteristics 
of a Rayleigh wave whose direction of advance is from S 20" W. A s  corroboration, 
notice that the bottom two components in Figures 14 and 16 show a fairly obvi- 
ously dispersed wave train, typical of surface waves. However, this cannot sim- 
ply be a Rayleigh wave that travelled directly from the source to the receiver, 
because the arrival time is much too late (note that the interval Benton - S is 
double the interval S - P). We are forced to conclude that the travel path is 
complex. 

We had originally thought that the Benton phase originates as a lateral 
reflection off a strong vertical discontinuity in Long Valley caldera (e.g., from 
one of Sander's, 1984 magma bodies). However, the sense of Rayleigh wave 
motion has the direction of advance from S 20" W, which is the general direction 
of the south end of HCF. It  is notorious that the Benton phase is seen on almost 
no other station, including stations closer or beyond Benton on this same 
azimuth such as ORC (see Figure 13). I t  appears to us that the strong selectivity 
of the Benton phase (revealing itself only at  that station) results because of a 
strongly azimuthally-dependent focussing effect by waves incident on a curved 
(cylindrical?) velocity anomaly near the south end of HCF. The kind of scatter- 
ing model we have in mind is suggested by the ray tracing models shown in Fig- 
ures 17 and 18. In these figures we show the effect of scattering of rays from 
either a perfectly planar interface or a geometry about of the scale and type we 
are thinking of, namely a cylinder a few km in extent with some undulations (to 
simulate first-order deviations from a perfect cylinder). The second diagram 
shows how the rays can focus and defocus a t  many different distances and 
azimuths, and, in particular, how, by coincidence, amplification could appear at  
an isolated station like Benton. 
2.3.3. Pre-S Phases South of the Caldera. During the past contract period we 
have found 70 examples of yet another pattern in waveforms that has puzzled us 
for seven years: the existence of strong phases occurring between the P and S- 
waves of earthquakes south of Long Valley caldera. A summary of these observa- 
tions is given in Figure 19. In Figure 20 is shown an example which is a para- 
digm of this phenomenon. A t  all stations where it is recorded, the phase has the 
same general appearance as the P-wave (S usually having visibly lower frequency 
content). Where three-component records are available, the phase appears 
strongest on the vertical component. Considering the records shown, we note 
that the phase must almost certainly be caused by a lateral reflection (low 
incidence angle) because i t  is so strong (for certain events this phase is the Iarg- 
est on any of the three components), and because the sources are almost 
directly under the recorder. Note that a reflection from below the source is 
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Figure 15. Blow-up of the P-wave portion of Figure 14 showing direction of 
advance from roughly the southwest. 
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Figure 16. Blow-up of the Benton phase portion of Figure 14. Numbers above 
each trace are the maximum trace amplitudes (the N20E component dom- 
inates). We see that the direction of approach of the Rayleigh waves is dom- 
inantly from S20W. 



-26- 

Figure 17. Ray tracing showing reflection from a flat-lying reflector. Because of 
the assumed smoothness of the reflector, the reflected rays are uniformly 
spaced. 



-27- 

Figure 18. Ray tracing showing reflection from an elliptical boundary with some 
irregularities. There is striking focussing and defocussing of the ray energy with 
both distance and azimuth. We suppose that Benton lies at a point where there 
is focussing of reflected energy relative to the south end of Hilton Creek fault 
(however NOTE that this is far from a unique explanation for this phase). 



EARTHQUAKES WITH PRE S ARRIVALS 

370 8 

370 6 

370 5 

370 Lt Scale (km) / 

Figure 19. Map locations of earthquakes south of the caldera showing pre-S 
phases on stations south of the caldera. 
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Figure 20. Digital event recorder seismograms of an aftershock of the 04 
October 1978 Wheeler Crest earthquake, station BIW. Top trace: WWVB time 
code; bottom three traces: vertical and two horizontal components of ground 
velocity in the band range 0.1 t o  50 Hz. Numbers left of each trace denote max- 
imum trace amplitude (digital counts). The P and S arrivals have been 
identified, along with the pre-S phase labelled "?'I on the vertical component. 
The earthquake is 13 km deep almost directly under the recording site. About 
30 records like this were obtained for a distribution of aftershocks several km N 
and S of the recording site. 
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Figure 21. Plot of S-P versus X-P time in seconds, where "X" is the pre-S arrival 
shown in Figure 20. Note that the X-P time appears to increase with S-P time, 
which eliminates a number of possible explanations for this phase (such as a 
reflection from a flat-lying layer below the sources of the earthquakes). 
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ruled out because the moveout time of the phase relative to the P onset weakly 
increases with the focal depths of the events, as we can see from Figure 21: a 
reflection from below the sources would show a decrease in X-P interval for an 
increase of S-P interval. Comparing Figure 19 with Figure 9 we see that only a 
small fraction of the aftershocks of the Round Valley earthquake produce pre-S 
phases within the UNR network, and that the Round Valley fault, just west of sta- 
tion WMD,  serves as a rather sharp boundary between the earthquakes that show 
the phase (to the west) and those that do not (to the east of the fault). 

Of all the unusual phases seen on seismograms taken in and near Long Val- 
ley caldera, these pre-S ones are unique in that they are seen over compara- 
tively short travel paths (often at epicentral distances comparable or smaller 
than the hypocentral depth). This provides the potential to Locate the source of 
any causative crustal anomaly quite precisely. We are now performing master- 
event relocations of those earthquakes which showed a pre-S reflection at  the 3- 
component digital station BIW (Figure 20). One interesting observation (Figure 
22) is that  the earthquakes which show the pre-S phase most strongly at  BIW 
cluster in two widely separated groups. 

Figure 23 is a map showing the occurrence of pre-S phases by station. I t  is 
remarkable that the stations showing the observation most frequently are 
grouped around the south end of HCF, with station BIW the one at which the 
phase has been seen most often. 

As another indication that the south end of HCF is intimately associated 
with this phase, we present Figure 24. This figure shows the earthquakes having 
the pre-S phase at  station PRB and station WMD. I t  is noteworthy that earth- 
quakes under PRB are mostly responsible for observations of pre-S at  WMD while 
earthquakes under WMD are mostly responsible for observations of pre-S under 
PRB. a sort of "reversed profile" on which the south end of HCF falls about mid- 
way between the two stations. 

We have been proceeding with the working hypothesis that these pre-S 
phases are P reflections from shallow crustal anomalies (otherwise why would 
these phases have an appearance more like P than S on records which show 
obvious deficiency of high-frequency energy in the S-wave as compared with the 
P). I t  is tempting, therefore, to imagine that these are  reflections from shallow- 
crustal magma bodies. However, we can point out one substantial problem with 
this idea. In their work on the Rio Grand rift of New Mexico, Sanford et al. (1973) 
presented reflections from what they take to be a possible zone of magma, but 
the reflected phase is clearly an Y wave, not a E.'. In fact, S should reflect more 
strongly than P from a solid-liquid interface, so we would expect to find strong 
post-S reflections if the pre-S phases are reflected P, and these are almost 
nowhere seen. However, in the records presented by Sanford et a,?. (1973) we 
can see what looks like a pre-S reflection (although it is weaker than the post-S 
phase); moreover, the reflecting horizons there are assumed to be almost flat- 
lying, while a t  Mammoth such reflectors must have substantial dip, which may 
account for thc relatively greater amplitudes for the prc-S phascs at  Mammoth. 
2.3.4. Pre-S Phases North of the Caldera. Following the work of Zucca and Mills 
(1986) we have recently found another strong and unexpected phase a t  the sin- 
gle station SLK, to the NW of Long Valley caldera. An example of a record show- 
ing this phase is given in Figure 25; the earthquakes which produce this phase 
are given in Figure 26. In Figure 27 we present a travel time curve for the P- 
wave arrivals, S-wave arrivals, and the SLK phase. Note that the earthquakes 
which show the phase at SLK occur in a rather limited zone south of the caldera 
(compare Figures 26 and 7) .  The shape of this zone is a NW-trending ellipse 
pointed a t  the SLK station. Looking at  Figure 25 we see that, unlike the pre-S 
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Figure 22. USGS locations of some of the aftershocks of the 04 October 1978 
Wheeler Crest earthquake. Ctosed symbols denote earthquakes showing the 
pre-S reflection, with the solid symbols for those showing it strongly, and open 
crosses are earthquakes not showing the pre-S reflection at station BIW. Filled 
triangles are stations where the pre-S phase has been seen. 
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OCCURRENCE OF PRE S BY STATION 
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Figure 23. Occurrence of pre-S phases by station, with the numbers in 
parentheses giving the number of observations at  that station. The stations in 
smaller letters are those for which 1 or fewer observation of pre-S has been 
seen. The south end of Hilton Creek fault is the line which ends by the letter B 
in PRB. 

. 



P
I 

p
r 
e
 

l- a
 

cn 
W

 
x
 

Q
 

3
 

Q
 
I
 

I- E
 

a
 

w
 

m
 

I- 

\
 

- 34- 

w
 

a
 

.
\

 
cn 
w

 
x
 

<
 

3
 

eJ T
 

Fr 

(D
 

w
 
a
 /’I 

/ 



-35- 

62.36 0 res1 0.08 -S 
57.60 0 AU res: 0.01 -P 

! 

9 

___..-- 

Figure 25. Example of a pre-S phase at station SIX for the earthquake of 26 
November 1984 at 1627 GCT. The phase identified as "P" is the P arrival and the 
phas'e identified as "S" is the pre-S arrival (with true S following about one 
second later). 
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Figure 26. Station SLK (solid triangle upper left) and the earthquakes (solid 
squares) which have given rise t o  the pre-S phase at that station. 
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Figure 27. Travel time data for P, pre-S, and S arrivals a t  station SLK, with 
abscissas ranging from 0 to 100 km and ordinates ranging from 0 to 30 seconds. 
The two lines show predicted half'space travel time curves (surface sources) for 
P and for S a t  velocities of 5.8 and 3.4 km/sec. The line of observations preced- 
ing those of S are the arrivals in question. Note that, over quite a range in dis- 
tance, the pre-S travel time curve parallels S, and that the intercept of a line 
drawn through these data is negative. 
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phases that are seen south of the caldera, the character of the SLK phase is 
more like S than P. Figure 27 suggests that the phase is associated with S 
rather than P. because over quite a considerable distance range the travel-time 
curve appears to track that of the S phase. However, again we are faced with a 
problem of interpretation: note that the intercept time of the SLK phase is 
negat ive .  I t  is impossible to obtain a travel time curve with negative intercept 
for any layer model in which the layers are flat lying (€or flat-lying structures 
the slowness must be strictly non-increasing, and the intercept at close dis- 
tances is zero). 

I t  is not easy to conjure up models which come close to producing a travel 
time curve to match the observations shown in Figure 27, but one model is sug- 
gested. Koting that the earthquakes showing the SLK phase occur in a northwes- 
terly trend, and that this trend passes close to the magma bodies proposed by 
Sanders (1984), we have hypothesized that the SLK phase is an S which converts 
to P in the magma body then back to an S for the remainder of the travel path 
to SLK. A crude and preliminary example of ray tracing, which gives approxi- 
mately the right values for the travel times, is given in Figure 28. This 
hypothesis involves two S to P conversions at rather small angles of incidence. 
Therefore, on this hypothesis the amplitude of the SLK phase would be expected 
to  be quite a bit smaller than the amplitude of S, an obvious problem since this 
phase is both quite strong and commonly observed. 

h e  note in passing that, although the SLK phase appears to  be similar in 
appearance to a similar pre-S phase seen by Zucca and Mills (1986) for an array 
near and east of SLK, the nature of his phase is quite different, showing a travel 
time with slowness markedly different from that of S (he hypothesizes that his 
pre-S phase is a deep P-reflection from the bottom of a magma body). 

Task 3. Study of Magma Bodies. 
In the previous section we have documented several independent lines of 

evidence which suggest the participation of shallow-crustal magma in the distor- 
tion of locally-recorded waveforms. While the method of S-wave shadowing, so 
successfully employed in the past, has been a disappointment in the analysis so 
far done using the digital on-line data. we continue to accumulate evidence for 
at least one major crustal anomaly in the mountain block south of the caldera. 
In particular, it now seems quite reasonable to pinpoint the map location of one 
of these as being located near the south end of Hilton Creek Fault. The evidence 
for the association of magma with this spot, given in chronological order of 
discovery, is as follows: (1) focal mechanisms of the larger earthquakes of the 
Mammoth Lakes sequence, obtained from the inversion of body-wave teleseismo- 
grams, are  suggestive of non double-couple focal mechanisms more typical of a 
dyke-injection type of source (Julian, 1983; Aki, 1984). Two of these earth- 
quakes, those of 27 May 1980 and 04 October 1978, more or less straddle the 
south end of HCF; (2) S-wave shadowing has been documented by Ryall and Ryall 
(1984) for several areas south of the caldera (see Figure 12). The best docu- 
mented case is the south end of HCF; (3) a very unusual post-S phase seen at 
Benton has particle motion which is that of a Rayleigh wave whose direction of 
approach is from the approximate direction of the south end of HCF (Figures 13 
and 14); (4) strong pre-S phases, seen quite commonly at stations south of the 
caldera, show a decided concentration around the south end of HCF (Figure 23), 
with more direct evidence for its participation in the geometric disposition of 
epicenters and stations showing the phase (Figure 24). To this evidence, we can 
add a fifth point, which is documented in Figure 29. In this figure is shown a 
map of the better-quality epicenters as recorded by the on-line system since 
May 1984. Comparing with Figure 12, we see that two of the three shallow- 
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Figure 28. A crude, preliminary ray tracing model to show one way to obtain a 
pre-S arrival with a negative intercept time. If midway along the travel path the 
S converts to a P, and then back to an S, then the resulting travel time 
predicted is the dashed curve in the upper plot (with a negative intercept). 
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Figure 29. UNR catalog locations of earthquakes south of the caldera. The 
arrows point to two spots, midway along and at  the south end of Hilton Creek 
fault, in which seismicity is absent. So far as we know, earthquakes are not 
known to occur in these regions at  any time (including during the intense aft- 
ershock sequence in 1980). These spots are two zones of S-wave shadowing 
identified independently by Ryall and Ryall(l984): see Figure 12. 
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crustal zones of S-wave screening proposed by Ryall and Ryall (1984) are areas 
where earthquakes were absent within the seismically active zone south of Long 
Valley caldera. The largest of these is near the south end of HCF. All of this 
encourages us to proceed in our efforts at  trying to refine and constrain the size 
and shape of a causative crustal anomaly (magma body?) near this location, and, 
as documented elsewhere in this report, the travel time and hypocenter infor- 
mation we have have provided the basis for our tentative description of this ano- 
maly: we suppose that it is roughly cylindrical in shape, a few km in diameter, 
centered near the south end of Hilton Creek fault, and in the depth range 5 to 10 
km. Such a model appears grossly in agreement with all of the observations we 
have noted so far. 

The recent discovery of the SLK phase offers an excellent new opportunity 
to bring constraints to bear on the size and nature of the magma bodies within 
Long Valley caldera. If this really is an S to P to S conversion, then, because the 
velocity in the magma is relatively high compared with the direct travel path, 
the waves will search this anomaly out (rather than bypass it as a low velocity 
zone). This then provides the ability ,to time precisely the travel time of P 
through it and, therefore, if we can obtain good estimates for the velocity 
independently, on its geometry. 
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ABSTRACT 

This report summarizes efforts made by the Seismological Laboratory toward 
the detection and delineation of shallow crustal zones in the western Great 
Basin, and toward the development of methods to accomplish such detection. 
The work centers around the recently-active volcanic center near Long Valley, 
California. The work effort is broken down into three tasks: (1) network opera- 
tions, (2) data analysis and interpretation, and (3) the study of shallow crustal 
anomalies (magma bodies). Section (1) describes the efforts made to record 
thousands of earthquakes near the Long Valley caldera, and focusses on the 
results obtained for the November 1984 Round Valley earthquake. Section (2) 
describes the major effort of this contract, which was to quantify the large 
volume of seismic data being recorded as it pertains to the goals of this con- 
tract. Efforts described herein include (i) analysis of earthquake focal mechan- 
isms, and (ii) the classification, categorization, and interpretation of unusual 
seismic phases in terms of reflections and refactions from shallow-crustal 
anomalous zones. Section (3) summarizes the status of our research to date on 
the locations of magma bodies, with particular emphasis on a location 
corresponding to the map location of the south end of Hilton Creek fault. Five 
lines of independent evidence, suggest that magma might be associated with 
this spot. Finally, new evidence on the large magma bodies within the Long Val- 
ley caldera, of interest to the DOE deep drilling project, is presented. 




