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Geophysical Evidence For Magma: 
Long Valley Caldera, California 
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to the Magtnatic 
Environtnent 
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Charles R. Carrigan, 
HatTY C. Hardee, 
and William C. Luth 
Geoscience Department. Sandia National 
Laboratories. 
Albuquerque. N.M. 

Earthquakes, ground uplift, and increased hydrothermal activity are only the 
most recent examples of the intense tectonic and volcanic activity that has oc
curred at Long Valley caldera, Calif.. over the last 3 million years. A large num
ber of geophysical experiments, conducted by several hundred investigators over 
the past few years, clearly indicate that a major body of magma exists within the 
central part of the caldera at drillable depths of 4-5 km. Plans are underway to 
drill toward and eventually into this magma bod\'. 

Introduction 

Long Valley caldera in eastern California 
has been the focus of intense scientific inter
est in the past 5 years. largely because of con
siderable deformation. seismic. and hydro
thermal activity since 1980 [for example. 
RundU tt al .• 1985a; Hill tt al .• 1985aJ. Long 
Valley. which was formed in the great Bishop 
Tuff eruption some 0.7 m.y. B.P .• has been 
the site of considerable eruptive activity ever 
since. with the most recent extrusion event 
being the Inyo Domes and flows of 500 years 
ago. Beginning in 1980. renewed activity 
within the caldera. including intense seismic 
swarms with peak magnitudes ML > 6. uplift 
in excess of 0.5 m, horizontal extension 
across the caldera of 2-4 ppm/yr. and visible 
changes in the surficial hydrothermal system 
herald the onset of a new cycle of tectonism. 
Analysis of the deformation data has in fact 

Cover. Locations within the Long Valley 
caldera for the results of recent seismic 
experiments. The legends for the various 
studies are given in the figure, which illus
trates the dense coverage of the entire re
surgent dome. The studies show that 
minimum depths to all the anomalies illus
trated agree very well: about 4-5 km un
derneath the southern end of the dome 
and about 6-8 km underneath the north· 
ern end of the dome. The Long Valley 
caldera has been the site of intense volcan
ic and tectonic activity for 3 million years. 
Plans are now underwav to drill a well to
ward and eventually into the magma body 
indicated by the anomalies. For more de
tails. see "Deep Drilling to the Magmatic 
Environment in Long Valley Caldera." by 
John B. Rundle et al.. p. 490 

revealed that as much 2 x 108 m~ of new 
magma has been injected into the magmatic 
"plumbing system" beneath the caldera dur
ing th" past 5 years. 

Ge()physical data collected by hundreds of 
investigators during the past 15 years indicate 
that a major body of magma. with essentially 
the same volumetric capacity (600 km3) as 
that responsible for the Bishop Tuff erup
tion. presently exists within the confines of 
the caldera. Both the current activity and ex
tent of the subsurface parental magma body 
have led a variety of agencies and programs 
to focus upon Long Valley as a primary site 
for further. more detailed. scientific investi
gations [Rundle tt al .• 1985bJ. Chief among 
these investigations is the possibility of drill
ing a well as deep as 6 km into the magmatic 
environment. This endeavor is of interest to 
two programs: the Continental Scientific 
Drilling Program (CSDP). a cooperative ven
ture among the National Science Foundation. 
the U.S. Department of Energy. and the U.S. 
Geological Survey (USGS); and the Depart
ment of Energy's Magma Energy Technology 
Program. which seeks to use new technology 
to eventually demonstrate the feasibility of 
extracting heat energy directly from the mag
ma itself. 

Of greatest importance to these future in
vestigations has been the very recent discov
ery that all of the considerable body of data 
developed to date concurs on the location 
and extent of magma within the caldera. 
Moreover. these studies indicate that at 5 km 
depth. the top of the magma body is suffi
ciently shallow in the south central part of 
the caldera to permit drilling to reach into 
the immediate, near-magmatic environment. 
Hence sampling of rocks and fluids, together 
with seismic. electromagnetic. geodetic. ther
mal. and in situ stress observations. would re
veal for the first time the nature of condi
tions and physical processes associated with a 
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major crustal magma body. In addition. in 
situ validation of surficial techniques used to 
locate magma bodies within the crust would 
contribute substantially to the success of the 
Magma Energy Technology Program. 

In the following sections. we provide a 
brief summary of the scientific results that 
have led us to the conclusion that Long Val
ley is the prime site for investigations into the 
near-magmatic environment (further details 
can be found in our earlier work [Rundu et 
al .• 1985b)). Most important is the evident 
self-consistency of the data. which has led us 
to select the southern end of the old resur
gent dome as the site most favorable for drill
ing activities. At the present time the Magma 
Energy Technology Program is making plans 
to begin drilling a deep exploratory well on 
this site to depths as great as 20.000 ft (6 
km). With the cooperation of Santa Fe Geo
thermal. Inc.. a large drill pad and its associ
ated permits have been transferred to Sandia 
National Laboratories (Albuquerque. N.M.). 
The location of the pad is optimally placed 
over the shallowest seismic anomalies (see 
cover). It is expected that drilling will com
mence in 1987 and will occur in a series of 
stages over a period of 3-5 years to allow am
ple time for scientific investigations at each 
depth stage. 

Geophysical Anomalies 
Table 1 summarizes some of the existing 

seismic work that deals specifically with loca
tion of and depth to magma within the calde
ra. The cover figure shows a location key for 

. the north end of the resurgent dome. the 
south end of the resurgent dome. and other 
points of interest within the caldera. as well 
as the spatial locations of the anomalies listed 
in Table I. As a point of reference. the 
depths to magma determined by Sandl'rs 
[1984J in a detailed study of shear waves 
from earthquakes within and to the south of 
the caldera are superposed on the figure. 
Some of the work summarized in Table 1 is 
in preparation. while other papers have al
ready appeared in the open literature. For 
example. G. J. Elbring and J. B. Rundle (un
published manuscript. 1986) have collected 
shear wave data from earthquakes in the Si
erra Nevada mountains to the south of the 
caldera. Energy from these events passed 
through the central part of the caldera and 
was recorded in a 900-m drill hole on the 
northern end of the central resurgent dome. 
Thus the shear energy was most sensitive to 
the effects of structure beneath the resurgent 
dome. The results clearly show that the shear 
wave energy is attenuated and delayed in 
passing beneath the dome. Surface effects 
cannot be responsible. since both well and 
earthquakes are substantially below the sur
face. Another example is recent work by J. 
Luetgert (U.S. Geological Survey. Menlo 
Park. Calif.; personal communciation. 1985). 
in which USGS refraction data was replotted 
by using a simple reduced time (normal mo
veout) correction. In a shot from the south
east part of the caldera into a fan of geo
phones laid out NE-SW in the northwest part 
of the caldera. a clear reflection was seen cor
responding to a depth of about 7 km. Again. 
these ray paths would be most sensitive to 
structure beneath the southern end of the re
surgent dome. Finally. while reAection data 
from the summers of 1984 and 1985 are still 



TABLE I. Seismic Imaging: Partial List 

Project 

Refraction [Hill, 1976) 

Teleseismic P delay [SUtfJles arui IylT, 1976) 
Shear wave shadowing [Ryall arui Ryall, 1981) 

Refraction 
[Hill tI ai., 1984 J 
(J. Luetgert, unpublished data, 1985) 

Location 

north dome 

central caldera 
south moat 

north dome 
south dome 

Depth to Top, km 

7-8 

6-7 
7-8 

6-7 
7-8 

Shear wave shadowing [Saruim arui Ryall, 1983; 
Santim, 1984] 

north dome, 
south dome 

5-6 
4-5 

P wave tomography [Kissling tt ai., 1984] 

Borehole shear waves (C. J. Elbring and J. C. 
Rundle, unpublished manuscript, 1986) 

P wave reflection 
[RuruJle tt ai., 1985a] 
[M urphy e/ al., 1985 J 

being processed, preliminary results indicate 
that a shallow reflector does exist beneath the 
southern end of the resurgent dome and out 
into the south moat [Murphy e/ ai., 1985). 

Table I summarizes the results of these 
and other studies by a variety of investigators. 
Most impressive is the consistency of location 
and depth to magma. Beneath the northern 
end of the resurgent dome, inferred depth to 
magma is about 6-7 km, while beneath the 
southern end of the dome. depth is of the or
der of 4-5 km. It is important to emphasize 
that these results do not depend upon any 
one investigation but are instead the virtually 
unanimous result of all of the work done to 
date. It is unlikely that additional surface 
geophysics will add significant new informa
tion to our current picture of magma location 
and depth, especially since the most recent 
seismic reflection and shear wave transmis
sion data already are confirmin~ the previous 
results. 

By their nature, models of potential field 
(geodetic) data can only provide information 
on the subsurface volume change and on the 
location of the "center" of inflation. This is 
quite analogous to the problem of determin
ing a mass distribution from observations of 
the gravity field, a problem that is well 
known to be nonunique. Hence geodetic data 
cannot yield much useful information on the 
depth to the top of the magma chamber, 
since the size of chamber can be traded off 
against volumetric strain within the chamber. 
However, the model of Rundle arui Whitcomb 
[1984) had point sources of inflation located 
at 5 km depth beneath the southern end of 
the resurgent dome and at 8 km depth be
neath the northern end of the dome. The 
roofs of both chambers must therefore be less 
than 5 and 8 km, respectively, a result that is 
generally consistent with those in Table I. 

Thermal Investigations 

Evidence for the thermal signature of 
crustal magma has been sought in studies of 
the Long Valley hydrothermal regime. Sim
ple thermal conduction models indicate that a 
magma body intruded at a depth of 5 km 
would give rise to detectable surface heat 
flow within 100,000 yr after emplacement. 
While significant geothermal activity exists 
within the Long Valley Caldera, the observed 

central caldera
south dome
south moat 

south dome, 
north dome 

north dome 
south dome 

5-7 

4-5 
5-6 

6-7 
4-5 

surface heat flows cannot readily be used to 
locate magma using thermal conduction mod
els: the presence of an active hydrothermal 
system in the caldera obscures any thermal 
signature that might define the depth and 
state of a crustal magma chamber. Studies of 
the subsurface thermal regime by Lachtnbruch 
et al. [1976a,b), Sorry [1984), and Blaclcwell 
[1984] have contributed to a better under
standing of this hydrothermal system, but al
most all temperature and heat flow observa
tions have been limited to the permeable cal
dera fill and Bishop tuff lying above the 
Sierran basement. Evidently, these layer, sup
port a complicated hydrologic flow regime 

.. that involves both forced and free com t'ction. 
Temperature measurements obtained v. ithin 
the upper 300 m of sedimentary fill indicate 
purely conductive heat flows of 4 HFl· near 
the western rim and center of the caldera 
and only 2 HFU near the eastern rim [La· 
chtnbruch et al., 1976a). where I HFU = I 
jLCal cm -2 s -I. The regional background heat 
flow was estimated by the same authors to be 
1.5 to 2 HFU. However, conductive heat flow 
represents the least important mechanism for 
removing heat from the caldera. If the heat 
loss associated with groundwater flow into 
creeks and springs is included in the esti· 
mates, the total loss rate climbs to an average 
over the caldera of 10-16 HFU [Lachtnbruch 
et al., 1976a; Sorry and Lewis, 1976). Interpret
ed in the context of the simplest steady state 
model of Lachtnbruch and Sass [1977), this 
large heat loss rate implies a depth to magma 
of about 5 km, which is consistent with recent 
seismic modeling. It has been argued that a 
significant fraction of the total heat flow of 
10-16 HFU might be associated with very 
shallow sources in the caldera [Blaclcwell. 
1984). In this case, the contribution from any 
large body of underlying magma would nec
essarily be somewhat less than the total value, 
implying depths somewhat greater than 5 km 
in a time-independent system. 

In reality, there is little reason to expect 
that either a magmatic heat source or the 
overlying hydrothermal zone behaves in a 
time-independent fashion. A more realistic 
model of the heat source would involve peri
ods of injection of new magma into the 
chamber, interspersed between periods of re
pose during which the magma is cooling 
down. Thus, for example, the temperature of 
the magma source might be approximated by 

a "saw tooth" periodic function. For such a 
periodic source the heat flow can be signifi
cantly less than for a time independent heat 
source located at the same depth. Figure I il
lustrates the time·dependent variation of 
temperature ~ith depth when a saw tooth cy
cle of 2 x 10' years is assumed. Initially, 
magma injection occurs at the beginning of 
the cycle, causing the source temperature to 
increase linearly with time. The dashed curve 
in Figure I is indicative of the temperature in 
the conductive layers above the magma 
source when it has reached its maximum tem
perature (850°C) at the end of the injection 
period. During the cooling phase of the cycle 
(here, the last 90%), the source temperature 
slowly decreases to a minimum of 500°C. The 
solid curve in the figure illustrates the tern· 
perature profile at the time when the source 
has cooled to its minimum temperature. (For 
comparison, a plot of the geothermal gradi
ent, 35°C/km. which corresponds to about 1 
HFU, is provided.) The average heat flow 
reaching the surface is only about 6 HFU, 
just one third to one half of the total rate of 
heat loss from the caldera. For a given heat 
flow, the depth of the heat source will be de
termined by the ratio of the heating time to 
the cooling time in a cycle, as well as by the 
total temperature variation over one cycle. 
The thermal model presented here is a rea
sonable one that supports the concept of rea
sonably shallow magma characterized by a 
moderate heat How. Of course, the model is 
not unique, and the final test of this and oth
er models will be found bv observing the 
thermal gradient in a deep well drilled into 
the Sierran basement. 

Drilling and Downhole 
Experiments 

A possible drilling program and anticipated 
lithologies are shown on the left and center 
portions of Figure I. Tentative plans call for 
drilling to 6000 ft (-1829 m) in fiscal year 
(FY) 1987; to 12.000 ft (-3658 m) in FY 
1988; to 15,000 ft (4572 m) in FY 1989; and 
as much deeper as makes sense until FY 
1991. Casing would be set at each step-down 
point during the first 3 years. Initial diameter 
would be about 30 in. (76 cm), and bottom 
hole diameter would be perhaps 6 in. (15 
cm). Immediately at the end of each phase of 
drilling, a small core drilling rig would be 
brought on site, and approximately 200-300 
ft of slim core would be returned (size PQ: 
core diameter = 3.3 in. (8,4 cm); hole diame
ter = 4.8 in (12.2 cm». This part of the well 
would then be left uncased for a year, until 
the next phase of drilling, for scientific ex
periments. Perforation of the casing at vari
ous levels would be considered for fluid sam
pling. Cuttings from the drilling operations 
would also be retrieved. While the staged ap
proach is more expensive in total than drill
ing the entire well at once, budgetary con
straints make a one-shot drilling operation 
impossible. Moreover, tbe staged approach 
makes the systematic collection of data at 
ever-increasing depths possible. as well as 
providing time for the construction of pre
liminary hypotheses to be tested in the suc
ceeding stages of drilling. In addition. experi
ments can be planned more carefully as 
depths increase, allowing more flexibility and 
time to solve unanticipated problems. As dis-
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Fig. 1. Proposed drilling program. anticipated lithologies. and possible deep tempera
ture profiles. On the left part of the figure is shown a possible drilling and (schematic) cas
ing program for the well with a total depth of 20.000 ft (-6 km). Depth is shown in kilome
ters on the left axis. and time is shown down the right side of the well profile. The two 
deepest wells to date within the caldera (Mammoth 1 or MI. near the Casa Diablo Hot 
Springs. and the Republic Geothermal well or RG. in the southeast moat) are shown as the 
lines in the upper central part of the casing diagram. In the middle part of the figure is 
shown a possible lithology that the well could en! ounter. On the right side of the figure. at 
the top. is the temperature profile observed in well Mammoth I; attached to it are several 
possible temperature profiles. as described in the text. 

cussed in the introduction. it is very clear that 
a deep borehole is needed in the near future 
to validate the analyses based on surficial data 
and to provide answers to fundamental ques
tions on the nature of physical processes in 
the magmatic environment. It is clear from 
the current work that the 2-km-deep caldera 
fill substantially obscures the basement struc
ture and prevents the detection and analysis 
of the more subtle structural. physical. and 
chemical contrasts within the basement. Ex
periments in the first well will include 

• Deep borehole seismic observations. with 
either the source or the receiver (or both) be
low the obscuring effects of the caldera fill. to 
establish accurately the location and extent of 
nearby magma; 

• Thermal and heat flow measurements 
deep into basement to detect the thermal sig
nature of the magma; 

• Fluid and gas sampling at depth to estab
lish chemical conditions in the magmatic envi
ronment; 

• Electromagnetic and hydrologic observa
tions deep within the basement to establish 
the location and extent of magma; 

• Measurement of in situ stress to establish 
the physical condition of the magma and its 
environment. 
With these data. it will be possible to site pre-

ci,,~ly other deep wells. which may. in the fu
ture. actually penetrate into the magma for 
sampling purposes. Data obtained from the 
near magmatic environment. without the 
complications related to the overlying caldera 
fill and hydrothermal system. are the only 
data that can provide an accurate definition 
of the magma body and its surrounding envi
ronment. 
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