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Introduction

While a great deal of attention has been fo-
cused on inferring conditions within deep
magma reservoirs, much of the action in
terms of magmatic processes such as degas-
sing, explosive fragmentation, and Auid/melt
interaction occurs at depths of a few hundred
meters to a few kilometers. Our understand-
ing of whathappens to magma in this impor-
tant subvolcanic regime is primitive and in-
consistent. For example, eruption models as-
sume that magma is a chemically closed
system during ascent, but geochemical mod-
els tacitly assume it is an open system (but”
only to H20 and perhaps a few other volatile
components). Thermal models are well devel-
oped but untested. The extent of magma/
wallrock/uid interaction is unknown. Yet we
must understand the processes in this regime
not only 10 understand the mechanisms of
<xplosive eruption and hydrothermal circula-
Uon but 1o correctly interpret.evidence of the
deep plutonic conditions as well. -

The only way 10 address these problems
properly is by direct observation of young
subvolcanic intrusions. Fortunately, much of
the required information can be obtained
with standard drilling and coring techniques
at costs similar to surface geophysical obser-
Vations. Samples and conditions in the intru-
sive environment record the fesponse of
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Cover. Coring through a 600-year-old _
obsidian flow near Long Valley Caldera,
Calif. This hole, the first of a series to
Probe the subvelcanic environment of the
Inyo Domes chain, penetrated 55 m of

ow and bottomed at 152 m in precaldera
andesite. (Photo by J. C. Eichelberger. See
article, “Research Drilling at Inyo Domes,
Long Valley Caldera, California,” by J. C.
Elchclbcrger. P.C. Lysne,and L. W.
Yonker))
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magma and host to Tapidly changed pressure
and temperature conditions on.a time and
size scale that cannot be duplicated experi-
mentally. Among the unique kinds of data
that drilling can provide are temperatures in
and near a cooling intrusion, composition of
pristine intrusive glass representing magma
quenched under known load. and the struc-
ture and composition of the intrusive portion
of a system for which the eruption history
and eruption product composition are well
known. In the areas of mechanical effects of
intrusion and mass transfer between magma
and host, drilling can provide a far higher
quality of data than sampling of exposed fos-

—sil systems through the generally greater con-
tinuity of the section sampled and the knowl-
edge that the intrusion and its environment
have been unaliered by subsequent, unrelat-
ed geologic events.

A program of research drilling has begun
at the Inyo Domes volcanic chain which cuts
north-south across the northwest rim of Long
Valley Caldera (Figure 1). The youngest fea-
tures of this chain (four magmatic vents, at
least six phreatic vents, and associated normal
faults) are believed to be the surface expres-
sion of a dike or system of dikes which s at
least 8 km long and was emplaced approxi-
mately 600 years ago [Miller, 1983] (Figure
2). During October 1983, a vertical 150-m
hole was cored through Obsidian Dome,
northernmost of the young magmatic vents.
Work is now underway on a 600-m slant core
hole to intersect the conduit which fed Obsid-
ian Dome and a 1000-m slant core hole to in-
tersect the Inyo Dike between Obsidian Dome
and the Glass Creek Flow. Additional holes,
both inside and outside the caldera, have

been proposed for subsequent years. -

Both the drilling and supporting research
are funded by the Office of Basic Energy Sci-
ences of the U.S. Department of Energy
(DOE). As an investigation of_ processes of
heat and mass transport in an anomalously
hot region of the earth’s crust, this effort rep-
resents part of the national Continental Sci-

entific Dnlling Program (CSDP:. Invo drilling
was initiated under a proposal for shallow
drilling at Long Vallev, Valles Caldera. and
Salton Sea submitted o DOE 0 1us3 by four
DOE labs The broader program described
here is an outgrowth of the inital shallow
dnlling etfort and resulted trom a proposal
submitted to DOE in 1984 by a consortium
consisting of three national laboratories. the
U.S. Geological Survev. and five universites.
Participants are listed in Table 1.

Scientific Objectives

7

The Invo chain is particularhy well suited
for research drnilling for a number of reasons:
(1) Although dike propagation is thought to
be the dominant mode of magma movement
in the subvolcanic regime (Pullard et al.,

1983]. at very few sites can the positon of a
young dike be as well constrained from sur-
face evidence as at Invo Domes (2) As the
most recent rhvolitic magmauc event in the
western United States, the intrusion should
be neither thermally equilibrated nor the
glass of the intrusion hydrated. 3) Because
the Invo Chain cuts across the structural
boundary of the caldera, the dike is emplaced
in (wo contrasting environments pertinent to
consideraton of continental volcamsm One
is thick, porous. permeable. and water-satu-
rated volcanic_pile represented by the caldera
fll. The other is silicic crvstalline basement,
represented by Sierran granitic rocks. (4) Fi-
nally. the dike is the-most recent leak from
the evolving Long Vallev Caldera magma sys-
temn [Bailey et al., 1983] and an accessible ana-
log 1o intrusions which may be forming now
at greater depth beneath the seismically and
tectonically active southwest caldera moat and -
the resurgent dome {Hermance, 1983].

The scientific objectives for drilling the T~
Inyo system are to characterize and compare
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Fig. 1. “Generalized geologic map of
the Inyo Chain and vicinity, showing loca-
tions of cross sections. The three largest
domes and the small dome on section 111
are thought to have erupted during the
most recent event [Miller, 1983].
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neath the contemporaneous phreatic craters.
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Fig 2. Cross section along the Invo trend. The postulated Invo Dike reaches the surface

at Obsidian Dome. the Glass Creek Flow, and Deadman Dome and the near surface be-

Dunn. unpublished data, 1984) show that if
the dike is 10 m or more wide and cooled
dominantly by conduction, then magmatic
heat will still be detected only a few hundred
meters below the top of the basement and
“will have diffused outward approximately
500 m.

Observation of retained magmatic volatile
content in the glassv chill zone will provide
new information on how magmas degas.
Through solubility data for various volatile
species, vapor pressure at the time the svstem
chemically closed can be inferred from vola-
tile concentration and compared with the
known lithostatic load. By sampling chill
zones at multiple depths. the pressure (depth)
dependence of degassing behavior can be de-
termined. Alternatively, if no degassing oc-
curs except by explosive fragmentation, vola-
tile content will be independent of depth. For
magma under lithostatic load at 1000 m, the
solubility of water in melt is an order of mag-
nitude higher than water contents observed
in Obsidian Dome. Although it might be ex-
pected that degassing would result in water
contents near the solubility curve. in fact
equilibration with surface conditions (0.1
MPa) extends to at least 100 m (2 MPa) [E:-

the thermal. chemical. and mechanical behav-
ior of magma in the contrasting environ-
ments of caldera fill and crvstalline basement.
In discussing how these objectives are to be
achieved, it is useful to consider the zones
that should be penetrated by a core hole
slanted into a conduit or dike. The intrusion
itself should consist of an outer quenched
glassy zone and a cryvstalline interior. while
the host can be divided into a far-field undis-
trubed zone and a near-field disturbed or
contact metamorphic zone. The importance
of sampling and analvzing the undisturbed
host is that it represents initial. pre-intrusion
conditions. The contact metamorphic zone
represents host material altered by the intru-
sive event. Processes contributing to these
changes mav include dike propagation. rapid
heating to high termperature. and circulation
of hot Huids of magmatic or meteoric ongin.
The next zone to be encountered will be
the quenched. glassy outer portion of the in-
trusion. This matenal is of special importance
because it records the state of the magma in
—terms of phase assemblage. phase composi-

Perhaps the most basic observations to be
made in the dnll holes are the position and
orientation of intrusions relative to their sur-
face volcanic expression The model to be
tested, but which we are confident enough
about 10 use as a basis for siting the-holes, is
that a long, near-vertical dike extends up-  _
ward to shallow depth (few hundred meters)
and joins large-diameter conduits which con-
tinue to the surface at the magmatic vents
[Muller, 1983, Fink and Pollard, 1983). Infor-
mation about the size and structure of the
dike and conduits will provide insights into
the eruption process, since the erupiion his-
tory at the surface is well known. Likewise,
surface geochemical data will be compared
with composition of the intrusive portion of
the svstem. It is usually assumed that. given”
sufhcient care in sampling, samples collected
at the surface from eruption produgs are a
faithful representation of magma chemistry
in the parent chamber, with the exception of
gases lost during eruption. This concept, al-
though universally used, has never been test-
ed. Processes that may lead to differences be-

'

tion, and bulk composition including volatile __ tween the extrusive and intrusive portion of a

content at the ume of intrusion. It will differ
from surface samples because it was
quenched while under substanuial pressure
and from the quenched margins of exposed
fossil intrusions because it is suthciently
young that it has not been contaminated by
meteoric water through hvdration-In terms
of geochemical observations, the data should
be comparable to what could be gained by
coring into an active magma body. ~

As the drill penetrates deeper into the in-
trusion it will encourter magmatic material
which cooled more slowd, with the result that

- higher crystal content and lower glass content

should be expected. Important factors con-
trolling erystallization behavior are hikelv to
be retained magmatic volatile content and
cooling rate, and these will vary with depth
and distance from the contact. In order to
gain maximum information on intrusion ge-
ometrv and the character of each zone. holes
will be planned so as 1o completely penetrate
their magmatic taTgets.

system include vapor transport during degas-
sing and magma-wallrock interaction. In ad-
dition, batches of magma may remain un-
changed during ascent, but tapping of a
.zoned chamber or mixing of magmas from
different chambers mav result in changing
compusition with time during eruption and
lead 1o differences betweeen the extrusive  _
and intrusine portions of the sytem [Bailey et
al., 1976, 1983].

Another very basic observation to be made
is temperature. High temperatures due ulti-
mately to magmatic heat have been observed
at depth in many areas but not where the
heat could be attributed to a single, well:de-
fined intrusive event. Observations of elevat-
ed temperatures dueto individual magmatic
events are limited to extrusive bodies. Drilling
the Tnvo svstem will provide an opportunity
to directly observe the cooling process and to
determine the relathve roles of conduction
and convection in two environments of con-
trasting permeability, Calculations (J. C.

chelberger and Reece, 1983]. While degassing to

-1 atmosphere water vapor pressure is certain-
ly not expected to extend to depths of 500 or
H000 m, glasses at these depths may be sub-
stantially water undersaturated (at magmatic
temperature) if the magma behaves during
ascent as a stiff, permeable foam.

The problem of dike emplacement will be
investigated in detail. Fracture experiments
will be used to characterize current conditions
in the vicinity of the dike in terms of joint
orientation and stress orientation and magni-
tude. Evidence for the mechanism of dike _
propagation is provided by fractures and oth-
er mechanical damage near the dike. Predic-
tions of fracture distribution from existing
dike propagation models (Pollard ¢t al., 1933)
can be compared with actual fractures
mapped from core examination and bore
hole televiewer studies. which mav also reveal
pathways of fluid flow relevant to the geo™
chemical and thérmal investigations.

Processes-of mass transport within the dike
and between the dike and its host will be in-
vestigated largely through trace element and
isotopic techniques. The isotopic composition
of oxvgen and hydrogen is a sensitive indica-
tor to processes involving water. such as mag-
matic degassing and interaction between me-
teoric water and magma [e g, Tavlor et al.,
1983]. The isotopic contrast between Sierra

“basement and Inyo magma for Sr and Pb iso- -
topes will provide a sensitive test of the ex-
tent of assimilation [e.g., Doe et al., 1969: Lip-
man et al., 1978]. The glassy margin of the in-
trusion represents magma subjected to an
extreme temperature gradient and provides
an-opportunity to test current ideas about
thermally driven diffusion (Soret effect} and
its role in development of highly evolved silic™
ic magmas by looking for gradients in rare
carth element concentration.

Finally, the holes will be"used 1o test and
refine application of geophysical techniques
to volcanic terranes. Deep drilling in the
CSDP thermal regimes effort will rely heavily
on geophysics for definition of magmatic tar-
gets, vet these techniques are largely untested
due 10 limited drilling of magmatic features.
Both electrical and seismie reflection surveys
will be run across the dike trend inside and




TABLE |.

Eos, Vol. 65, No. 39, September 25, 1984

Institutions and Investigators Currently involved in the lnvo Drilling Program

Institution

Inmvesugators

Investigauons

Lawrence Berkeley Laboratory
Lawrence Livermore Nauonal Laboratory

Los Alamos National Laboratory

Sandia Nauonal Laboratories

U.S. Geological Survey

Arizona State University

Brown University

Michigan State University _

Stanford University -
Canadian Geological
Survey

A.F. White

N. R. Burkhard.

P. W. Kasamever

L. W Younker

J. N Albnght FLE. Goff
H. D Murphy

C. R. Carnigan. }J. C. Dunn,
J € Eichelberger.

T. M. Gerlach, P. C. Lvsne
R. A. Builev, C. D. Miller

J H Fink

J. F Hermance
T. A Vogel
D.
B.

D. Pollard
E. Tavior

Auid geochemistry

setsmic reflection.
thermal chemical
relatonships

fracturing experiments

volaule geochemistry,
thermal modeling

petrology geochemistry

structure

eleciromagnetiesurvey

thermal chemical
relationships

structure

H. C. O isotopes

- *Combined list from interlab shallow dnlling proposal and interagency Invo proposal.

outside the caldera. Results will be compared
with "ground truth” from the core holes.

Program Evolution

Intersecting a subsurface intrusion with a
drill hole is not a trivial problem. however
unambiguous the surface evidence. There-
fore. the drilling program will be developed
with holes of increasing depth, cost. and tar--
get complexity so that results from each hole
can be used in design of the subsequent hole.
Work was initiated outside the caldera be- ~
cause of ease of access and target definition,
relative conceptual simplicity of the geologic
environment. favorable drilling conditions
due to expected hole stabilitv in granite, and
greater hkelihood of encountering residual
heat from the intrusion at shallow depth due
to expected low permeability of the environ-
ment. Work within the caldera is planned to
lag work in the northern part of the chain by
approximately 1 vear. Table 2 shows current
drilling plans, which are, of course. subject 10
revision based on drilling results and funding
constraints. The present project will culmi-
nate with two deep (3-km) holes into the
dike. one inside and one outside the caldera.
The‘ more immediate goal is to intersect the
Obsidian Dome conduit and the northern
part of the dike at approximately the 300-
and 1000-m levels, respectively. In the re-
mainder of this section, we describe the com-
Pleted 150-m Obsidian Dome hole and the
conduit and dike holes which are in progress.

The first hole was conceived as a relauvely
low-cost shallow vertical hole to investigate
Structure and chemistry of the Obsidian

e. The hole was also intended 1o address
the problems of wire line diamond coring in
the ﬂqw and underlving stratigraphs in order
to design properly the later, more expensive

oles. A site near the southern distal end of
the flow was chosen because the second hole
will Penetrate a proximal section of the flow
’Te intersecting the conduit. Comparison
of the flow sections sampled by these two
O?Ies will permit investigation of the effects
surface flowage on Aow strutture, bubble
g":‘“h or collapse, and degassing. and of
”UC’LS.CS In magma chemistry with time. A
the 1y Mounted wire line diamond core rig of
YPe commonly used in hard rock mining

was emploved. Coring was required to meet
the scienufic objecuves of the hole Further,
convenuonal rotary drilling that relies on re-
turn Huid flow to bring cuttings to the sur-
face would have been impussible in the highly
fractured dome. Bovles Brathers of Reno
spudded the hole on October 20, 1983, and
completed it on November 4 at a total depth
of 152 m. The hole was cored NC (93-mm di-
ameter) to 124 m. cased NX to 122 m. and
then cored NX (76-mm) to 152 m. Surpns-
ingh ., littde difhiculty was encountered pene-
trating’ Obsidian Dome. and recovery aver-
aged 90% (close to 1007 in the unfractured
interior), even though drilling proceeded
without circulation. The cost was about $170.
m of which $36.m was drilling fuid. The
only significant drilling problem was an un-
stable hole in the nonwelded Bishop Tutl.
which eventuallv necessitated casing. The
hole terminated in precaldera andesite. Major
scientific results concerning the flow were ab-
sence of a basal vesicular zone postulated
from surface observationst[Fink. 1983} a
coarselv vesicular zone was encountered at
14.5-21.5 m), evidence-of nearly complete
degassing to one atmosphere water vapor
pressure [Ewhelberger and Westnch, 1984}, and
large variations in concentration of certain
trace elements (H. W. Stockman and H. R.—

TABLE 2.

Westrich. unpublished data. 1984) These re-
sults will be reported in a subsequent techni-
cal paper. Of interest here 1s that the hole
demonstrated the practicalitv of small coring
rigs as a research tool for probing the Inva_
environment. -

Plans for the conduit and dike holes are
based on these results and are shown sche-
maducally in Figures 3 and 4. Both holes are
being drilled by Tonto Dnlling Company of
Salt Lake City, Utah. The primary objective
of the conduit hole is to provide the first
samples of the intrusive portion of the Invo
systemn at its most easilv accessible puint. At
the projected depth of intersection of the
conduit of 430 m. significant differences -
from surface samples in terms of degassing
and cryvstallization behavior should alreads be ~
apparent. Additional important observations
will be the size and structure of the conduit
and the nonvolatile chemical composition rel-
ative to tephra and flow samples

The position of the conduit 1 well ex-
pressed topographicalh_byv the vent region of
the flow. The vent region is a 500 x 800-m
area of smooth. vertically projecting spines
which is elongate along the trend of the Invo
chain and rises 30 m above the general fow
surface. The drnill site is a butldozed area
within a pumice claim on the Aow just west of

Invo Research Holes

. Glass Creek Area _

Deadman-Invo Area
(Inside Caldera)

Year (Outside Caldera)
1983 150 m vertical core hole, )
(completed) Obsidian Dome ) - -
1984 600 m slant core,_ -
(in — Obsidian Dome conduit -
progress) B 1000 m slant core, -
- dike at Glass Creek
1985 - _ two 500 m temperature — 1000 m slant core,
(proposed) gradient holes near dike .
dike —-
) - one 150 m seismic observa- _
tion hole for fracture” -
experiments = .
1986 two 500 m temperature
- gradient holes near ~
B - dike
1987 3 km hole
1988 - - _ = 3 km hole -




the vent region. Advantages of this site are
case of access for equipment and favorable
geometry for intersecting the conduit from
the side by a slant hole. A hole from a more
central location in the vent area might simply
travel down the funnel-shaped vent without
intersecting the quenched margin. A more
distant hole would be more expensive and
might miss the target altogether. On the basis
of observations of exposed fossil conduits, the
target is expected to be large (>100 m), par-
ticularly in the north-south direction, relative
to possible lateral deviation of the hole. Cor-
ing of the entire hole is planned. and the
hole should be completed by late summer.

With the exception of being slanted. the
hole into the conduit of Obsidian Dome (Fig-
ure 3) should be similar to last vear's verucal
hole. Since the conduit hole is deeper. the
initial hole size will be larger, thus allowing
for more casing steps should they be re-
quired. A Bureau of Land \1anagement per-
mit requirement for drilling in geothermal
areas is that a casing be set at least at 10% of
the final hole depth or at 61 m (200 fu) in this
case. After installation and testing of blow-
out-preventer equipment, coring ahead will
continue through the andesitic Hows at a hole
diameter of 96 mm. A second string of casing
may be set when granite basement is reached.
If the hole is stable through the granite and
conduit material, the remaining hole will be
open and will be 76 mm in diameter. Two
addiuional coring steps are possible should
the hole prove 1o be unstable.

The dike hole will be spudded immediately
following completion of the conduit hole.
This hole will formally begin the interagency
Invo effort and will involve the full range of
scientific investigations outlined earlier in this_
article. The hole will be sited near Glass
Creek, where there is the closest spacing of
Inyo vents. The site lies between Obsidian

-Dome and the Glass Creek Flow and just east
of twe phreatic explosion craters and one

. small cratered dome (Figures 1 and 4). Be-

cause the dike is expected to be near vertical
and trend north-south, the hole will be slant-
ed’in the east-west plane so as to laterally tra-
verse the expected zone of intrusion. If the
dike is inclined, it most likely dips to the-east
as the nearby Sierran f{rontal fault (Hartey
Springs) dips 1o the east. Therefore the cho-
sen drill site is east of the expected dike posi-
tion, andthe hole will dip to the west. The
strongest local alignment of features, and
therefore the best indication of the position
of the underlying dike segment. is formed by
a phreatic crater (which we will call Dry Cra-
ter) elongated north-south and located just
south of Glass Creek; a presumed crater in- —
tersected by the first hole: a long, narrow-
ridge of spines extending southward from
the main vent area of Obsidian Dome; and -

. the central depression of the vent area. Hole

geosnetry has been chosen so that the mid-
point of the hole will pass directly undes Dry
Crater and penetrare the Hartley Springs
Fault at a point dowa dip from the small
dome which erupted-on the fault. An upper
limit on the dip of the fault is taken to be
‘80°E (R. A. Bailey, unpublished data. 1984),
and the hole will be designed to reach the
fault in this worst case. The hole should thus
intersect structures related to at least one and _
possibly two phreatic craters, one magmatic
vent, and a major, active tectonic feature.
The design of the dike hole is similar to the
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conduit hole, except that core will not be tak-
en in the first ~150 m.

The dike hole is scheduled for completion
in fall 1984. Results of core and borehole in-
vestigations will be used to site an array of
shallow holes for seismic and further tem-
perature observations and to plan a similar
experiment inside the caldera.

Borehole Logging and
Instrumentation

The standard suite of logs (electric, nucle-
ar. sonic, and temperature) logs will be run

on the conduit and dike wells. In additon.
the holes will be surveved to accurazely locate
the conduit and dike as well as to provide in-
put data for borehole to surface and borehole
to borehole geophysical experiments. Owing
to the size of the hole, slim hole logging tools
(~50 mm) will be required. Also. the tools
will have to be calibrated to obtain rock pa-
rameters (porosity, density, etc.) from the
measured values of resistivity. neutron. and
gamma transport parameters and sonic veloc-
ities. In addition to this work, some nonstan-
dard downhole measurements will be made,
and three are mentioned below.
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A knowledge of the in situ stress is re-
quired to generate models for the intrusion
of magma into overlying rocks. If hole condi-
tions permit, classical hydraulic fracture tech-

Author’s Note

The conduit of Obsidian Dome was inter-
sected at a slant depth of 487 m on Septem-

niques can be used to determine these pa- ber 6.
rameters. However, the traditional assump-
tion that the maximum principal stress is Acknowledgments

vertical is not likely to be valid in the vicinity
of the dike. Thus a combination of experi-
ments will be performed. They include an ac-
curate calipering of the hole using a borehole 1. The Inyo program is possible because of
televiewer and a monitoring of the strain re-  the interest on the part of members of the
liet of oriented core specimens. Both of these  Office of Basic Energy Science of the U.S.
techniques have been demonstrated in recent  Department of Energy in Continental Scien-
work [Bell and Gough. 1983 Teufel, 1983]. tific Drilling. This work was supported by the
Triaxial geophones will be cemented into U.S. Department of Energy at Sandia Nation-
outlving shallow holes (Table 2) to monitor al Laboratories under contract DE-AC04-
acoustic emission due to fracture propagation 76DP00789 and at Lawrence Livermore Na-
during two different fluid injection experi- tonal Laboratory under contract W-7405-

This report summarizes the combined ef-
forts and plans of geoscientists listed in Table

ments. The first experimemnt involves injec- Eng-48.

uon of dilute acid into the well in order to in-

duce slippage of preexisting-stressd joints. )
References

This will permit mapping of joint orientation
in the vicinitv of the dike well bevond the
bore hole. The second experiment, men-
tioned previously, involves observation of the
orientation of fractures formed during injec-
tion of fluids at high pressure and hence the
orientation of the present stress field near the
dike.

Bailey, R. A., G. C. Dalrymple, and M. A,
Lanphere, Volcanism, structure, and geo-
chronology of Long Valley Caldera, Mono
County, California, J. Geophys. Res., 81,
725-744, 1976.

Bailey, R. A., R. A. MacDonald. and J. E.
Thomas, The Invo-Mono Craters: Products

A significant contrast in resistivity may exist
between the dike and its surroundings. The
dike may be significantly less resistive than
the crystalline basement if it is porous due to
vesicularity or thermally induced fractures.
Similariv, high fracture density in the base-
ment adjacent to the dike may make the vi-
cinity of the dike less resistive than the far
field. The downhole electrical experiment
will consist of a vertical magnetic induction
coil used in conjunction with an active source
at the surface. It allows determination of for-
+nation 1o surface electrical resistivities away
from the borehole and will be useful for both
calibrating surface to surface electrical mea-
surements and for “stripping-off” the eflect
of surficial geology from the signatures of
deeper structures. In addition, a number of
vertical profiles-will be run in each drill hole
for a variety of different source field loca-
uons and configuratiogs. This allows dis-
crimination among the effects from struc-
tures 1o the side of-the drill hole, the forma-
ton wself, and structures below the drill hole.
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