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Abstract

The main and catastrophic phase of eruption in
Long Valley occurred 0.73 m.y. sgo with the eruption of
over 600 km?® of rhyolitic magma. Subsequent collapse of
the roof rocks produced a caldera which is now elliptical
in shape, 32 km east-west by 17 km north - south. The
caldera, like other large Quarternary silicic ash-flow vol-
canoes that have been studied by various workers, has a
nearly coincident Bouguer gravity low. Earlier interpre-
tations of the gravity anomaly have attributed the entire
anomaly to lower density rocks filling the collapsed struc-
ture. However, on the basis of many additional gravity
stations and supporting subsurface data from several new
holes, & much more complex and accurate picture has
emerged of caldera structure. From a three-dimensional
inversion of the residual Bouguer gravity data we can
resolve discontinuities that seem to correlate with exten-
sions of pre-caldera faults into the caldera and faults
associated with the ring fracture. Some of these faults
are believed related to the present-day hydrothermal
upflow zone and the zone of youngest volcanic activity
within the caldera.

Introduction

The Long Valley caldera in east-central California
lies near the topographic margin of the Sierra Nevada
batholith and the Basin-and-Range geomorphic province
(Fig. 1). Scattered volcanism in the area began in the
Pliocence and culminated in a major silicic ash-flow erup-
tion about 0.73 m.y. ago when over 600 km? of ejected
magma produced the Bishop Tuff (Bailey et al., 1976;
Bailey, 1987). Collapse of the roof rocks over the evacu-
ated magma chamber followed by volcanic resurgence has
resulted in an elliptical caldera measuring 32 km east-
west by 17 km north-south. Volcanism has continued up
to the present; the youngest lava domes of the 45-km-
long Inyo-Mono chain in the western part of the caldera
are only 600 to 700 years old. On the basis of the ages of
volcanism and drill hole results, some holes drilled to
6000 feet, the highest rock temperatures and the source
of the thermal waters are in the western part of the cal-
dera. The hydrology appears to be complex and is not
fully understood (Sorey, 1987). The general picture
shows that thermal waters (220-230°C) ascend along
major faults/fracture zones associated with the ring-
fracture system of the west moat, and enter permesable
zones within the Bishop Tufl and the overlying, post-
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caldera early rhyolites. The thermal waters then flow
mainly to the east, mix with cold meteoric water, and
emerge at a number of hot springs at the south and east
margins of the resurgent dome. There is no evidence that
any of the drill holes has intersected an upflow zone, but
a model derived from the hydrogeology and a 3-D gravity
interpretation shows evidence for faults that might be
principal conduits for the thermal waters.

Gravity Inversion

The gravity set used for the 3-D modeling consists of
2026 station readings obtained from the U.S.G.S., and
another 473 station readings that were made available to
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Figure 1.
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Bouguer anomaly (Fig. 2) was obtained after a regional
correction to the data was made by applying the ‘“best-
fitting'' Airy-Heiskanen isostatic model (Carle, 1987).
Because crustal amd mantle densities are not likely to be
uniform and the crust may not be entirely compensated,
the isostatic connection is at best a good first approxima-
tion for the regional effect.

Similar to the gravity anomalies observed over other
young, ash-flow volcanic calderas, Long Valley exhibits a
gravity low whose margin closely matches the topo-
graphic boundary shown as the dashed line in Fig. 2.
The low of up to -48 mGal is attributed to the lower den-
sities of the caldera-filling volcanics and sediments. Kane
et al. (1976) and Abers (1985) modeled the intracaldera
gravity variations by means of 1-D and 2-D methods,
respectively, and attributed the gravity changes entirely
to variations in the thickness of the caldera fill. The
shape of the caldera was generally defined by seismic
refraction profiles (Hill et al., 1985).

In this paper we discuss an attempt to model the
residual Bouguer gravity data three-dimensionally to
account for the complexities in structure and distribution
of rock types. To do this the earth was represented as a
grid of rectangular prisms, each measuring 1.4 km on a
side and extending from the mean surface elevation to a
reference depth, Each prism is composed of a number of
lithologic units based on known geology (Bailey and
Koeppen, 1977). Each unit is assigned a constant density
based on published bulk densities determined either from
direct measurements on surface samples and cores or
indirectly from well logs (Abers, 1985). To be determined
are the thicknesses, t,,y, of unit k at all grid rectangles,
i,j (Fig. 8). The lateral extent of unit k is described by
non-zero values of a 2-D array of the parameter t, , and
a file for each unit was created on the basis of drill hole

Figure 3. Simplified diagram of model geometry.

lithologies and the surface geology (Bailey and Koeppen,
1977). Fortunately, we had lithologic information for all
the holes shown in Fig.1, except OLV-1. These data pro-
vided constraints for both the lateral extent of some units
and the thicknesses of specific units within the grid
blocks where the holes are located. The grid rectangle
size of 1.4 km, which is the lateral resolution of the
model, is too coarse to resolve small features. However,
grid size is a reasonable compromise between resolution,
accuracy and computer time. The grid size is large
enough so that at least one gravity station lies within
most rectangles, yet small enough to resolve major cal-
dera features.

The vertical gravitational field on the surface at the
center of each prism is calculated by summing the contri-
butions from every element in the model. To reduce the
computational expense by at least a factor of six while
maintaining a level of computational accuracy well within
the limits of uncertainty of model parameters, the
prismatic elements are approximated by cylindrical ele-
ments (Kane, 1962). Edge approximation calculations are
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Figure 2.

Residual Bouguer gravity map used in the 3-D inversion. The

contour interval is 2mGal. +'s and x's denote U.S.G.S. and Uno-
cal Geothermal gravity stations, respectively. The dashed line is
the topographic margin of the caldera.
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"needed to account for mass variations outside the grid
boundaries. Units that abut the outer grid boundary are
assumed to extend to infinity with the same thickness as
in the boundary elements of the model. A line mass
approximation was used to calculate these effects, and it
was effective in repressing instabilities at the edge of the
modeled area. The edge approximation contributes less
than 1 mGal at points within the caldera.

Determination of the unit thicknesses was done fol-
lowing an iterative approach introduced by Cordell and
Henderson (1968), but modified to account for multiple
density units and edge eflects. After an initial model is
created, based as much as possible on known geology, the
gravity field, g, is calculated at each grid point.
Because the calculated and observed values will not
agree, the next step is to adjust unit thicknesses to force
a convergence. For a single density-unit Cordell and
Henderson (1968) proposed that a new unit thickness be
found as follows:

o Bobsij
N y Eealei '

where ggp, and gg,, are the observed and calculated
values at grid point ij. After this calculation is made at
all grid points, the gravitational effect is recalculated and
the whole process is repeated. After 3 to 10 of these
iterations convergence is obtained to better than 1 mGal
at every grid point. In the case of multiple units the pro-
cess is modified so that two or more unit thicknesses may
be adjusted at each iteration. Usually only a few units
are iterated at a time, and we normally begin the itera-
tion process by choosing the “key’’ units; those that have
a large density contrast and/or are expected to be thick
and therefore have a large effect on the gravity. After
each cycle of the iteration process we stop to display unit
thicknesses and to make sure they are geologically plausi-
ble before proceeding.

Caldera Structure

Most of the residual Bouguer anomaly can be
accounted for by the Bishop Tuff, early rhyolite lows and
tuffs, and lake sediments. The other pre-collapse and
post-collapse units within the caldera are thin or not
extensive. The total thickness of supra-basement rocks
are shown in Fig. 4. A trench-like thickening of caldera
fill can be traced continuously around and within the cal-
dera margin., There is also a strong asymmetry in the
caldera floor. Caldera £ill in the north and east moat
areas is up to 2.8 km. This feature has been recognized
for some time and explanations have been proposed: (1)
there was a more complete evacuation of the magma
chamber beneath the east moat (Lachenbruch et al.
1076), and (2) the east moat was a topographically lower
area at the time of the Bishop Tuff eruption (Bailey,
1087).

The trench-like thickening within the caldera is

difficult to explain. No models for caldera development
bave been found in the literature that predict this type of

329

Carle

T NS i
4 in 44
e IDEY ,
11 1 3
z "H RN HHES
.hq
O : ity
a8 X ;N It
3 i
F o - fnd
z HH HH s G T T
Qq ERARRRERI
© 1T
[ HE TH T
"j Nt
° °,
m w 18 40'W
Figure 4. Thickness of all caldera fill, including

pre-caldera volcanics. The diagonal line
across the figure is highway 395.

structure. Carle (1987) speculated that the feature may
be structural or may be caused by highly fractured and
lower density rocks extending into basement and associ-
ated with an inner ring-fracture zone.

To examine the ‘“‘ring trench” in the light of addi-
tional geologic data, we show in Fig. 5 the major
northwest-trending faults (Bailey and Koeppen, 1677) and
their postulated concealed extensions (Bailey, 1987). The
two major frontal faults of the Sierra Nevada, the Hilton
Creek (HC) and the Hartley Springs (HS), run into the
caldera from the south and north, respectively, and can-
not be positively identified on the opposite rim of the cal-
dera. The Hilton Creek fault, a reactivated Paleozoic or
Mesozoic structure with a strong normal component,
seems to die out and splinter within the caldera. The
pre-caldera terrain probably consisted of a depressed area
east of the fault and mountainous terrain to the west.
The ancient topography is a possible reason for the asym-
metric structure of the caldera,

The Hartley Springs fault enters the caldera and
merges with the north-south-trending Inyo-Mono chain of
rhyolitic lava domes and connecting dikes that are the
youngest volcanic events recognized in the caldera (600 -
700 y). Within the calders, the extension of the Hartley
Springs fault also correlates with both a mapped graben
and the ring-trench segment of the west moat.

The Fern Lake-Silver Lake (FL-SL) fault zone enters
the caldera at the western rim and cannot be positively
traced further. However, it has been conjectured that
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The same as Fig. 4 but with the addition
of recognized faults from Bailey and
Koeppen (1977). The heaviest solid lines
are the major northwest-trending Sierran
faults, dashed where extended into the
caldera. FL-SL is the Fern Lake-Silver
Lake fault, HS is the Hartley Spring
fault, HC is the Hilton Creek fault, L-C is
the Laurel-Convict fault, and D is the
Discovery fault.

Figure 5.

the FL-SL fault may be related to the Laurel-Conviet {L-
C) fault in the Sierran block to the south (Bailey, 1987).
The connecting transform fault segment between the FL-
SL and L-C faults correlates with the ring trench in the
southwest corner of the caldera and it also correlates with
part of the seismically active area of the south moat
where the dominant motion is strike-slip. Therefore, the
FL-SL and L-C faults may be structurally related and
may have controlled a part of caldera development. The
Discovery fault (D) is a newly recognized fault (Suem-
nicht and Varga, 1987) that trends northeasterly. It too
seems to correlate to a segment of the ring trench. The
results of the 3-D inversion plotted as 2-D cross-sections
across the caldera clearly show the ring trench. Fig. 6. is
an east-west cross-section through the south moat and
passing through hole M-1 at Casa Diablo Hot Springs.
The FL-SL fault segment cuts the section at the major
vertical discontinuity seen at the western margin of the
caldera. At the eastern margin of the caldera, on the
other hand, there appears a set of down-stepping faults
into the ring trench. There is no known major
northwest-trending pre-caldera fault here. Between the
two trenches the caldera fioor is bowed up into a broad
arch.

Fig. 7 is another east-west cross-section. This one
goes through the center of the caldera, passing through
boreholes 44-16 and CP, both of which bottomed in pre-
caldera basement rocks. On this cross-section the ring-
trench of the west moat correlates with a mapped graben.
The large thickness of the youngest volcanics intersected
by hole 44-16 and the presence of visible fault scarps sug-
gests that the graben structure has been an active zone
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up to the present time. In particular, the large thickness
of Quaternary basalts and andesites that erupted around
60,000 years ago and the very young rhyolitic eruptions
of the Inyo Craters suggest a zone of east-west extension
which has provided conduits for the ascending magmas.

Fig. 8 is a semi-schematic geologic cross-section of
the western part of the caldera and is controlled by infor-
mation from holes 44-16, PLV-1, SR, and M-1 (Benoit,
1984; Suemnicht, 1987; Wollenberg et al., 1987). The
ring-trench of the west moat may be clearly seen in this
depiction. We can only speculate at this time how these
faults contro! ascending thermal fluids. It is possible that
the main fluid conduits lie to the southwest of this sec-
tion and near the intersection of the Hartley Springs and
Fern Lake - Silver Lake faults.

Conclusions

A 3-D inversion of 2499 gravity readings in and
around the Long Valley caldera was carried out to deter-
mine caldera structure. The inversion shows a highly
asymmetric caldera containing 2 to 2.8 km of caldera fill
east of the Hilton Creek fault zone. Within the caldera
there is a ring trench, a pronounced thickening of the cal-
dera fill, in a nearly continuous concentric zone 2 to 3 km
within the topographic margin of the caldera.

Although there is evidence that the ring trench is
related to a system of faults, how the trench developed is
pot clear. It may have been caused by the following
mechanisms: (1) differential collapse along the ring-
fracture zone in response to ejection of pre-caldera rocks
accompanying the Bishop Tuff eruption, and (2) late-
stage magmatic resurgence, upward arching of the caldera
floor and crustal extension followed by detumescence and
further settling of the caldera floor along the ring-fracture
zone.

In the southwest and western part of the caldera the
ring trench correlates to extensions of major faults that
existed long before the caldera developed. In the west
moat the trench correlates with a mapped graben that
has been a recently active structure and a conduit for
magma feeding the Inyo Craters chain of rhyolitic domes.
The Fern Lake - Silver Lake, Hartley Springs and
Laurel-Convict faults probably controlled caldera
development to some extent. There is evidence from
geology that segments of these faults, particularly at cer-
tain fault intersections, may provide the conduits for
ascending thermal fluids that have been found now in
several holes and which are being produced at the
Mammoth-Pacific geothermal plant located at Casa Dia-
bio Hot Springs.
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Figure 6. An east-west geologic model based on the gravity through the

south moat and drill hole M-1.
cross-section.

See insert for location of - the

LONG VALLEY CALDERA

RESIDUAL GRAVITY ANOMALY

CALCULATED
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NO PLUTONS

Figure 7.
dera and drill holes 44-16 and CP.
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An east-west geologic model through the central part of the cal-




Carle and Goldstein

SE -3
5
1 (7]
> g
‘g T g
©
= >
=5 k]
8 “1 w
g
w
o |
(3 ‘& oy
Legend Honzontal Scale
Cox Deer Mouriar Rhyolle
Oo Pumice ang Proastc Explosion Debrs  OmiJA Horbierde Siotie Rnyoute Flow ° 5 10 15 %10° h
Oc Coruvum Ome3B8  Horrteenge Botte  Anyore Dome .
Ocd  Cass Davio T4 Qe Eary Rh, oMes -
Qat Atuviat Far Deposis Qot Bshog Tult 0 1 ? 3 4 5 &km
e Talus Tv Tertary vokancs UnOwvioed . —
Ca T-ach,ardesite T:i: Whesier Crast Ouartz Morzonde
Ora Trachybasah Pzms Palec 1ok Me'asedwmertary 32 % Vet Exaggeraton
Qo Basaits of Undetermined Atindy Rocks, Und wded
Figure 8. Hydrologic cross-section running NW-SE across the moat area.
References Hill, D.P., E. Kissling, J.H. Luetgert, and N. Kradolfer,

Abers, G., 1985, The subsurface structure of Long Valley
caldera, Mono County, California, J. Geophys. Res.,
90, 3527-3638.

Bailey, R.A., G.B. Dalrymple, and M.A. Lanphere, 1976,
Volcanism, structure, and geochronology of Long
Valley caldera, Mono County, California, J. Geophys.
Res., 81, 725-744.

Bailey, R.A., and R.P. Koeppen, 1977, Preliminary Geolo-
gic map of Long Valley caldera, U.S. Geological Sur-
vey, Open-File Map.

Bailey, R.A., 1987, Relationship between basement geol-
ogy, faults and volcanic vents, Long Valley caldera,
eastern California, paper presented at the Long Val-
ley Caldera Symposium, Lawrence Berkeley Labora-
tory, March 17-18, 1087.

Benoit, W.R., 1984, Initial results from drillholes PLV-1
and PLV-2 in the western moat of Long Valley Cal-
dera, Geothermal Resources Council Transactions, v.
8, p. 397-402.

Carle, S.F., 1987, Three-dimensional gravity modeling of
the geologic structure of Long Valley caldera, M.S.
Thesis, Univ. of California, Berkeley, LBL Technical
Report LBL-23538.

Cordell, L., and R.G. Henderson, 1968, Iterative three-
dimensional solution of gravity anomaly data using a
digital computer, Geophysics, 88, 596-601.

1985, Constraints on the upper crustal structure of
the Long Valley - Mono Craters volcanic complex,
eastern California from seismic refraction measure-
ments, J. Geophys. Res., 90, 11135-11150

Kane, M.F., 1962, A comprehensive system of terrain
corrections using a digital computer, Geophysics, 27,
4, 455-462.

Kane, M.F., D.R. Mabey, and R. Brace, 1976, A gravity
and magnetic investigation of the Long Valley cal-
dera, Mono County, California, J. Geophys. Res., 81,
754-762.

Lachenbruch, AH.,, J.H. Sass, R.J.Munroe, and T.H.
Moses, Jr., 1976, Geothermal setting and simple heat
conduction models for Long Valley caldera; J. Geo-
phys. Res., 81, 769-791.

Sorey, M.L., 1987, Overview of the Long Valley hydroth-
ermal system, paper presented at the Long Valley
Caldera Symposium, Lawrence Berkeley Laboratory,
March 17-18, 1987.

Suemnicht, G., 1987, Results of deep drilling in the
western moat of Long Valley, California, 12th
Workshop on Geothermal Reservoir Engineering,
Stanford, California, January 20-22, 1987.

Wollenberg, H.A., M.L. Sorey, C.D. Farrar, A.F. White,
S. Flexser, and L.C. Bartel, 1987, A corehole in the
southwestern moat of the Long Valley caldera: Early
results, EOS, 68, 20.

332




