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Abstract

We model the source of inflation of Long Valley caldera by combining geodetic and micro-gravity data. Uplift
from GPS and leveling, two-color EDM measurements, and residual gravity change determinations are used to
estimate the intrusion geometry, assuming a vertical prolate ellipsoidal source. The U.S. Geological Survey occupied
the Long Valley gravity network six times from 1980 to 1985. We reoccupied this network twice, in the summer of
1998 (33 stations), and the summer of 1999 (37 stations). Before gravity data can be used to estimate the density of the
intrusion, they must be corrected for the effect of vertical deformation (the free-air effect) and changes in the water
table. We use geostatistical techniques to interpolate uplift and water table changes at the gravity stations. The
inflation source (a vertical prolate ellipsoid) is located 5.9 km beneath the resurgent dome with an aspect ratio equal
to 0.475, a volume change from 1982 to 1999 of 0.136 km3 and a density of around 1700 kg/m3. A bootstrap method
was employed to estimate 95% confidence bounds for the parameters of the inflation model. We obtained a range of
0.105^0.187 km3 for the volume change, and 1180^2330 kg/m3 for the density. Our results do not support
hydrothermal fluid intrusion as the primary cause of unrest, and confirm the intrusion of silicic magma beneath Long
Valley caldera. Failure to account for the ellipsoidal nature of the source biases the estimated source depth by 2.9 km
(a 33% increase), the volume change by 0.019 km3 (a 14% increase) and the density by about 1200 kg/m3 (a 40%
increase).
< 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Modern techniques of space geodesy, such as
the Global Positioning System (GPS) and satellite
radar interferometry (InSAR), now provide data
of a quality, temporal and spatial density not al-
lowed by more traditional geodetic methods. For
example, it is now possible to continuously mon-
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itor volcano deformation (Dixon et al., 1997;
Owen et al., 2000), or record uplift in remote vol-
canic areas (Amelung et al., 2000). Modeling of
the pattern and rate of displacement before and
during eruptions can reveal much about the phys-
ics of active volcanoes (Dvorak and Dzurisin,
1997). This is especially true when studying stra-
tovolcanoes or basaltic shield volcanoes, since
their fast, short-term deformation is well associ-
ated with magma accumulation and eruption
(Tilling and Dvorak, 1993; Ewert et al., 1996;
Voight et al., 1998; Nishi et al., 1999).
Interpreting geodetic measurements may be

more di⁄cult in the case of the slow, years-to-
decades deformation observed at large Quater-
nary silicic calderas (Hill, 1998). This is well illus-
trated by two calderas that have a long record of
measured surface displacement (Fig. 1). The cal-
dera £oor of Campi Flegrei (Fig. 1a) rose 1.7 m
between 1968 and 1972, but subsided 0.22 m be-
tween 1972 and 1974. From 1982 to 1984 the
caldera £oor rose again (the net uplift since
1968 exceeded 3.0 m), then subsided again at a
rate of 1^3 cm/yr without an eruption or clear
evidence of magma intrusion (Martini et al.,
1991; Barberi et al., 1996). Yellowstone caldera
(Fig. 1b) has shown a similar behavior. Uplift of
resurgent domes within the Yellowstone caldera
started sometime after 1923, reaching a total up-
lift of 90 cm; in 1984 the uplift reversed to sub-
sidence at a rate of 1^2 cm/yr (Dzurisin et al.,
1994). Wicks et al. (1998) showed that between
1992 and 1996 deformation in Yellowstone
changed again from subsidence to uplift, with de-

formation migrating from one resurgent dome to
the other.
Several authors have proposed that caldera un-

rest may be caused by aqueous £uid intrusions, or
interaction between the hydrothermal system and
magma intrusions (Dzurisin et al., 1990, 1994;
Bonafede, 1991; De Natale et al., 1991; Wicks
et al., 1998; Orsi et al., 1999). Geodesy alone
cannot discriminate between magma and aqueous
£uid intrusion. Gravity measurements, however,
can constrain the mass of the intrusion. Com-
bined geodesy and gravity measurements can be
used to infer the density of the intrusive £uids,
and can better constrain the deformation source
(Berrino et al., 1992; Rymer, 1994). Given the
signi¢cant density di¡erence between silicate melts
(32500 kg/m3) and hydrothermal £uids (31000
kg/m3), it is reasonable to use density estimates
from gravity to distinguish between these two
possible sources of caldera unrest.
When trying to combine geodesy and micro-

gravity to study the physics of active volcanoes
there are several challenges that need to be ad-
dressed. The gravity change vg we measure in
the ¢eld is the superposition of several e¡ects
(Fig. 2):

vg ¼ D g
D z

� �
0

h þ 4ZbwP Nz þ vgD þ vgR ð1Þ

i.e. the free-air e¡ect proportional to the uplift h
((Dg/Dz)0 = 308.6 WGal/m is the average free-air
gradient); the water table correction (4ZbwPNz=
42 WGal/m) proportional to the porosity P and
water table change Nz of an uncon¢ned aquifer

Fig. 1. (a) Campi Flegrei (Italy): elevation changes near Pozzuoli, central caldera £oor, benchmark 25 (Barberi et al., 1996; Del
Gaudio et al., 2001). (b) Yellowstone caldera (WY): elevation changes at Sour Creek dome, benchmark B11_1923 (Dzurisin et
al., 1994; Wicks et al., 1998).
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(see Appendix 1); vgD takes into account cou-
pling e¡ects between gravity and elastic deforma-
tion (e.g. Bonafede and Mazzanti, 1998). The re-
sidual gravity vgR is then dependent on the mass
change accompanying the deformation (Jachens
and Roberts, 1985; Eggers, 1987). Here we use
the theoretical value of the free-air gradient rather
than the local observed value (e.g. Berrino et al.,
1992) to compute the free-air gravity correction.
Variations in the free-air gradient are mainly due
to local topography and density anomalies (e.g.
Kuo et al., 1969). These local sources of pertur-
bation will displace with the long-wavelength cal-
dera uplift. Thus, the theoretical free-air gradient
more accurately represents the change in gravity
due to uplift (Jachens, personal communication).
In addition, the vertical gradient of gravity at a
point is di⁄cult to measure and errors can be
easily introduced. The deformation e¡ect vgD is
zero for changes in gravity resulting from an iso-
tropic source in a homogeneous elastic half-space
(Walsh and Rice, 1979). We neglect second-order
e¡ects associated with coupling between gravity
and elastic deformation (e.g. Walsh and Rice,
1979; Wang, 1997). To estimate the residual grav-
ity, and from this the mass of the intrusion, we
must know the uplift h, porosity P and water table
change Nz at every gravity station. This is often
not an easy task because gravity and geodetic
benchmarks rarely coincide. Porosity and water
level data may be sparse or non-existent at gravity

stations. The standard approach is to develop sur-
vey strategies to minimize the water table correc-
tion rather than trying to estimate it (Rundle and
Whitcomb, 1986; McKee et al., 1989; Arnet et
al., 1997).
Another critical choice in constraining the de-

formation source is the model used to invert the
geodetic and gravity data. The most common ap-
proach is to invert gravity and uplift data using
the well-known isotropic point source in a homo-
geneous elastic half-space (McKee et al., 1989;
Berrino, 1994; Battaglia et al., 1999; Rymer and
Williams-Jones, 2000). A variety of di¡erent ge-
ometries, including point sources, ¢nite spheres
and sills, have very similar vertical deformation
patterns (e.g. Dieterich and Decker, 1975). We
show here that uncertainty in source shape can
lead to an inaccurate estimate of the depth and
thus density of the intrusion.
This paper has two goals. The ¢rst is to provide

an answer to the numerous challenges faced when
applying geodetic and gravity data to the study of
the physics of volcanoes. We use geostatistics (e.g.
Journel, 1989) to interpolate water table changes
and uplift (and estimate the corresponding inter-
polation uncertainties) at gravity stations where
these measurements are lacking (see Appendix 2
for more details). Geographical Information Sys-
tem software allows us to associate each gravity
benchmark with a lithology, and thus estimate the
porosity of the site. The second goal is to use

Fig. 2. The di¡erent e¡ects that compose the gravity signal measured in the ¢eld. All constants are in WGal/m, h is the vertical
displacement, P the porosity and Nz the water table change. The deformation e¡ect vgD is zero for changes in gravity resulting
from expansion of a isotropic source in a homogeneous elastic half-space (Walsh and Rice, 1979).
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geodetic and gravity data to better constrain the
source of deformation at Long Valley caldera.
Although magma intrusion has been suggested
by several authors to explain caldera deformation,
seismicity and gas emissions (Savage and Cocker-
ham, 1984; Savage et al., 1987; Hill et al., 1990;
Sorey et al., 1993; Langbein et al., 1995), direct
estimates of the mass and density of the intrusion
have only become available recently (Battaglia et
al., 1999). We show that a simple isotropic point
source model yields misleading estimates of the
depth and density of the intrusion if the source
geometry departs from a spherical shape. Com-
pared to our previous work (Battaglia et al.,
1999) we: (1) present twice as much gravity
data, adding new data from the July 1999 survey,
with a consequent reduction of the errors in the
vg measurements; (2) increase the number of
gravity sites with a direct measurement of uplift
from a GPS survey in July 1999 (see Battaglia et
al., 2003 ^ this issue); (3) improve the in£ation
source model by including two-color EDM data
to better constrain the source shape (see Battaglia
et al., 2003 ^ this issue); (4) invert geodetic and
gravity data using ellipsoidal source models devel-
oped by Clark et al. (1986) and Yang et al. (1988).

2. Long Valley caldera geodetic and gravity
surveys

The results of leveling and trilateration surveys
suggest that little if any deformation occurred in
Long Valley caldera before 1980, when intense
seismic activity marked the beginning of unrest
(Bailey and Hill, 1990). Results of frequent level-
ing and two-color EDM surveys in the following
years indicated the continuous rise of the caldera
center at variable rates. Deformation rates peaked
during the second half of 1997 (Fig. 3). The last
complete leveling of the caldera was conducted in
1992. We surveyed 44 of the existing leveling
monuments in Long Valley in July 1999, using
dual-frequency GPS receivers, to bring up to
date the measurement of the vertical deformation
¢eld within the caldera. According to this survey,
the resurgent dome stands 0.74R 0.07 m higher
than in 1980 (Battaglia et al., 2003 ^ this issue),

although according to the two-color EDM data
there has been a slight contraction, and thus in-
ferred subsidence since mid-1998 (Fig. 3). Several
sources of deformation have been identi¢ed in
Long Valley caldera. The principal ones are the
intrusion of a magma body beneath the resurgent
dome, and right-lateral strike-slip in the south
moat of the caldera (Savage et al., 1987; Lang-
bein et al., 1995). In addition, there is evidence of
dike intrusion beneath the south moat (Savage
and Cockerham, 1984; Langbein, 1995) and
Mammoth Mountain (Hill et al., 1990; Langbein
et al., 1995).
The Long Valley caldera gravity monitoring

network is centered near Tom’s Place (the pri-
mary reference station) and extends from the Si-
erra Nevada west of Lee Vining, CA, southeast-
ward to a station in the White Mountains east of
Bishop, CA. Most of the stations outside of Long
Valley caldera are on crystalline bedrock out-
crops, while volcanic £ows or sediments underlie
the stations within the caldera. The U.S. Geolog-
ical Survey (USGS) occupied the network every
summer from 1980 to 1985 (Jachens and Roberts,
1985; Roberts et al., 1988).
Earlier e¡orts at detecting and interpreting

gravity changes in the Long Valley area were lim-
ited by the small amplitude of the accumulated
signal, and the di⁄culty in correcting for the
water table e¡ect (Jachens and Roberts, 1985).
Results from the 1998 gravity survey demonstrate

Fig. 3. Rise of caldera center from 1975 to present. The hori-
zontal deformation along the CASA-KRAK baseline pro-
vides a proxy for the vertical deformation at the resurgent
dome (benchmark W911). The July 1999 uplift is based on
GPS measurements. Modi¢ed from Battaglia et al. (2003 ^
this issue).
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Table 1
Data from the June 1982 (Roberts et al., 1988), July 1998 and July 1999 gravity surveys in Long Valley caldera; gravity changes
from 1982 to 1998 (1998^82), and from 1982 to 1999 (1999^82)

Station X (UTM) Y (UTM) June 1982 July 1998 July 1999 1998^82 1999^82

HW 395
X123 326 136.14 4 178 629.24 275 298R 4 275 246R 3 275 256R 15 352R 5 342R 16
MLEQ03A 328 462.44 4 177 303.91 192 608R 8 192 529R 19 192 512R 10 379R 20 396R 13
D916 328 094.57 4 174 458.65 242 451R 5 242 408R 9 343R 11
Y123 328 785.78 4 172 912.38 240 707R 8 240 641R 3 240 655R 8 366R 8 352R 11
12DOR75 329 558.81 4 171 897.32 242 333R 5 242 215R 12 3118R 13
MLEQ02 330 200.44 4 169 630.69 258 850R 3 258 745R 8 258 728R 5 3106R 9 3123R 6
FLOW 332 710.85 4 166 338.21 264 465R 3 264 387R 10 264 386R 6 378R 10 379R 7
A124RST 335 575.89 4 166 125.40 268 816R 7 268 771R 10 345R 12
CONVICT 340 248.21 4 164 402.24 284 162R 4 284 116R 10 284 069R 4 346R 10 393R 5
6DOR75 342 544.68 4 161 183.78 299 354R 6 299 336R 6 299 308R 3 318R 9 346R 7
D124 344 672.23 4 159 700.73 301 911R 4 301 852R 6 301 880R 9 359R 7 331R 10
E124 347 595.03 4 158 658.68 283 020R 5 283 001R 2 282 997R 5 319R 5 323R 7
MLEQB1 350 322.53 4 158 509.15 311 968R 3 311 958R 5 311 964R 5 310R 6 34R 6

Big loop
E916 329 965.18 4 179 626.16 290 229R 4 290 166R 6 363R 7
24DOR75 336 407.05 4 178 663.26 286 631R 5 286 564R 9 286 548R 12 367R 10 383R 13
39DOR75 340 137.81 4 176 492.17 276 264R 5 276 218R 23 276 204R 6 346R 24 360R 8
2JD1952 340 271.97 4 170 662.09 277 161R 4 277 119R 10 277 137R 6 342R 11 324R 7
MLEQ01 340 381.90 4 168 129.20 275 966R 4 275 927R 11 275 930R 3 339R 12 336R 5
1JD1952 340 232.08 4 166 311.72 279 875R 4 279 815R 9 279 815R 1 360R 9 360R 4

Small loop
12JCM82 330 078.01 4 175 261.24 250 950R 6 250 874R 4 250 854R 8 376R 7 396R 10
15JCM82 332 778.60 4 174 484.55 234 052R 6 233 979R 6 233 963R 4 373R 8 389R 7
16JCM82 333 520.47 4 173 659.22 253 378R 3 253 316R 7 253 265R 5 362R 8 3113R 6
17JCM82 333 626.24 4 171 903.23 257 768R 6 257 680R 5 257 712R 5 388R 8 356R 8
22JCM82 332 215.26 4 171 065.92 236 305R 6 236 217R 4 236 233R 7 388R 7 372R 9
23JCM82 331 824.28 4 170 063.72 237 917R 5 237 810R 3 237 834R 5 3107R 6 383R 7

Antelope Valley Rd
25JCM82 336 091.36 4 172 531.07 266 463R 7 266 366R 4 266 348R 9 397R 8 3115R 11

Benton Crossing
3JD1952 342 363.47 4 172 531.10 276 013R 6 275 983R 13 275 968R 4 330R 14 345R 7
4JD1952 344 644.06 4 173 719.96 285 712R 4 285 708R 6 285 682R 4 34R 7 330R 6

HW 203
5JCM82 324 333.68 4 169 320.30 206 986R 7 206 927R 13 359R 15
3JCM82 327 207.40 4 168 305.09 232 661R 4 232 605R 7 232 581R 9 356R 8 380R 10
2JCM82 328 808.72 4 167 627.96 242 013R 6 241 936R 12 241 914R 8 377R 14 399R 10

Control stations
MLEQ06 337 854.09 4 168 400.36 311 297R 4 311 294R 10 311 292R 4 33R 11 35R 6
MLEQ11 328 744.70 4 181 127.85 128 305R 6 128 300R 7 128 294R 4 35R 9 311R 7
MLEQ13 329 228.97 4 166 176.19 324 252R 4 324 249R 6 324 254R 5 33R 7 2R6

More stations with alternate
HOT 309 973.59 4 200 269.54 272 917R 4 272 854R 11 272 841R 4 363R 12 376R 6
MLEQ05 346 515.77 4 146 613.81 287 340R 4 287 301R 8 287 329R 6 339R 9 311R 7
MLEQ14 358 851.07 4 167 982.14 244 579R 4 244 493R 10 244 460R 12 386R 10 3119R 12

All values are given in WGal and errors are 1 S.D. Benchmark coordinates in UTM (NAD27). See Fig. 4 for benchmark loca-
tion.
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the intrusion of magma beneath the resurgent
dome and do not support perturbation in the hy-
drothermal system as the primary cause of uplift
(Battaglia et al., 1999).
We occupied 32 gravity stations in 1998 and 37

stations in 1999 (Fig. 4 and Table 1). Gravity
measurements were carried out using two LaCoste
and Romberg gravimeters, models D26 and G8,

simultaneously. These two gravity meters are the
original meters used previously by the USGS in
Long Valley. They were refurbished and cali-
brated by LaCoste and Romberg in the spring
of 1998. We measured the relative gravity at se-
lected stations along closed loops starting from
Tom’s Place (benchmark MLEQB2), the primary
reference station. Every station was occupied

Fig. 4. Gravity stations occupied in Long Valley caldera in July 1998 and July 1999 (see Table 1). The network base station is
MLEQB2 (Tom’s Place). MLE06 (Lee Vining), MLEQ11 (Rock Creek) and MLEQ13 (Benton Crossing) are the network control
stations. Only 13 shallow wells of the hydrologic monitoring network have been surveyed both in 1982, 1998 and 1999.
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Table 2
Water table correction for the 1998 and 1999 surveys

Outcrop P 1998 change 1998 correction 1999 change 1999 correction
(m) (WGal) (m) (WGal)

HW 395
X123 Flow 0.10 30.60R 1.56 33R 7 0.07R 0.79 0R 3
MLEQ03A Flow 0.10 30.60R 1.63 33R 7 0.07R 0.73 0R 3
D916 Sediments 0.45 0.07R 0.84 1R 16
Y123 Sediments 0.45 30.36R 1.34 37R 25 0.07R 0.93 1R 18
12DOR75 Sediments 0.45 0.07R 0.90 1R 17
MLEQ02 Flow 0.10 30.37R 3.25 32R 14 31.34R 1.00 36R 7
FLOW Flow 0.10 30.21R 0.16 31R 1 32.62R 0.86 311R 12
A124RST Sediments 0.45 31.57R 0.76 330R 16
CONVICT Sediments 0.45 30.05R 0.17 31R 3 30.44R 0.13 38R 3
6DOR75 Sediments 0.45 30.01R 1.21 0R 23 30.49R 0.48 39R 9
D124 Sediments 0.45 0.01R 0.80 0R 15 0.12R 0.77 2R 15
E124 Flow 0.10 0.38R 1.37 2R 6 30.32R 0.67 31R 3
MLEQB1 Granite 0.05 0.16R 0.94 0R 2 30.61R 0.68 31R 3

Big loop
X123 Flow 0.10 30.60R 1.56 33R 7 0.07R 0.79 0R 3
E916 Flow 0.10 30.25R 0.77 31R 3
24DOR75 Sediments 0.45 0.11R 0.19 2R 4 30.62R 0.85 312R 16
39DOR75 Sediments 0.45 30.15R 0.13 33R 3 30.62R 0.77 312R 15
2JD1952 Sediments 0.45 30.32R 0.22 36R 4 30.61R 0.84 312R 16
MLEQ01 Flow 0.10 0.16R 0.22 1R 1 30.61R 0.37 33R 3
1JD1952 Sediments 0.45 30.09R 0.95 32R 18 30.69R 0.55 313R 11

Small loop
12JCM82 Flow 0.10 30.35R 0.72 31R 3 0.07R 0.76 0R 3
15JCM82 Flow 0.10 30.32R 0.67 31R 3 0.07R 0.64 0R 3
16JCM82 Flow 0.10 30.36R 0.44 31R 2 0.07R 0.43 0R 2
17JCM82 Flow 0.10 30.36R 0.29 31R 2 0.07R 0.64 0R 3
22JCM82 Flow 0.10 30.36R 1.68 31R 7 0.07R 0.86 0R 4
23JCM82 Flow 0.10 30.48R 2.76 32R 12 31.09R 0.95 35R 6

Antelope Valley Rd
25JCM82 Flow 0.10 30.19R 0.42 31R 2 0.07R 0.57 0R 2

Benton Crossing
3JD1952 Sediments 0.45 0.17R 0.53 3R 10 30.61R 0.83 312R 16
4JD1952 Sediments 0.45 0.01R 0.65 0R 12 30.58R 0.92 311R 17

HW 203
5JCM82 Sediments 0.45 32.62R 0.75 350R 18
3JCM82 Sediments 0.45 30.21R 1.83 34R 35 32.62R 1.05 350R 23
2JCM82 Sediments 0.45 30.21R 3.00 34R 57 32.62R 0.95 350R 21

More stations with alternate
HOT Flow 0.10 30.10R 0.29 0R 1 30.69R 0.83 33R 5
MLEQ05 Granite 0.05 30.60R 0.86 31R 3 30.25R 0.91 31R 2
MLEQ14 Flow 0.10 30.21R 2.49 31R 10 32.62R 1.06 311R 12

Porosity P is assigned to each site based on the local rock type (e.g. Sorey et al., 1978). Labels for water table changes Nz are
1998 change and 1999 change. Water table correction labels are 1998 correction and 1999 correction. Errors are 1 S.D.
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twice. Several stations of the gravity network had
an alternate benchmark; so many points of the
gravity network were measured four times a day
using two di¡erent gravimeters. Data reduction
included the removal of solid Earth-tides and dai-
ly gravimeter drift following the methods de-

scribed in Jachens et al. (1982). The data were
then examined for evidence of sudden changes
of reading (or ‘tares’) and corrections were ap-
plied when necessary. Finally, the measured rela-
tive gravity values were averaged using a least-
squares method to obtain one gravity determina-

Fig. 5. Gravity changes from 1982 to 1998 (1998^82) and from 1982 to 1999 (1999^82) corrected for the water table £uctuations
(see Table 2). Error bars correspond to 1 S.D.
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tion at each station, using software developed at
the USGS, Menlo Park, CA. The average error
(1 standard deviation) for the gravity surveys was
R 8 WGal in 1998 and R 7 WGal in 1999. These
estimates include contributions from errors in
the tide correction and drift removal, as well as
uncertainties in gravimeter readings caused by
£uctuations in ambient temperature, vibrations
experienced by the instruments, and errors in ad-
justing the meter bubble level (Jachens, 1979).

3. Water table correction and gravity changes

Before we can interpret the measured temporal
gravity changes (Table 1), it is necessary to cor-
rect them for the variation in the level of the
water table. This means that we must know the
value of porosity P and water table change Nz at
every gravity station occupied during the 1998
and 1999 survey. Porosity is assigned to each
site based on the local rock type (see Table 2).
The water table level is measured in shallow wells
(Fig. 4) three times a year (usually in May, July
and November), and the ¢rst complete survey of
the hydrologic monitoring network of Long Val-
ley caldera dates back to 1982 (Howle and Farrar,
1996). Hydrologic data are sparse or non-existent
at several monitoring wells before 1982 (Howle
and Farrar, 1996), making it practically impossi-
ble to compute the water table correction for
gravity data recorded in 1980 and 1981.
To estimate the water table correction for the

1982^1998 and 1982^1999 intervals, we must ad-
dress two problems. First, water wells and gravity
stations are not generally close to one another
(Fig. 4). We can solve this problem by interpolat-
ing water table changes at gravity stations where
these measurements are lacking. Second, even if
there is a large hydrologic data set collected in the
past 20 years, the number of shallow wells sur-
veyed both in 1982 and 1998, or 1982 and 1999 is
small (Fig. 4), and it is not possible to use stan-
dard geostatistical spatial models to interpolate.
The solution is to develop an interpolation
scheme using a geostatistical space^time model
(Rouhani and Myers, 1990; Kyriakidis and Jour-
nel, 1999) that includes information from all the

available hydrological data (see Appendix 2 for
more details on the geostatistical model). The
model was implemented using the ordinary krig-
ing algorithm provided by the GSLIB computer
code (Deutsch and Journel, 1998). The interpola-
tion error is estimated through sequential Gaus-
sian simulation. Gaussian simulation is the pro-
cess of drawing alternative, equally probable,
joint realizations of a random variable (in this
case the change in water table depth at a given
location) assuming that the variable follows a
multivariate Gaussian distribution. All the real-
izations ¢t the existing data exactly, and the var-
iance of a set of simulated values at a given site
provides a measure of the interpolation error
(Goovaerts, 1997).
The calculated water table corrections are given

in Table 2. The net e¡ect on the gravity measure-
ments is small for the 1982^1998 interval, typi-
cally 1^4 WGal, the largest correction being 37
WGal at a site on caldera ¢ll sediments. The cor-
rection is more signi¢cant for the 1982^1999 peri-
od, typically 1^ 12 WGal, the largest correction
being 350 WGal for two sites on glacial moraine
sediments and one site on loose volcanics. The
uncertainties in the water table correction depend
on how close the site is to a monitoring well, the
quality of the data from that well, and the poros-
ity. Estimated errors, based on simulation of the
water table level histories and assuming a 10%
uncertainty in the porosity, range from a low of
3 WGal on granite and rhyolite outcrops to a max-
imum of 57 WGal for one site on glacial moraine
sediments in the 1982^1998 interval.
The internal consistency of the gravity measure-

ments before and after the water table correction
provides a measure of the e⁄cacy of the interpo-
lated corrections. The two-color EDM data indi-
cate little or no deformation between the summer
of 1998 and 1999. Thus we expect the 1982^1998
and 1982^1999 gravity changes to agree. We ¢nd
the water table correction signi¢cantly improves
the agreement between the 1998 and 1999 surveys.
Whereas M

2 = 128 before the water table correc-
tion, it decreases to M

2 = 68 after the water table
correction (here M

2 is de¢ned as the weighted sum
of the squares of the di¡erence between the
1999 and 1998 gravity determinations). Gravity
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changes (after the water table correction) agree
within 1 standard deviation at 26 of 32 common
gravity sites (Fig. 5), and within 2 standard devi-
ations at 30 out of the 32 sites. Only two sites
(CONVICT and 16JCM) appear to have incom-
patible gravity signals, suggesting the possibility
of systematic errors during the occupation of
these benchmarks. To emphasize the changes as-
sociated with the caldera unrest, and to reduce the
possible e¡ect of systematic errors, we average the
gravity changes measured between 1982^1998 and
1982^1999 to get a single estimate at each occu-
pied station (Table 3). For simplicity, in the forth-
coming text we will refer to this averaged value as
the 1982^1999 signal for gravity change, or resid-
ual gravity.
During the time period covered by this study

(1982^1999), the gravity within the caldera de-
creased signi¢cantly (Fig. 6a), whereas three con-
trol stations located on stable granite outcrops
more than 5 km outside the caldera show no sig-
ni¢cant change (Table 3 and Fig. 5). The stations
with the largest gravity decrease are all located on
the resurgent dome (Fig. 6a), which has experi-
enced signi¢cant uplift in the past 20 years (Den-
linger and Riley, 1984; Savage et al., 1987; Lang-
bein et al., 1995). In general, these results are in
very good qualitative and quantitative agreement
with our previously published data (Battaglia et
al., 1999). Exceptions are the gravity anomaly
centered on the caldera south moat at benchmark
A124RST (one station only, not occupied in 1998)
and the larger gravity decrease in 1999 at bench-
mark 4JD (Long Valley plain). It is worth noting
that the unusually small gravity change measured
at 4JD in 1998 was the cause of a suspicious re-
sidual gravity anomaly centered in the Long Val-
ley plain (see Battaglia et al., 1999, ¢g. 3), an area
with minor deformation and no seismic activity.
The unusually small raw gravity change (34R 7
WGal) measured in 1998 compared to neighboring
stations in the eastern caldera (with gravity

changes of 346R 10, 330R 14, 342R 11 WGal)
suggests a measurement error at this site during
the 1998 survey (see Table 1 and Battaglia et al.,
1999). We previously noted that these localized
anomalies, associated with single stations, should
not be interpreted as signi¢cant.

4. Free-air e¡ect and residual gravity

We compute the free-air correction using the
vertical displacement ¢eld derived by di¡erencing
the 1999 GPS survey and the 1982 leveling survey
(e.g. Battaglia et al., 2003 ^ this issue). Only 16 of
the 37 occupied gravity stations coincide with a
geodetic benchmark. We interpolate the uplift at
the remaining stations using kriging (see Appen-
dix 2 for more details). The interpolation error is
estimated through sequential Gaussian simulation
(Goovaerts, 1997; Deutsch and Journel, 1998).
The in£ation of the resurgent dome is the most
prominent feature of the caldera deformation ¢eld
(Fig. 6b).
The residual gravity is computed by subtracting

the free-air correction from the water-table-cor-
rected gravity change. The residual gravity ¢eld
(Fig. 6c and Table 3) shows a positive anomaly
centered on the resurgent dome with peak ampli-
tude of 59R 19 WGal. The anomaly is de¢ned by
residual gravity changes of around 50 WGal at
three stations (17JCM, 22JCM and 23JCM).
Note that these values are signi¢cant at the 95%
con¢dence level (2 standard deviations). This pos-
itive residual gravity anomaly suggests mass intru-
sion into the sub-caldera crust beneath the resur-
gent dome. Other positive anomalies are centered
on the caldera south moat (station A124RST,
with amplitude 55R 41 WGal), and on Mammoth
Mountain (stations 5JCM and 3JCM, with ampli-
tudes of 64R 34 and 51R 31 WGal respectively).
These two areas have been the sites of intense
unrest (Savage and Cockerham, 1984; Hill et

Fig. 6. (a) Gravity changes from 1982 to 1999, values in WGal, error 1 S.D.; the gravity change reported here is the average of
the 1999^82 and 1998^82 measured gravity changes (see Fig. 5), corrected for £uctuations in the water table. (b) Uplift at gravity
benchmarks from 1982 to 1999, values in mm, error 1 S.D. (c) Residual gravity from 1982 to 1999, values in WGal, error 1 S.D.
The white outline at the center of the caldera is the resurgent dome.
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Table 3
Gravity change, uplift, free-air e¡ect and residual gravity in Long Valley caldera from 1982 to 1999

Gravity change Uplift Free-air e¡ect Residual gravity
(WGal) (mm) (WGal) (WGal)

HW 395
X123 346R 9 206R 50 364R 15 18R 18
MLEQ03A 386R 13 247R 67 376R 21 310R 24
D916 344R 19 295R 51 391R 16 47R 25
Y123 356R 17 339R 36 3105R 11 48R 20
12DOR75 3119R 21 358R 51 3111R 16 39R 27
MLEQ02 3111R 9 379R 76 3117R 24 6R25
FLOW 373R 9 185R 99 357R 31 316R 32
A124RST 315R 20 228R 116 370R 36 55R 41
CONVICT 365R 6 163R 57 350R 17 315R 19
6DOR75 327R 14 115R 62 336R 19 8R23
D124 346R 12 99R 61 331R 19 316R 22
E124 321R 5 51R62 316R 19 36R 20
MLEQB1 37R 5 84R 63 326R 20 19R 20

Big loop
E916 362R 8 223R 58 369R 18 7R20
24DOR75 370R 12 155R 55 348R 17 323R 20
39DOR75 346R 15 114R 56 335R 17 310R 23
2JD1952 324R 11 187R 43 358R 13 34R 17
MLEQ01 337R 7 179R 59 355R 18 19R 19
1JD1952 353R 12 167R 60 352R 18 31R 22

Small loop
12JCM82 385R 6 310R 55 396R 17 10R 18
15JCM82 380R 6 322R 54 3100R 17 19R 18
16JCM82 387R 5 356R 27 3110R 8 23R10
17JCM82 371R 6 423R 60 3131R 19 59R 19
22JCM82 379R 7 415R 28 3128R 9 49R11
23JCM82 392R 8 458R 6 3141R 2 50R8

Antelope Valley Rd
25JCM82 3106R 7 316R 72 397R 22 38R 23

Benton Crossing
3JD1952 333R 12 97R 50 330R 15 33R 20
4JD1952 319R 18 69R 61 321R 19 2R26

HW 203
5JCM82 39R 24 238R 74 373R 23 64R 33
3JCM82 341R 22 299R 74 392R 23 51R 31
2JCM82 361R 31 305R 53 394R 16 33R 35

More stations with alternate
HOT 367R 7 277R 84 386R 26 18R 27
MLEQ05 324R 6 199R 75 361R 23 37R 24
MLEQ14 397R 11 272R 91 384R 28 313R 30

Control stations
MLEQ06 34R 6
MLEQ11 38R 6
MLEQ13 31R 5

The gravity change reported here is the average of the 1999^82 and 1998^82 measured gravity changes (Fig. 5), corrected for
£uctuations in the water table (Table 2). Error is 1 S.D.
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al., 1990; Sorey et al., 1993), presumed to be
caused by dike intrusions (Savage et al., 1987;
Langbein et al., 1995). However, the residual
gravity at these three points is not signi¢cant at
the 95% level, and the anomaly in the south moat
is caused by a single station A124RST, so caution
is necessary when interpreting these data. Finally,
it is worth noting that most of the residual gravity
changes outside the resurgent dome are not sig-
ni¢cant at the 95% con¢dence level.
When compared to the uplift and residual grav-

ity maps published in Battaglia et al. (1999), the
above results con¢rm the general picture of mass

intrusion beneath the resurgent dome proposed
there. There are, however, some di¡erences in
the details of the vertical deformation and resid-
ual gravity ¢elds. The most important are: (a)
smaller uplift and residual gravity east of the re-
surgent dome (Long Valley plain); (b) the shift
toward the southern part of the resurgent dome
of the positive residual gravity anomaly; (c) the
disappearance of the large positive anomaly cen-
tered on station 4JD, east of the resurgent dome.
These di¡erences can be explained mostly as a
consequence of the direct measurement of the cal-
dera uplift in July 1999. We have to keep in mind

Fig. 7. Bias due to incorrectly assessing the source shape. Fitting a spherical source (solid line) to a data set created using an el-
lipsoidal source (points+error bars). Uncertainties for the synthetic data set are 6 cm for uplift, 20 WGal for the residual gravity
and 6 mm for the radial displacement. This is the same order of magnitude as the errors in the actual data set in Long Valley
caldera (Table 3; Appendices 1 and 2 in Battaglia et al., 2003 ^ this issue). Actual ellipsoidal source: depth= 6 km, volume=0.2
km3, mass= 0.5U1012 kg, density= 2500 kg/m3. Inferred spherical source: depth= 8.5 km, volume=0.2 km3, mass= 0.9U1012 kg,
density= 4500 kg/m3.
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that the most recent leveling survey of the Long
Valley plain (benchmarks 3JD and 4JD) dates
back to 1988, while the last complete leveling sur-
vey of resurgent dome was in 1992. The estimates
of caldera uplift by Battaglia et al. (1999), based
on geostatistical or elastic models, probably over-
estimated the vertical displacement in these areas.
The disappearance of residual gravity anomaly
centered on the Long Valley plain represents an
important improvement of our ¢eld measure-
ments with respect to our previously published
data (Battaglia et al., 1999). This anomaly was

based on a single data point (4JD), and was there-
fore not signi¢cant.

5. Modeling the intrusion

Estimates of the density of the intrusion in vol-
canic areas are usually computed by matching
gravity and uplift data to a point source model
(Hagiwara, 1978; Eggers, 1987; Fernandez and
Rundle, 1994; Rymer, 1994). One of the major
shortcomings of this approach is that we may ¢t

Fig. 8. Fit of ellipsoidal source (depth= 5.9 km, volume change= 0.136 km3, b/a=0.475) to uplift in Long Valley caldera from
1982 to 1999. (a) Comparison between observed (error bars) and predicted (solid line) uplift at gravity and geodetic benchmarks.
(b) Residual distribution (observed3predicted uplift) at gravity benchmarks.
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the wrong model to the experimental data set,
because di¡erent elastic models produce very sim-
ilar vertical deformations (e.g. Dieterich and
Decker, 1975). This will yield estimates of the
density and depth of the intrusion that are not
reliable. Let us consider, for example, synthetic
data from an ellipsoidal source incorrectly mod-
eled by a spherical source. Modeling the uplift
with a spherical source ¢ts the data well but pre-
dicts a deeper location for the intrusion (e.g. Ta-
ble 7 in Battaglia et al., 2003 ^ this issue), requir-
ing a larger mass to obtain the same gravity

signal. However, the estimated volume increase
is close to the correct value, because the spherical
source is more e⁄cient in causing vertical defor-
mation. The net e¡ect is that we overestimate the
density of the intrusion by incorrectly assuming a
spherical source. This is shown by the example in
Fig. 7, where we ¢t a spherical model to uplift
and residual gravity data predicted by an ellipsoi-
dal model (Fig. 7a,b). The spherical model ¢t ap-
pears reasonable and is able to explain about 99%
of the uplift and gravity data. Unfortunately, it
overestimates the source depth by 2.5 km (30%)

Fig. 9. Fit of ellipsoidal source (depth= 5.9 km, volume=0.136 km3, b/a=0.475, mass= 0.233 MU and density= 1713 kg/m3) to
residual gravity. (a) Comparison between observed (error bars) and predicted (solid line) residual gravity. (b) Residual distribu-
tion (observed3predicted residual gravity).
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and its density by 2000 kg/m3 (44%). It is only
when we compare the radial displacements (Fig.
7c) that we realize that the spherical model is not
appropriate. We conclude that in order to obtain
a reliable estimate of the depth and density of the
intrusion, inversion of geodetic and gravity data
must include not only the uplift and residual grav-
ity, but the horizontal deformation as well.

Given the constraints of the available geodetic
and gravity data sets (uplift data are available
from 1975, gravity data from 1982, but horizontal
deformation data only from 1985), and the need
to have the largest possible signal-to-noise ratio,
our modeling strategy follows a two-step ap-
proach.
First we invert vertical and horizontal displace-

Table 4
Density of supercritical £uids (after Zhang and Frantz, 1987)

Depth T P Density
(km) (‡C) (kbar) (kg/m3)

H2O H2O KCl H2O NaCl H2O CaCl2

4.9 375 1.3 750 850 850 950
7.5 575 2.0 600 750 750 800

All binary £uids are 2.0 molal solutions.

Fig. 10. Fit of a spherical source (solid line) to Long Valley caldera (a) uplift and (b) residual gravity (error bars). This ¢t gives
a caldera in£ation source with a depth d=8.8 km (33% increase), a volume change from 1982 to 1999 vV=0.155 km3 (14% in-
crease) and a density bW2883 kg/m3 (40% increase). The spherical source has the same horizontal position as the ellipsoidal
source.
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ments from 1985 to 1999 for a vertical prolate
ellipsoidal source in elastic, homogeneous, iso-
tropic half-space (Yang et al., 1988) to constrain
position, depth and geometry of the source (see
Battaglia et al., 2003 ^ this issue). The main
source of deformation is found to be a prolate
ellipsoid located beneath the resurgent dome at
a depth d=5.9 km (95% bounds of 4.9^7.5 km),
with an aspect ratio A=0.475 (95% bounds are
0.25^0.65) (Battaglia et al., 2003 ^ this issue).
Using the above ellipsoidal source, we invert

uplift (Fig. 8) and residual gravity data (Fig. 9)
from 1982 to 1999 using a weighted least-squares
algorithm to constrain the volume, mass and thus
density of the source. The expression for the re-
sidual gravity signal due to a prolate ellipsoid of
revolution in elastic, homogeneous, isotropic half-
space is presented in Appendix 3. The ¢t of the

model to the experimental data is quite good
(Figs. 8 and 9). We obtain an intrusion mass of
0.233 MU (1 MU=1012 kg), a volume change
vV=0.136 km3 and a density bw1700 kg/m3 for
the intrusion. We use a bootstrap percentile meth-
od (Efron and Tibshirani, 1986) to obtain 95%
con¢dence bounds on the parameters of the ellip-
soidal model. The method yields 95% bounds
of 0.139^0.376 MU on mass, 0.105^0.187 km3

on volume change, and 1180^2330 kg/m3 on den-
sity.
It is worth noting that a spherical source would

have ¢t the uplift and residual gravity data rea-
sonably well (Fig. 10; e.g. Battaglia et al., 1999),
giving a caldera in£ation source with a depth
d=8.8 km (a 33% increase), a volume change
vV=0.155 km3 (a 14% increase) and a density
b=2883 kg/m3 (a 40% increase). These values

Fig. 11. Cross-section of Long Valley caldera (modi¢ed from Sackett et al., 1999) showing the location of the intrusion. LVEW
marks the location of the Long Valley exploratory well. The present-day shallow hydrothermal system consists of several rela-
tively thin zones of hot water, £owing laterally from west to east at depth of less than 1 km (Sorey, 1985; Sorey et al., 1991).
The dimensions of the ellipsoidal intrusion are speculative and based on an overpressure vPW1 Gpa and shear modulus
WW30 GPa.
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fall within the 95% bounds determined by Batta-
glia et al. (1999) using a point source to invert
gravity and geodetic data from 1982 to 1998:
depth 6.9^18.3 km; volume change 0.11^0.54
km3 ; density 2.7^4.0U103 kg/m3.

6. Constraining the source of unrest

To discriminate between magmatic or aqueous
£uid intrusion as the source of unrest in the Long
Valley area, we compare the estimated density
with densities of magmas and aqueous £uids at
appropriate pressure and temperature conditions.
First we need to determine the pressure and tem-
perature with depth beneath the resurgent dome
so that we can set a density range for the aqueous
£uids. A caldera cross-section (Fig. 11) shows that
the intrusion is located within the solidi¢ed rem-
nants of the magma chamber. Assuming an aver-
age density for the crust of 2700 kg/m3, the pres-
sure range corresponding to the depth of the
in£ation source is 1.3^2.0 kbar (0.13^0.2 GPa).
A temperature range of 375^575‡C can be in-
ferred using data from geothermal wells (Sorey,
1985). Note that this estimate is quite conserva-
tive, because this temperature range corresponds
to a conductive heat £ow of 160 mW m32, about
one-fourth of the average caldera heat £ow (So-
rey, 1985). Higher temperatures correspond to
even lower densities of the aqueous £uids. At
these pressures and temperatures, aqueous £uids
are supercritical. Limited data for the density of a
supercritical £uid with the composition of geo-
thermal brine are available in the literature (Pot-
ter and Haas, 1978; Zhang and Frantz, 1987).
The available experimental data (Table 4) show
a density range for such £uids from a minimum
of 600 kg/m3 to a maximum of 950 kg/m3 (Zhang
and Frantz, 1987). This density range falls below
the 95% lower bound (1180 kg/m3) estimated for
the density of the intrusion beneath the resurgent
dome, but only by 20%.
The distribution of S- and P-wave attenuation

(Q31
S , Q31

P ) and the ratio of P- and S-wave veloc-
ities (VP/VS) indicates the existence of deep hydro-
thermal zones at the margins of the resurgent
dome, but no major deep hydrothermal system

beneath the resurgent dome (Sanders et al.,
1995). This is another indication that the pertur-
bation of a deep hydrothermal system beneath the
resurgent dome is not likely to be the primary
cause of unrest at Long Valley caldera.
Given that our results do not support the in-

trusion of hydrothermal £uids as the primary
cause of unrest at Long Valley caldera, what
can we infer about the nature of the source be-
neath the resurgent dome? The density of silicate
melts can be determined by the evaluation of the
quotient (Spera, 2000):

b ¼
P

XiMi=VðT ;P;XÞ ð2Þ

where Xi is the mole fraction, Mi is the molar
mass, and V the partial molar volume of the
melt. To a good approximation, V can be taken
independent of composition and only as a func-
tion of temperature T and pressure P. So, we
can use a relatively simple empirical equation of
state to compute V and the melt density (Spera,
2000):

VðT ;P;X Þ ¼
P

X i½Vi;T r þ ðDVi=DTÞðT3T rÞþ

ðDVi=DPÞðP3PrÞ� ð3Þ

where Tr and Pr are constant reference conditions
(generally 1673 K and 1034 Gpa, 1 bar, respec-
tively), and Vi is the partial molar volume of the
ith component. Volcanic rocks are quenched rel-
atively rapidly and thus provide more or less di-
rect information regarding the composition of
natural melts (Spera, 2000). So, we may roughly
estimate possible compositions of silicic melts of
the present Long Valley magmatic system from
rhyolites erupted after the caldera-forming erup-
tion (see Table 5). Another important factor in
determining the melt density is the amount of
dissolved H2O. Small amounts of dissolved water
may dramatically lower melt densities (Scarfe,
1986). If two parcels of saturated granitic melt
were trapped at pressures of 2 and 1 kbar, respec-
tively, the water content at 900‡C would be V6
and 4 wt% (Burnham, 1997). Melt densities (cal-
culated at a pressure of 1.6 kbar ^5.9 km depth ^
and 900‡C ^ liquidus temperature for granitic
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melts) are portrayed graphically as a function of
temperature in Fig. 12. Melts with a content of
dissolved water above 1 wt% H2O fall within the
95% upper bound (2330 kg/m3) of the estimated
intrusion density. Available data on the pre-erup-
tion water contents of Long Valley rhyolitic mag-
mas give about 4 wt% H2O for samples from
Obsidian Dome (Mono-Inyo craters; Hervig et
al., 1989), about 5 wt% H2O in melt inclusions
from the Bishop Tu¡ (Wallace et al., 1999), and
3 wt% H2O for samples from the caldera (Taylor
et al., 1983).

7. Summary and discussion

Our results indicate that it is possible to use
geodesy and gravity to discriminate between mag-
matic and aqueous £uid intrusions in silicic calde-
ras. In the case of Long Valley caldera, the data
do not support the intrusion of hydrothermal £u-
ids as the primary cause of unrest. Gravity data
do, however, support the intrusion of silicic mag-
ma, or a hybrid magma^£uid body, beneath the
resurgent dome. Comparison between estimated
bounds on the intrusion density and melt densities
suggests the possibility of rhyolitic magma intru-
sion. There is additional evidence for intrusion
beneath Mammoth Mountain and the caldera
south moat. Unfortunately, the residual gravity
signal in these two sites is not signi¢cant at the
95% level, so caution is necessary when interpret-
ing these data.
Choosing the right model to invert geodetic and

gravity data is a critical step in the geological
interpretation of the data set. Since sources with
di¡erent geometries have similar vertical deforma-
tion patterns (e.g. Dieterich and Decker, 1975),
both horizontal and vertical displacements must
be used to determine the geometry of the intru-
sion. If the source does not possess a spherical
symmetry, the standard approach of using a point
source to invert uplift and gravity data will lead
to biased estimates of the source parameters. In
the case of Long Valley caldera, a spherical source
provides a reasonably good ¢t to the uplift and

Table 5
Mole fractions Xi, molar masses Mi, partial molar volumes Vi, thermal expansions dVi/dT and compressibilities dVi/dP of oxide
components of post-caldera rhyolites from Long Valley

Oxide Xi (a) Xi (b) Xi (c) Mi Vi dVi/dT dVi/dP
(1033 kg/mol) (1036 m3/mol) (1039 m3/mol K) (1036 m3/mol GPa)

SiO2 0.815 0.793 0.852 60.08 26.86 0 31.89
TiO2 0.002 0.003 0.001 79.88 23.16 7.24 32.31
Al2O3 0.088 0.092 0.073 102.96 37.42 0 32.26
Fe2O3 0.006 0.009 0.003 159.69 42.13 9.09 32.53
MgO 0.003 0.009 0.001 40.3 11.69 3.27 0.27
CaO 0.011 0.018 0.006 56.08 16.53 3.74 0.34
Na2O 0.039 0.045 0.032 61.98 28.88 7.68 32.4
K2O 0.036 0.031 0.033 94.02 45.07 12.08 36.57
H2O ^ ^ ^ 18.02 26.27 9.46 33.15

After Heumann and Davies (1997); Spera (2000).
Rhyolite sample location: (a) resurgent dome (Qef); (b) caldera moat (Qmr); (c) hot creek (Qmrh). After Bailey (1989).

Fig. 12. Melt density as a function of dissolved water con-
tent for post-caldera rhyolites from Long Valley (see Table
5). 900‡C is the liquidus temperature of a granitic melt. 0.16
GPa is the lithostatic pressure corresponding to a depth of
5.9 km. The gray area identi¢es all the density values below
the upper 95% bound (2330 kg/m3) for the density of the in-
trusion.
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residual gravity data (Fig. 10), but overestimates
the source depth by 2.9 km (33% increase), the
volume change by 0.019 km3 (14% increase) and
the density by about 1200 kg/m3 (40% increase).
The biased density estimate would point to a
ma¢c intrusion rather than a silicic intrusion
(e.g. Battaglia et al., 1999).
Even if the ellipsoidal model de¢ned in this

paper provides a more realistic representation of
the Long Valley caldera in£ation source than a
point source model (in the sense that such a mod-
el ¢ts the geodetic and gravity data better than a
point source), there are other factors that should
be taken into account when discussing the inter-
pretation of our results, and that can probably be
the basis for future work.
The ¢rst is that the crust is not a homogeneous

half-space. A layered Earth model, with one or
more elastic layers, may be more realistic,
although lateral variations also exist. Deforma-
tion changes the gravitational ¢eld in two ways:
dilatational strains change the local density, and
displacements perturb any density contrasts, espe-
cially at the free surface (e.g. Bonafede and Maz-
zanti, 1998). How important are these e¡ects?
In Battaglia and Segall (2004), we investigated

two factors that should help in obtaining a more
realistic picture of the intrusive body: (1) coupling
between elastic and gravitational e¡ects (e.g. Fer-
nandez et al., 2000); (2) a layered Earth model,
with depth-dependent elastic properties and den-
sities (e.g. Fernandez and Rundle, 1994). Our re-
sults show that coupling between elastic and grav-

itational e¡ects (self-gravitation) is second-order
over the distance and time scales normally asso-
ciated with volcano deformation. We ¢nd no sig-
ni¢cant di¡erences in any of the source parame-
ters due to self-gravitation e¡ects. For an elastic
model appropriate to Long Valley caldera, we
¢nd only minor di¡erences when modeling the
intrusion using a point source in a homogeneous
or layered medium. Choosing the right source
model to invert geodetic and gravity data, how-
ever, is critical in the geological interpretation of
the data. If the source does not possess spherical
symmetry, the standard approach of using a point
source to invert uplift and gravity data will lead
to biased estimates of the source parameters (e.g.
a deeper location and a larger density). Our re-
sults support the intrusion of silicate melts, but
leave considerable uncertainty about the nature
of the magma chamber and intruding £uid. For
example, is the ellipsoidal model a representation
of a real geological structure (e.g. a neck or vol-
canic plug intruding into the shallow crust) or are
we just visualizing some sort of average properties
(depth, volume, mass, density) of the real geolog-
ical structure? If we are measuring average prop-
erties, then the low density estimated for the in-
trusion (1180^2330 kg/m3) could point to a hybrid
source composed of melt and a separate aqueous
phase. Many hydrothermal ore deposits are gen-
erated by hydrothermal £uids that contain a com-
ponent of magmatic £uids along with heated
groundwater (Hedenquist and Lowenstern,
1994). In addition, the volume of alteration and

Table 6
Fit of single and hybrid sources to geodetic and residual gravity (Res G) data

Source A d Geodetic data (1985^99) Geodetic and gravity data (1982^99)

vV M
2 R2

vV vM MU b M
2 R2

(km) (km3) Uplift EDM Uplift EDM (km3) (kg/m3) Uplift Res G Uplift Res G

Spherical 1 8 0.12 228 239 0.08 0.98 0.13 0.38 2900 61 36 0.99 0.67
Ellipsoidal 0.48 5.9 0.09 67 267 0.73 0.98 0.14 0.23 1700 65 34 0.99 0.68
Hybrid Fluid 1 6.4 0.03 124 753 0.50 0.94 0.04 0.03 700 114 48 0.98 0.55

Melt 1 7.4 0.05 0.07 0.17 2400

All sources have the same position: (332 188, 4 172 064) in UTM (NAD27) coordinates. The average density for the hybrid source
is around 1800 kg/m3.
A, aspect ratio; d, depth; vV, volume change; vM, mass change; b, density; EDM, horizontal displacement from two-color
EDM data; Res G, residual gravity; R2, goodness of ¢t: if R2 = 1, the model is able to explain all variation in the observed
data, if R2 = 0, the model is not able to explain the observed data.
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amount of ore metal suggest that intrusions into
the shallow crust may be accompanied by degas-
sing of a larger volume of subjacent magma
(Guilbert and Park, 1986, p. 109).
A possible ¢rst step towards a hybrid represen-

tation of the in£ation source is to move from a
single source to a binary source. For example, we
can ¢t geodetic and gravity data from Long Val-
ley using a very simple hybrid source composed of
two spherical sources, a deeper magma body and
a shallower aqueous phase (e.g. Norton and Cath-
les, 1973). We assume for simplicity that the pa-
rameters (mass, volume, depth) of these two sour-
ces should fall within the 95% bounds of the
ellipsoid source. A possible solution consists of
an upper source 6.4 km deep with a density of
700 kg/m3 simulating the £uid intrusion, and a
lower source 7.4 km deep with a density of 2400
kg/m3 representing the silicic melt intrusion. Note
that we are not looking here for the optimal ¢t,
but exploring possible interpretations of the in-
ferred density (1700 kg/m3). Table 6 gives a sum-
mary of how well this hybrid model compares
with single source models. The hybrid model ¢ts
the 1985^1999 geodetic data reasonably well (see
Table 6). The ¢t is not as good as the ellipsoidal
model, but gives a far better match to the vertical
deformation than the spherical model. Regarding
the 1982^1999 geodetic and gravity data (see Ta-
ble 6), the goodness of ¢t (R2) for the uplift is
practically the same for all models, while the ¢t
to the gravity data is slightly inferior for the hy-
brid model. The average density for the hybrid
model is around 1800 kg/m3. Fluids represent
about 15% of the total mass of the intrusion.
Even if this very simple hybrid model is not as
e⁄cient as the ellipsoidal model in ¢tting the data
set, nevertheless it o¡ers a geologically plausible
description of the intrusion (e.g. Norton and
Cathles, 1973). Spatially distributed models, as
well as those with depth-varying density, should
be the subject of future research.
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Appendix 1. Water table correction to gravity

If we approximate an aquifer with an in¢nite
slab, the associate gravity change will be:

vg ¼ 2ZGvm ð4Þ

where G is the gravitational constant and vm the
change in mass per unit surface area. In the case
of an uncon¢ned aquifer, we have:

vm ¼ P ebwNz ð5Þ

where Pe is the e¡ective porosity of the uncon¢ned
aquifer, bw the water density and Nz the change in
the water table. For a con¢ned aquifer the change
in mass is (Fetter, 1988, p. 107):

vm ¼ SbwP z ð6Þ

where S is the storativity of the con¢ned aquifer
and Pz the change in the piezometric head. If we
substitute the values for G and bw in Eqs. 4^6, we
obtain:

vgWT ¼ 42P eNz WGal vgP ¼ 42SP z WGal ð7Þ

Typical values for the porosity in Long Valley
shallow aquifers range from 0.05 for granite to
0.45 for the caldera ¢ll (Sorey et al., 1978). Values
of storativity S for tu¡aceous rocks similar to the
caldera-con¢ned hydrothermal aquifers range
from 4U1033 (Geldon, 1993) to 5U1034 (Geldon,
1999). This implies that vgWT is 10^1000 times
larger than vgP .
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Appendix 2. Geostatistical models

In this Appendix, we brie£y describe the prac-
tical steps necessary to develop and apply space^
time interpolation. For more details about the
theory of geostatistics, readers are referred to
Isaak and Srivastava (1989), Rouhani and Myers
(1990), Deutsch and Journel (1998) and Kyriaki-
dis and Journel (1999). We use kriging to inter-
polate uplift (or water table changes) at un-
sampled gravity benchmarks. To apply kriging,
we follow a step by step approach.
First, we compute the experimental variogram

(Isaak and Srivastava, 1989, p. 60; Deutsch and
Journel, 1998, p. 43) from the ¢eld data (Fig. 13a,
uplift ; Fig. 13c, water table). The variogram is
the key to any geostatistical study. It measures
the average variability between data values sepa-
rated by a distance h. We have one experimental
variogram for the uplift (we measure only the
spatial variability; Fig. 13a), and two experimen-
tal variograms for the water table change (we
measure both spatial and temporal variability;
Fig. 13c).
We ¢t a theoretical model (Isaak and Srivasta-

va, 1989, Ch. 16; Deutsch and Journel, 1998,
p. 25) to the experimental variogram (Fig. 13a,
uplift ; Fig. 13c, water table). Variogram models
can be divided into two types: those that reach a
plateau (sill) and those that do not. The distance
at which they reach this plateau is called the
range. For example, the Gaussian model, ¢tting
the experimental variogram in Fig. 13a, reaches a
sill of 0.28 at a range of 6 km. The variogram
discontinuity at the origin is called the nugget
e¡ect. More than one theoretical model can ¢t
the experimental variogram (e.g. in Fig. 13a, the
Gaussian model o¡ers a good ¢t of the experi-
mental data between 2.5 and 5 km, but the
power model better ¢ts the far ¢eld trend; in
Fig. 13c, the time component shows a periodicity
that we ¢t by a hole e¡ect model, while we pro-
pose two alternative models for the space compo-
nent) :

Gaussian model ðrange a; sill cÞ :

Q ðhÞ ¼ cZ13expð3ð3h2=a2ÞÞu ð8Þ

Power model ð06w62; positive slope cÞ :

Q ðhÞ ¼ chw ð9Þ

Hole effect model ðrange a; sill cÞ :

Q ðhÞ ¼ c½13cosðZh=aÞ� ð10Þ

We choose the best model using cross-valida-
tion (Isaak and Srivastava, 1989, ch. 15). In
cross-validation, actual data are dropped one at
a time and re-estimated using the remaining
neighboring data. Each datum is replaced in the
data set once it has been re-estimated. We accept
the model with statistical distribution closest to
the original data, and with the higher correlation
between true and estimated values. For example,
the choice of the uplift interpolation model is
straightforward because the power model (see
Fig. 13a) has a higher correlation between the
true and interpolated values than the Gaussian
model, 0.94 against 0.76 (Fig. 13b). On the other
hand, we have no such clear distinction for the
water table, Fig. 13d, so the choice of the inter-
polation model is somewhat arbitrary. It is worth
noting that cross-validation can detect possible
problems; it does not ensure that the interpola-
tion will give ‘realistic’ results (Journel, 1989).
Finally, unsampled values (uplift or water table

change) are estimated using ordinary kriging
(Deutsch and Journel, 1998, p. 63). The kriging
algorithm provides a minimum error-variance es-
timate of the unsampled value. Kriging tends to
smooth out details and extreme values of the orig-
inal data set when used as a mapping algorithm
(see Fig. 6).
A sequential Gaussian simulation algorithm

(Deutsch and Journel, 1998, p. 144) is applied to
estimate the uncertainty of kriging interpolations.
A simulation realizes a large number of estimates
of the variable of interest at an unsampled loca-
tion. The standard deviation of the estimated dis-
tribution is taken as a measure of the error of the
interpolation. The simulation of a variable using
the Gaussian algorithm proceeds as follows.
First, we decluster the data set, if necessary.

Data are often spatially clustered (i.e. data have
been heavily sampled in some selected locations).
To obtain a representative statistical distribution
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of the entire area of interest, declustering weights
are assigned, such that values in areas with more
data receive less weight than those in sparsely
sampled areas (Deutsch and Journel, 1998, p.
213). For example, the mean and cumulative
probability of the original uplift data set (Fig.
14a) is smaller than those of the declustered

data set (Fig. 14b), indicating that geodetic data
have been preferentially sampled in areas of high-
er deformation (i.e. original mean= 222 mm, de-
clustered mean= 151 mm).
The Gaussian simulation works with data that

follow a normal distribution. Unfortunately, most
Earth science data do not follow a normal distri-

Fig. 13. Geostatistical models for space^time interpolation. Uplift: (a) variograms; (b) cross-validation. Water table change:
(c) variograms; (d) cross-validation. The power model was used to interpolate the uplift, and the model #1 to interpolate the
water table change.
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bution. This is not a major problem since a non-
linear transformation can transform the original
(or declustered) data distribution (Fig. 14b) into a
normal distribution (Fig. 14c). The transformed
data set is also called normal score. The simula-
tion is performed in the normal space, then the
simulated values are back-transformed (Deutsch
and Journel, 1998, p. 141)
Just as in kriging, the variogram model is the

key to any Gaussian simulation. Two models
(Gaussian and spherical) ¢t the experimental nor-
mal score variogram (Fig. 14d). Cross-validation

(Fig. 14e) indicates that the best interpolation re-
sults are obtained using the spherical model:

Spherical model ðrange a; sill cÞ :

yðhÞ ¼ c 1:5h=a30:5ðh=aÞ3 h6a
1 hva

�
ð11Þ

Finally, multiple realizations (around 100) of
the transformed variable are performed using
the sequential Gaussian simulation algorithm
(Deutsch and Journel, 1998, p. 139). Every real-
ization is then back-transformed using the declus-

Fig. 14. Geostatistical models for sequential Gaussian simulation of uplift: (a) original data set; (b) declustered data set;
(c) transformed data set (normal score) used in the simulation; (d) transformed data set (normal score) variogram models;
(e) cross-validation. The spherical model was chosen to estimate the interpolation error of uplift. The interpolation error of the
water table change was estimated using a Gaussian model (sill = 0.4, range= 9) in space, and a hole model (sill = 0.2, range= 6) in
time.
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tered data distribution. At any sampled point, the
simulation algorithm returns the exact experimen-
tal value. Post-processing allows estimating the
point-to-point standard deviation of the realiza-
tions.

Appendix 3. Residual gravity of a prolate
ellipsoid of revolution

The residual gravity component at the (x,y) lo-
cation for a vertically elongated prolate ellipsoid
of revolution is (Clark et al., 1986):

vgR ¼ 3G
vM

ð13A2Þ1:5
d
a

log
ð13A2Þ0:5 þ ð13V Þ0:5

ðA2 þ V Þ0:5

� �
3

13A2

1þ V

� �
0:5

� �
ð12Þ

where V is the largest of the three real roots of:

s3 þ p2s2 þ p1s þ p0 ¼ 0

p2 ¼ 1þ 2A23d23L2

p1 ¼ 2A2 þ A432A2d23ð1þ A2ÞL2

p0 ¼ A43A4d23A2L2

d ¼ d=a; L2 ¼ ðx2 þ yÞ=a2 ð13Þ

and a is the ellipsoid semi-major axis, b the semi-
minor axis, A= b/a, d the (positive) depth of the
ellipsoid center, x and y the horizontal coordi-
nates with respect to the ellipsoid major axis.
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