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Abstract

We investigate the effects of viscoelastic (VE) rheologies surrounding a vertically dipping prolate spheroid source during an

active period of time-dependent deformation between 1995 and 2000 at Long Valley caldera. We model a rapid magmatic

inflation episode and slip across the South Moat fault (SMF) in late 1997. We extend the spherical VE shell model of Newman

et al. [Newman, A.V., Dixon, T.H., Ofoegbu, G., Dixon, J.E., 2001. Geodetic and seismic constraints on recent activity at Long

Valley caldera, California: Evidence for viscoelastic rheology. J. Volcanol. Geotherm. Res. 105, 183–206.] to include a prolate

spheroid geometry more accurately representing the probable source geometry inferred from other studies. This paper presents

the first attempt to geodetically constrain the volcanic deformation source volume at Long Valley, a parameter for hazard

assessment. Including fault slip along the SMF explains significant deformation observed with several EDM baselines and

components of two continuous GPS time series. Additionally, the model explains the spatial extent of deformation observed by

InSAR data covering the 1997–98 inflation episode. For the time period studied, the VE model requires modest pressure

changes (maximum of 14.3 MPa) that are far lower than the overburden pressure (~115 MPa), and less than the maximum for a

purely elastic model with the same geometry and elastic strength (~45 MPa). Thus, the inclusion of a realistic VE component

significantly lowers the inferred pressures necessary to explain observed surface deformation. Though our model is non-unique,

it is consistent with a broader variety of data compared to purely elastic models. Only right-lateral slip, and not dilitation, was

necessary to explain offsets in EDM data near and crossing the SMF.
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1. Introduction

Long Valley Caldera is situated in east-central

California on the eastern edge of the Sierra Nevada
al Research 150 (2006) 244–269
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range (Fig. 1). The 17�32 km2 caldera was created

approximately 760,000 yr ago in a large ignimbrite

eruption, expelling more than 600 km3 of pyroclastic

material and ash that also formed the locally N1 km

thick Bishop tuff (Bailey et al., 1976). Shortly after

caldera formation, the central resurgent dome formed

from magmatically induced uplift and coincident lava

flows, rising approximately 500 m above the caldera

floor.

In the last 40 k.y. eruptions have been isolated to

the Inyo–Mono chain, running north-south from the

western part of Long Valley Caldera to Mono Lake

(Fig. 1), and consisting predominantly of rhyolitic–

rhyodacitic flows (e.g., Miller, 1985; Fink, 1985;

Vogel et al., 1989). The most recent eruptive period

was between 700–500 yr ago along the length of the

Inyo–Mono chain and ~200 yr ago in Mono Lake,
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Fig. 1. Topographic image of the Long Valley Caldera (LVC), the central

National Elevation Database. The caldera rim shown here and in subseque
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Long Valley in the eastern Sierras.
occurring in a series of small eruptions and phreatic

explosions (Miller, 1985).

Starting between 1978 and 1980 and continuing to

present, the Long Valley region has experienced seis-

micity and surface deformation well above background

levels. The most active period of inflation occurred

between 1978 and 1984, with four M~6 earthquakes

and ~40 cm of inflation centered on the resurgent dome

(Hill et al., 1991; Langbein et al., 1993, 1995). Between

1990 and mid-1997, background seismicity and slow

inflation continued, then exponentially increased in late

1997, before exponentially decaying to a point of zero

growth by mid-1998 (Figs. 2 and 3). The change from

exponential increase to decrease coincided with a max-

imum in South Moat seismic moment release, suggest-

ing that resurgent dome inflation and South Moat

seismicity are directly linked (Fig. 5 in Newman et
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Fig. 2. (Top) GPS deformation and seismicity at Long Valley Caldera in eastern California for two different time periods (Newman et al., 2001).

GPS deformation rate relative to Sierra Nevada block (arrows with 95% confidence ellipses; errors for early period are almost imperceivable)

and seismicity scaled by magnitude (circles) shown for low activity period with open symbols (1 October 1994–30 June 1997), and high activity

period with filled symbols (1 July, 1997–31 December, 1998). Dashed lines show the projected intersection point for GPS data. Open thick

ellipse shows 95% confidence limits of shallow deformation source location for the period 1989–1992 described by Langbein et al. (1995).

Seismic data were collected and analyzed by the Northern California Earthquake Data Center. (Bottom) Same data as above for south/north and

west/east cross-sections.
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al., 2001; Hill et al., 2003). The seismic and inflation-

ary activity during this most recent phase of unrest

almost certainly reflect intrusion of basaltic magma

from the upper mantle and/or lower crust into the
middle and upper crust (Dvorak and Dzurisin, 1997;

Battaglia et al., 1999, 2003b).

In Newman et al. (2001) we examined this phase

of unrest using a model that incorporates a constant
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Fig. 3. (A) Location of continuous GPS sites (triangles) and EDM baselines measured from site CASA (lines) used in this study. (B) Daily

GPS vertical, east and north positions with 1j error estimates relative to stable Sierra–Nevada Block for continuous sites CASA and KRAK

spanning the resurgent dome. The long-term steady change in positions between 1995 and early 1997, shows slow growth of the resurgent

dome before the highly active period in late 1997–early 1998. Gray bar represents period of deformation captured by InSAR pair (Pair A) in

Fig. 4. (C) Near-daily EDM measurements taken from the laser base station at CASA (next to continuous GPS site CASA) and 8 individual

reflectors spanning the resurgent dome and South Moat. CASA–KRAK EDM is nearly identical to baseline measured by GPS for those sites

(Newman et al., 2001).
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thickness Maxwell viscoelastic (hereafter VE) shell

surrounding a small spherical magma chamber, and

compared these results with Electronic Distance
Measurements (EDM) from the baseline CASA–

KRAK, the line spanning the resurgent dome with

the largest signal to noise ratio. The model devel-
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oped in Newman et al. (2001) was the first to

compare observed volcanic deformation with predic-

tions that incorporated VE rheology.

Vertically dipping prolate spheroid pressure sources

have also been used to describe the 1997–1998 Long

Valley deformation (Tiampo et al., 2000; Fialko et al.,

2001; Battaglia et al., 2003a; Langbein, 2003). Here

we again examine the 1997–98 phase of unrest, using a

vertically dipping prolate spheroid pressure source,

surrounded by a 0.5 to 1.0 km thick VE shell within

a purely elastic half-space plus earthquake-induced

deformation along the south moat, and compare the

predictions to multiple geodetic data types. We esti-

mate the minimum plausible source volume by making

the assumption that the pressure within the source

cannot exceed lithostatic load. We compare these

results to 6 years of data from eight single-component

EDM lines, two three-component continuous GPS

receivers on the resurgent dome, and two Interfero-

metric Synthetic Aperture Radar (InSAR) images

spanning the most significant inflation period.
1 Though Long Valley is generally considered to be on a transition

between SNB and stable NAP (e.g. Dixon et al., 2000), the remova

of SNB motion appears to be correct here since the resulting GPS

signal at CASA and KRAK can be mostly described by a single

radially symmetric inflationary source (discussed later).
2. Data

The increased seismic activity and notable eleva-

tion changes in leveling data between 1978 and 1982

motivated the USGS and other agencies and univer-

sities to begin intensely studying the Long Valley

region. Geophysical instrumentation included short

period and broad band seismometers, a two-color

EDM network, volumetric strain meters (dilat-

ometers), tiltmeters, campaign GPS (Dixon et al.,

1993) and continuous GPS (Webb et al., 1995;

Dixon et al., 1995, 1997) was later added. Seismic

and geodetic information gathered from these instru-

ments are useful for assessing location, intensity and

type of local earthquake activity (e.g., Newman et al.,

1997; Dreger et al., 2000; Prejean et al., 2003; Hill et

al., 2003), developing low resolution images of sub-

surface rheology (e.g., Steck and Prothero, 1994;

Sanders et al., 1995; Sanders and Nixon, 1995; Foul-

ger et al., 2003, 2004), and defining the extent of

surface deformation caused by both earthquake and

volcanic sources (e.g., Langbein, 1989; Langbein et

al., 1993, 1995; Thatcher and Massonnet, 1997;

Tiampo et al., 2000; Fialko et al., 2001; Newman et

al., 2001; Battaglia et al., 2003a; Langbein, 2003).
2.1. Geodetic data

In addition to the near continuously recorded GPS,

daily EDM, tilt and strainmeter data, deformation at

Long Valley is also measured through infrequent

leveling (every 2–3 yr), frequent InSAR imagery

(~1 per month depending on satellite), and less fre-

quent, survey mode EDM at additional sites. Here we

focus on available daily EDM, continuous GPS and

InSAR data as they best capture the spatial and tem-

poral deformation for the 1997–1998 inflation episode

and intense seismic swarm activity.

2.1.1. GPS

Continuous GPS data were measured at two sites,

CASA and KRAK, within the caldera and atop the

resurgent dome during the 1997–1998 inflation epi-

sode (Fig. 2). The GPS data were analyzed at the

University of Miami’s Geodesy Laboratory following

Dixon et al. (1997) and are further explained in New-

man et al. (2001). The data are reduced in a global

reference frame daily to yield geographic north, east

and vertical components of deformation. The combi-

nation of white and flicker noise in the north, east and

vertical components average ~7, 11 and 21 mm. Ran-

dom walk error, probably representing monument

noise, is ~2 mm/a1 / 2 (Mao et al., 1999; Langbein

and Johnson, 1997).

In order to investigate local deformation from the

GPS data, we removed the effects of the North Amer-

ican plate (NAP) rotation in the International Terres-

trial Reference Frame (ITRF) 2000 (hNAP, /NAP,

xNAP=4.598S, 82.918W, 0.1958/ma) following Sella

et al. (2002). Additionally we removed Sierra Nevada

block (SNB) motion relative to NAP (hSNB, /SNB,

xSNB=17.08N, 137.38W, 0.288/Ma) following Dixon

et al. (2000). By definition, there are no vertical

components to NAP or SNB motions. After removing

background tectonic motion, resultant vectors repre-

sent local deformation for Long Valley.1 Fig. 3 shows

the resulting time series for the vertical, east and north

components for sites CASA and KRAK. Low rates of
l

,
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deformation are observed through mid-1997, when all

components for both stations show exponentially

increasing displacement. Because the resulting vectors

(Fig. 2) do not appreciably change direction with the

rapid increase in magnitude, it is reasonable to assume

that there is no significant change in the location or

depth of the deformation source. Newman et al.

(2001) noted that the source responsible for the steady

inflation between 1995 through mid-1997 and the

exponential change shown between mid-1997 through

early 1998 did not show appreciable horizontal loca-

tion or depth changes between 1989 and 1992 as

defined within 95% confidence by Langbein et al.

(1995) (Fig. 2).

GPS data provide continuous geocentrically refer-

enced three-component vector displacement data. If

uncertainties are small, two GPS stations are sufficient

to define a point source within a homogeneous half-

space (Dixon et al., 1997). However, because the true

source of deformation has a finite volume, is likely

non-spherical, and because the 1997–98 episode

includes possible deeper sources and offsets along

the South Moat, and involved rapid non-linear infla-

tion and possible anelastic rheology, examination of

other data such as EDM and InSAR is important.

2.1.2. EDM

EDM uses laser ranging to measure a single com-

ponent length change between a base station and a

series of reflectors. At Long Valley, a 2-color laser is

used to minimize errors in length measurements due

to atmospheric pressure and moisture. Per kilometer

of baseline, white noise errors are between 0.1–0.2

mm. Random walk errors, which are reduced with

recording time for steady deformation, are ~1.6 mm/

a1 / 2 (Slater and Huggett, 1977; Langbein and John-

son, 1997). At Long Valley Caldera, frequent (near

daily) EDM measurements are made from a base site

at Casa Diablo (CASA), next to the continuous GPS

station of the same name, to eight reflectors (KRAK,

SAW, KNOLLS, HOT, SHERWIN, SHARK, MINER

and TILLA) (Fig. 3). Baselines are measured from

CASA to nearly 30 additional sites between 4 and 15

times per year. Infrequent, annual to sub-annual mea-

surements are made from another five base stations

within the caldera and along the Inyo–Mono chain.

For this study we used the near-daily baselines

measured from CASA and collected between 1998
and early 2000. While EDM data augment available

continuous GPS with additional spatial coverage of

continuous data, the data only provide a single com-

ponent of relative motion between reflector sites and

the base station. The time series of these data (Fig. 3)

have lower errors and fewer outages than GPS data.

Four baselines across the resurgent dome (KRAK,

SAW, KNOLLS and HOT) all capture the long steady

inflation between 1995 and 1997, before exponen-

tially increasing then decaying in late 1997–early

98. The baselines which are near or cross the South

Moat (SHERWIN, SHARK, MINER and TILLA) are

less clear. Two of these sites (SHERWIN and TILLA),

show a clear step in late 1997, with the TILLA base-

line shortening, while the other two (SHARK and

MINER) show a slow gradual increase or no clear

length-change. This step in late 1997 is most likely

due to active faulting across the South Moat (Lang-

bein, 2003) and will be briefly explored in this study.

Though GPS and EDM can generate essentially

continuous deformation data, they do not provide

dense spatial coverage, necessary to fully define addi-

tional deformation sources or non-radially symmetric

deformation. Spatially dense InSAR data can fill this

gap.

2.1.3. InSAR

InSAR reveals phase differences between reflected

radar signals off the surface of the earth and is well-

suited for volcano deformation studies. The data are

affected by topography, thus it is necessary to remove

known elevation using a digital elevation model

(DEM). The resulting phase differenced information

gives length changes between individual points on the

earth’s surface in the line-of-sight (LOS) direction of

the satellite. The information in adjacent pixels are

highly correlated, and it is difficult to assess errors

associated with individual pixels. We assume that

errors in range change are approximately 10 mm

(Moran et al., 2005-this issue).

The InSAR data were collected by the European

Space Agency C-band satellite ERS-2, which has a

wavelength of 56.6 mm and a repeat orbit every 35

days and were processed using the Caltech/JPL

InSAR package, ROI_PAC. Fialko et al. (2001)

stacked multiple image pairs to obtain an accurate

estimate of average deformation between June 1996

and July 1998. However, in order to capture time-
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dependent deformation, it is necessary to examine

individual pairs. We examine two such pairs spanning

the major inflationary 1997–98 episode (Fig. 4): Pair
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which shares the same ending scene as A, captures

deformation after the onset of major seismic moment

release along the South Moat. LOS for these images,

which are descending orbits, are 768 CCW from north

and 238 from vertical, hence the data mostly reflect

vertical deformation, with a small (S148E) horizontal
component. Each color bfringeQ represents 28.3 mm of

motion in the radar line-of-site, showing a total of

approximately 100 mm of inflation at the central

bbull’s eyeQ. The deformation pattern is radially sym-

metric with a slight elongation in the east-west direc-

tion (same as caldera rim).

Repeat InSAR images from the same orbit measure

1-dimensional displacement, and are spatially contin-

uous, excluding areas of decorrelation, such as occur-

ring within the western portion of the caldera in pairs

A and B. However, the combination of these data with

GPS and EDM give an essentially complete four-

dimensional (three spatial dimensions plus time)

image of deformation activity at Long Valley during

the 1997–1998 inflation episode.

2.2. Seismic data

Hypocentral earthquake location and magnitude

data available from the Northern California Earth-

quake Data Center (NCEDC, http://quake.geo.

berkeley.edu/) are shown for the early 1995 through

mid-1997 slow inflation and peak late-1997 inflation

(22 November–31 December, 1997), color coded in

Fig. 2. The earthquakes are spatially offset from the

inflation center, mostly occurring in the South Moat,

but are well correlated in time with deformation.

The largest earthquakes, 6 MN4.2 events (Table 1),
Table 1

Earthquakes greater than Mw4.2 within Long Valley caldera in late

1997 catalogued by the Northern California Earthquake Data Center

(NCEDC)

Date Latitude Longitude Depth Magnitude

NCEDC

[Mw]

Dreger

22 Nov 1997 37.6340 �118.9507 8.20 4.7 4.6

22 Nov 1997 37.6352 �118.9175 8.38 4.5 4.6

22 Nov 1997 37.6363 �118.9360 7.66 4.8 4.9

30 Nov 1997 37.6343 �118.9462 7.10 4.8 4.9

29 Dec 1997 37.5998 �118.9153 8.37 4.3 –

31 Dec 1997 37.6312 �118.8697 6.59 4.8 –

Additional moment-inversion based magnitudes are given for events

analyzed by Dreger et al. (2000).
followed the exponential increase in inflation

(Newman et al., 2001; Hill et al., 2003). Additional,

high precision double-differenced relative earthquake

locations (Fig. 5) were recorded as part of two tem-

porary arrays installed by the USGS and Duke Uni-

versity (Prejean et al., 2003). Unfortunately, because

these data are only available through early September,

they miss the major moment release in late November.

These data are useful for assessing the location of

the brittle–ductile transition (stresses sufficient for

earthquakes cannot build up in ductile material) gen-

erally greater than ~300 8C. Additionally, by defining

the South Moat Fault (SMF) and movements across it

(e.g., Dreger et al., 2000; Langbein, 2003), seismicity

helps to explain non-radially symmetric components

of observed 1997–1998 deformation.
3. Models

Volcanic deformation at Long Valley has been

assessed by many authors, for spherical, prolate

spheroid, ellipsoidal or penny-shaped crack sources

with either GPS, EDM, leveling and/or InSAR data

(e.g., Langbein et al., 1993, 1995; Tiampo et al.,

2000; Newman et al., 2001; Fialko et al., 2001;

Battaglia et al., 2003a; Langbein, 2003). With the

exception of Newman et al. (2001), who incorpo-

rated a VE rheology, models have assumed deforma-

tion within a homogeneous, purely elastic medium.

Given that Long Valley has had an extensive erup-

tive history, and is currently undergoing unrest, it is

logical to assume that rocks near the inflation source

are considerably heated and weakened beyond the

brittle–ductile transition temperature where VE

rheology is more appropriate. Here we explore a

finite element model (FEM) that incorporates a VE

shell near the deformation source. We also use a

realistic source volume (necessary for assessing

source pressures). Because of the potentially large

number of variables, the results are non-unique,

however they illustrate the impact that viscoelasticity

has on time-dependent deformation. Because it is

time-intensive to geometrically parameterize and

mesh appropriate FEMs, we explore a limited

range of geometries derived from source properties

determined from prior, published analytical inver-

sions of geodetic data.

http://quake.geo.berkeley.edu/
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temporal correlation of the two suggests they are closely related.
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3.1. Assessing source volume

Geodetic data allows an estimate of volumetric

change of the source, DV, assuming that deformation

occurs within a homogeneous elastic half-space for a

given source location and depth. Using the equations

of Mogi (1958), McTigue (1987) showed that for a

spherical source model, DV could be found for either

radially horizontal, Ur, or vertical deformation Uz, by:

DV ¼ 4p
3
Ur

d2 þ r2ð Þ3=2

r
;DV ¼ 4p

3
Uz

d2 þ r2ð Þ3=2

d

ð1Þ
where r and d are the horizontal and vertical distances

between a point of surface deformation and source
center. For a prolate spheroid source (an ellipsoid

whose two minor axes are of equal length), the analytic

equation relating DV and U becomes quite complex,

but is still controlled solely by the source location and

geometry, given a homogeneous purely elastic half-

space (Yang et al., 1988; Davis, 1986) (Appendix A).

Assessing source pressure is also important for

understanding the physics of volcano deformation

and eruption hazard. There is a trade-off between

crustal strength and source pressures or volume, thus

a lack of understanding of rheology can result in large

uncertainty on source volumes and accompanying

pressures. In practice, this means that in order to

estimate reasonable source pressures, we must assume

plausible rheology and source volume. Additionally,



Table 2

Published prolate spheroid source parameters from inversions of

geodetic data

Paper Depth d

[km]

Volume

change

DV [km3]

Axis

ratio

b/a

Episode

[year]

Langbein (2003)a 6.0 0.03 0.45b 1989

Fialko et al. (2001) 7.2 0.07c 0.43 1997–1998

Langbein (2003)a 6.0–7.0 0.03 0.85b 1997–1998

Battaglia et al. (2003a) 5.9 0.09 0.48b 1997–1998

This study 6.0 0.1d 0.5 1997–1998

a Includes a second deeper source between 10 and 20 km depth.
b Converted from stress ratios using Davis (1986).
c Volume change is calculated from DP=8 MPa and l =5 GPa

(Eq. (2)).
d Volume here is assumed for the entire inflationary period

between 1978 and 2000.
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to place bounds on the total volume involved in

expansion it is necessary to assume that since no

eruption had occurred, the overall pressure change,

DP, must remain below the lithostatic load, Plitho.

Though aspects of published models for vertically,

or near vertically, dipping prolate spheroids at Long

Valley vary (Table 2), 1st order approximations of

individual parameters are sufficient to test the viscoe-

lastic models in this study. For the 1997–98 episode,

depth estimates are between 5.9 and 7.2 km. Langbein

et al. (1995) found 5.5 km depth for the 1989 defor-

mation episode. For this study we use an intermediary

depth value of 6 km (approximating the average of

earlier studies of 6.2 km). The geometric ratio of the

semi-minor, b, and semi-major axes, a, b /a =0.43 to

0.85, depending on the data used and model para-

meters and average 0.55. Here we chose a value

slightly more elliptical than the average but closer to

3 of the 4 previous studies, b /a =0.5, which is slightly

more spherical than the more pipe-like models with a

ratio of 0.45, but much more elliptical than the nearly

spherical source, b /a =0.85, found by Langbein

(2003) for the 1997–98 source. Because volume

change is cumulative, we must assess the uplift

between 1978 and 2000 which yields approximately

0.1 km3 of volumetric increase at the source.

The equation relating DV and DP for a prolate

spheroid within a Poisson’s solid is (Tiampo et al.,

2000):

DP ¼ lDV
pab2

: ð2Þ
where l is the rigidity, or shear modulus (a =b for a

spherical source). The lithostatic load, Plitho, at the top

of vertical prolate spheroid pressure source is:

Plitho ¼ d � að Þqg; ð3Þ
where q and g are the rock density and local gravita-

tional acceleration. Assuming the maximum allowable

pressure within the chamber, DPmax=Plitho (otherwise

an eruption occurs) and using an axes ratio b /a =0.5:

DPmax ¼
4DVl

pa3min

¼ d � aminð Þqg: ð4Þ

For DV=0.1 km3, d =6 km, q =2800 kg/m3, g =10

m/s2, and rigidity suitable for hot volcanic region,

l =5 GPa (e.g., Bonafede et al., 1986), we obtain a

minimum size for the prolate spheroid, amin=1740 m

and bmin=870 m. Mathematically, the maximum

allowable size goes almost to the surface.

More realistically, the maximum size of the verti-

cally dipping magmatic pressure source at 6 km depth

is limited by seismicity and thermal information from

the Long Valley Exploration Well (LVEW) (Fischer et

al., 2003). Seismicity in the immediate vicinity of the

magmatic source region occurs along the South Moat

and is mostly above 7 km depth and more than 4 km

from the source (Figs. 2 and 5). Given the lack of

seismicity directly above the focus of the magmatic

center, the source could conceivably be located at very

shallow depths. However, local seismic tomography

does not image such a body at depths shallower than 3

km (Foulger et al., 2003). Additionally, temperatures

at the LVEW site (drilled to 3 km depth approximately

1 km from the magmatic source focus) are only ~100

8C between 2500 and 3000 m depth (Fischer et al.,

2003). However, it is evident that the rocks at 2600 m

were previously 200 8C hotter, similar to surrounding

bore-hole temperatures (Sorey et al., 1991), before

changes in the hydrothermal system cooled the local

crustal rock (Fischer et al., 2003). The rocks sampled

here are currently too cool to be sufficiently ductile to

represent the deformation source or its ductile shell.

Because of these limitations on the size of the prolate

spheroid, we chose a relatively small model source

with a =1800 m and b =900 m.

3.2. Viscoelasticity

Material surrounding a long-lived magmatic

source should be heated significantly above the
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brittle–ductile transition. Above this temperature,

rocks no longer behave in a purely elastic manner,

but permanently deform because the fluid strength,

or viscosity, g, is significantly lowered. However,

unless the material contains a significant component

of melt, it also maintains a partially recoverable

elastic response, and can be modeled as a visco-

elastic material (e.g. a Maxwell Fluid). A Maxwell

VE fluid, is a linear system, often illustrated as a

spring and dash-pot in series. In such a material an

imposed stress will cause both an instantaneous,

recoverable strain, and a time-dependent, permanent

strain, whose rate is controlled by its Maxwell or

characteristic time, s:

sc
g
l
: ð5Þ

Dragoni and Magnanensi (1989) describe a shell

model for volcano deformation, with a spherical pres-

sure source surrounded by a concentric, spherical,

Maxwell VE shell within a purely elastic full-space.

In the analytical equation’s simplest form, that of an

instantaneous pressure increase, and a constant rigid-

ity throughout, the radial displacement as a function

of radial distance, r1, and time, t, is:

ur1 r1; tð Þ ¼ 1

4

DP

l
R3
2

r31
1� 1� R3

1

R3
2

� �
e�t=s

� �
; ð6Þ

where R1 and R2 are the radii from the source center

to the source wall and the outer VE shell wall. The

characteristic time is

s ¼ 9

5

g
l

R2

R1

� �3

: ð7Þ

Newman et al. (2001) showed that wet rhyolites

(containing 5 wt.% H2O, similar to what is found in

Long Valley) near the solidus temperature, ~670 8C,
have a viscosity, gc1016 Pa s. Additionally, for hot

quartz-bearing country rock, around 350 8C, g is

between 1017 and 1019 Pa s (Luan and Patterson,

1992; Ivins, 2000). For our model, we use a variable

thickness VE shell that is 1 km thick at top and bottom

and 0.5 km thick on the sides with a viscosity of 1016

Pa s (Fig. 5), to maintain b /a =0.5 for the purely

elastic half-space outside the VE shell. Davis (1986)

first suggested that the ellipsoidal source can include a

region of low viscosity rock.
The maximum viscosity that can be investigated

depends in part on the time span sampled by a given

set of deformation data. Because purely elastic models

are time-invariant and often average deformation data

over several years, they are not sensitive to possibly

low viscosity rheology near the deformation source.

Using a prolate spheroid approximation of Eq. (7), we

find that depending on the period of the time averaged

data, T, the minimum resolvable viscosity, gmin, can

be described as:

gmincTl
a

aV

� � b

bV

� �2

ð8Þ

where aV and bV are the radii from the source center to

the outer edge of the VE shell in the semi-major and

semi-minor directions. Previous prolate spheroid

models for Long Valley average data for one to sev-

eral years, with Tc3 a, thus will not be sensitive to

material with viscosities less than ~1017 Pa s (Fig. 6).

Alternatively, because our model is time-dependent

and compares data measured on a daily basis, our

prolate spheroid is potentially sensitive to material

with viscosities greater than ~1014 Pa s. Thus, for

modeling daily sampled time-dependent deformation

data it is justifiable to consider a small source sur-

rounded by a VE material with viscosity N1014 Pa s.

However, for models that average a few years of data,

results are insensitive to materials with viscosities

below ~1017 Pa s.
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3.3. Finite-element magmatic source model

We utilized the finite element method to represent

the geometric and temporal complexities of Long Val-

ley deformation due to an inflating source at depth. We

used the commercial software package ABAQUS

(ABAQUS, Inc., 2003). Our initial approach assumes

radial symmetry about the source center, and can be

explored with a two dimensional axisymmetric model

that is far more efficient than an equivalent full three-

dimensional model. Though this model’s rheology is

more complex than others proposed for Long Valley

deformation, it still does not account for the full spatial

complexity of deformation sources and rheology as

shown in Fig. 5 (a comparison of our model and a

more realistic geologic cross-section, modified from

Hill et al. (1998)). The source location chosen for this

model is 37.6878N, 118.9158W, the approximate loca-

tion for the 1989 source of Langbein et al. (1995), and

other inversion results for the 1997 source (e.g., Fialko

et al., 2001; Battaglia et al., 2003a; Langbein, 2003).
Fig. 7. (Left) The FEM mesh for the axisymmetric model incorporating the

model, which approximates a half-space, contains 6100 quadrilateral elem

vertical deformation at the bottom. (Right) Details of the source region in

whose viscous properties are allowed to change. The inner two layers, the in

and 250 m thick on the side (variable thickness shells were created to main

with a radius of 3300 m, thus the shell is 500 m thick at top and base and 14

the source location for the 1989 source of Langbein et al. (1995). For illu

during 1997 episode.
The effect of topography can be approximated

from Eq. (1), such that the source depth change due

to topography, Ddtopo, directly above an inflating

source will change the predicted vertical deformation

by:

DUz ¼ 1� Ddtopo

d

� �2

: ð9Þ

For the ~400 m elevation increase from the caldera

floor to the top of the resurgent dome and areas in the

western caldera, the predicted deformation would be

~13% less for a source at 6 km depth. We therefore

neglect the effects of topography as its effects are

small compared to other uncertainties.

To approximate a half-space, the axisymmetric

FEM is composed of ~6100 quadrilateral elements

covering a region that extends 50 km horizontally

from the source center and 50 km below the surface

(Fig. 7). No normal strain is allowed on either side or

the bottom (illustrated as brollersQ in Fig. 7). Two

elliptical shells within a larger outer spherical shell
6

4

2

0

D
ep

th
 [k

m
]

Linear Elastic Crust

Circ. Shell

Outer Ell Shell

Inner Ell. Shell

CASA

vertically dipping prolate spheroid shown in Fig. 5. The 50�50 km2

ents and does not allow for horizontal deformation on the sides nor

the FEM mesh. Surrounding the source, are three layers of elements

ner and outer ellipsoidal shells, are each 500 m thick at top and base

tain overall spheroid ratio b /a =0.5). The third shell is circular shell

00 m on the side. The axis for this model is at 37.6878N, 118.9158W,

stration, site CASA is shown with approximate deformation vector,
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vertical components. However, the proportional difference becomes

significant at distances greater than 10 km (or 20% of the model

mesh) where the FEM is about 1/2 the value of the analytic solution

and beyond the region of interest in this study.
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surround the source center. With this formulation, we

can perform some simple numerical experiments to

assess the sensitivity of surface deformation data to

rheologic complexities at depth.

Newman et al. (2001) found good agreement

between a FEM spherical VE shell model surrounding

a spherical pressure source, with an analytic equiva-

lent described by Dragoni and Magnanensi (1989).

Here we test our FEM approximation of a prolate

spheroid in a similar manner. Thus, we compare the
Table 3

Rheologic parameters for several plausible volcanic source models

Model Inner ellipsoid shell Outer ellipsoid shell

l g l g

VE1 5 1e16 5 1e16

VE2 5 1e16 5 1e18

VE3 5 1e16 5 1e16

VE4 5 1e16 5 1e16

LE1 5 l 5 l

All models are variations of the model VE1 (used to fit geodetic data) an

elastic. Response of these models to the pressure history used to fit VE1 to

and Pa s, respectively.
FEM, holding l =5 GPa, and Poisson’s ratio, m =0.25,
for all regions outside the source to the Yang et al.

(1988) analytic model for the same geometry (h =908,
P=�12.0 MPa, z0=6 km; see Appendix). The model

geometry and mesh in Fig. 7 were used and DP was

chosen to approximate the maximum value explored

in our models. The FEM solution slightly underesti-

mates the Yang model prediction by 0.3 and 0.7 mm

at distances to 25 km (Fig. 8). While this value differs

only a few percent in the first 15 km (30% of the

lateral extent of the FEM), the offset becomes signifi-

cant further from the source. This is acceptable

because most of the data being compared is within

15 km of the deformation source epicenter. By extend-

ing the FEM to 100�100 km2 (~18,000 quadrilateral

elements) the two solutions are nearly identical to 25

km. The smaller model, however, has considerably

fewer integrations and is more efficient than the larger

model while obtaining good results in the area of

interest, and is used for the remainder of this study.

We next introduce the VE component to the inner

and outer elliptic shells as described in model VE1 of

Table 3. The VE component has the same rigidity as

the outer purely elastic components, l =5 GPa, but

has an additional viscous component similar to that

of near-solidus wet rhyolite, g=1016 Pa s, and

described in Section 3.2. Using a starting point pres-

sure history, model L-2 from Newman et al. (2001),

we performed a series of forward models to best fit the

single EDM Baseline between CASA and KRAK (the

baseline crossing the central resurgent dome and

showing the most deformation). Only the pressure

history is varied.

Fig. 9 (bottom) shows the resultant pressure history

obtained by fitting the CASA–KRAK EDM baseline
Circular shell Linear elastic crust

l g l g

5 l 5 l
5 l 5 l
5 1e18 5 l
30 l 30 l
5 l 5 l

d maintain the geometry in Fig. 7. Regions with g =l are purely

geodetic data is shown in Fig. 9. Rigidities and viscosities are in GPa



0

20

40

60

80

100

120

1995 1996 1997 1998 1999 2000

Variability in deformation with µ and η

U
pl

ift
 a

t C
A

S
A

, U
z 

[m
m

]
Model VE1

Model VE2

Model VE3

Model LE1

Model VE4

0

5

10

15

1995 1996 1997 1998 1999 2000

S
ou

rc
e 

P
re

ss
ur

e,
 ∆

P
 [M

P
a]

Time [yr]

Fig. 9. (Top) Vertical deformation predicted at site CASA for models with varying rheologies while maintaining a constant geometry and

pressure history (Bottom). Vertical band represents the period of the six Mw 4.3�4.9 earthquakes (22 November–31 December, 1997) along the

South Moat. Note that the peak in seismicity corresponds with a significant decrease in pressure growth rate. All models use the FEM mesh

geometry in Fig. 7 and are varied by parameters listed in Table 3. The model VE1 was used to fit geodetic data in Figs. 10 and 11. The predicted

vertical deformation varies by nearly an order of magnitude depending on the model.

A.V. Newman et al. / Journal of Volcanology and Geothermal Research 150 (2006) 244–269 257
data while maintaining a minimal number of segments

(Table 4). The pressure history consists of seven

piece-wise linear and continuous segments, with a

maximum DP of 14.3 MPa, almost an order of mag-

nitude lower than the lithostatic load near the source

top (~115 MPa). The model has a slow and steady

increase in pressure between 1995 and early 1997,

increasing rapidly through late 1997. On 22 Novem-

ber, 1997 (Day 1056 in Table 4) the pressure increase

decelerates rapidly before decaying in early 1998. The

onset of this deceleration is coincident with the onset

of major seismic moment release across the South
Moat, and changes in the GPS and EDM time series.

It is likely that the sudden pressure decrease is related

to the maximum moment release along the South

Moat. This conclusion is consistent with the findings

of Newman et al. (2001).

3.4. Effect of rheology on observed deformation

Additional models using the best fit pressure his-

tory from model VE1 and varying rigidity and visc-

osity for individual model components were used to

further evaluate rheological effects. Table 3 shows the



Table 4

Pressure history used to for CASA-KRAK EDM baseline for FEM VE1

Time [days] 0 800 1000 1056 1195 1270 1400 2000

DP [MPa] 1.4 3.3 6.2 13.2 14.3 11.2 12.0 10.5

Time is in days from January 1, 1995.
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rigidity and viscosity values used for individual mate-

rial sections shown in Fig. 9.

In model VE2, the VE layer was first separated

into two layers, the outer being 100� more viscous,

analogous to 350 8C granodiorites (country rock)

(Luan and Patterson, 1992; Ivins, 2000). Because

the model more closely approximates an elastic

half-space compared to VE1, with less of a time-

dependent character, the modeled vertical deforma-

tion at site CASA is 40% smaller and has sharper

transitions (Fig. 9).

Model VE3 was used to test the effects of a large

spherical shell surrounding the source with a high

viscosity (g =1018 Pa s), comparable to a region of

significantly heated country rock. This model has the

same VE shell as VE1. Because this model is similar

to VE1, the modeled vertical deformations for site

CASA are similar; VE3 predicts about 20% more

inflation after the rapid pressure increase in late

1997 compared to model VE1 due to the larger region

with higher viscosity.

Model VE4 tests the effects of rigidity on observed

deformation. The viscous properties for all materials

are the same as in VE1, however the rigidity is

increased to typical crustal values of 30 GPa (e.g.,

Masters and Shearer, 1995), rather than 5 GPa, which

has been suggested appropriate for hot volcanic

regions (e.g., Bonafede et al., 1986). As expected,

because deformation scales inversely with rigidity,

the 6-fold increase in rigidity results in about one-

sixth the deformation.

Finally, model LE1 was used to show the effects of

the pressure history on a purely elastic half-space

(l =5 GPa). Because there are no time-dependent

effects, any change in pressure at the source translates

into recoverable instantaneous deformation. The pre-

dicted deformation is less than one-third that of VE1

even though the elastic character of each model is the

same. Thus, for the given geometry, a purely elastic

model requires at least a 3-fold increase in source

pressure compared to VE1 to explain the same mag-

nitude of deformation.
4. Discussion

4.1. Agreement of magmatic source model

Chi Square, v2, and reduced Chi Square, vm
2, results

for individual fits are given in Table 5. v2 gives the

sum of the squared variance between the model,

Modeli, and data, Datai, weighted by individual errors

ri such that:

v2 ¼
Xn
i¼1

Datai �Modelið Þ
ri

� �2

: ð10Þ

Because this value increases with the inclusion of

additional data and is not effected by the complexity

of the models, by itself, it gives no information about

how well can a given model actually approximates

data. Thus, it is better to use vm
2, as it scales v2 by the

degrees of freedom (number of data points, N, minus

the number of adjustable parameters, M) in a given

model fit,

v2m ¼ v2= N �Mð Þ: ð11Þ

As a model more accurately predicts data, whose

errors are correctly assessed, while maintaining a

justifiable number of free parameters, this value

approaches 1.0 (Press et al., 1992). Thus examining

vm
2, is a useful assessment of the appropriateness of a

given model to explain observed deformation. Though

neighboring InSAR pixels are inherently correlated,

they are assumed to be independent. Thus, the numer-

ous data we incorporate (Nc34,000; including

14,000 GPS and EDM points and 20,000 InSAR

points) and the relatively few free parameters

(M =16 for VE volcanic model and 12 for fault mod-

els) allows us to assume N�McN.

Given the optimal pressure history from the model

(VE1), the predicted deformation results were com-

pared to EDM and GPS time-dependent data. Both

CASA and KRAK had comparable vertical uplift

(between 100–120 mm). This causes the EDM base-

line to essentially become a superposition of the hor-



Table 5

Error estimates for fits of geodetic data to volcanic model VE1 and total model, incorporating fault slip (Fig. 13)

Station Component Number of points Volcanic model Total model

v2 vv
2 v2 vv

2

GPS

CASA Radial 1611 791 0.49 1035 0.64

CASA Transverse 1611 1922 1.19 3015 1.87

CASA Vertical 1611 1960 1.22 2144 1.33

KRAK Radial 828 676 0.82 650 0.78

KRAK Transverse 828 671 0.81 623 0.75

KRAK Vertical 828 495 0.60 496 0.59

EDM

CASA-KRAK Length 750 1236 1.65 1451 1.94

CASA-SAW Length 750 29,616 39.49 30,485 40.65

CASA-KNOLLS Length 709 18,405 25.96 23,706 33.44

CASA-HOT Length 716 4,405 6.15 6814 9.52

CASA-SHERWIN Length 764 23,372 30.59 47,480 62.15

CASA-SHARK Length 761 26,709 35.10 15,272 20.07

CASA-MINER Length 761 83,519 109.75 96,540 126.86

CASA-TILLA Length 772 139,923 181.25 85,300 110.49

InSAR

12/Aug/97-19/May/98* LOS 9636 7244 0.75 4966 0.51

25/Nov/97-19/May/98* LOS 10,558 5104 0.48 2858 0.27

Total: 33,494 346,050 10.33 322,835 9.64

GPS and EDM are evaluated for all data between 1995 and 2000. InSAR data are evaluated at 250�250 m patches of pixels within 15 km of

the surface expression of the volcanic source in Fig. 11.
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izontal components with little sensitivity to vertical

deformation. Model VE1 was developed to fit the

CASA–KRAK EDM 1-component baseline length

change, thus the reduced Chi Square (goodness-of-

fit) are relatively low, 1.65. Additionally, good agree-

ment is obtained for the three-component time-depen-

dent data from CASA and KRAK continuous GPS;

rotated in radial and transverse components relative to

the inflation source (Fig. 10A). If all deformation

occurred due to a single radially symmetric source

at 37.6878N, 118.9158W with no residual component

of NAP or SNB motion, then the transverse compo-

nent, UT, on each GPS receiver is expected to be zero.

The very small UT of KRAK suggests little off-axis

deformation, and is coincident with the earthquake

activity along the SMF. This is an unexpected result

since CASA is in closer proximity to the SMF yet

lacks a similar offset. This effect is likely related to the

fact that the direction of South Moat motion at site

CASA was coincident with the direction of the radial

component and has only a minor effect on the trans-

verse component. It is arguable that the offsets

observed here are not statistically significant, as evi-
denced by the small vm
2 values for the transverse

components of GPS. Offsets are more robust in sev-

eral of the EDM data and are not explained by the

volcanic source model (Fig. 10B).

The predicted time-dependent deformation from

VE1 is shown along with data for the 8 frequently

observed EDM reflectors from CASA in Fig. 10B.

The fit of the CASA–KRAK baseline is explicitly

small (vm
2=1.65) since this baseline was used to

define the source pressure history. The baselines

for the four reflectors north of CASA and crossing

the resurgent dome all do reasonably well, with the

best fit for the CASA–HOT baseline (~80 8CW from

KRAK), however the model overpredicts deforma-

tion for both the SAW and KNOLLS baselines. This

is possibly due to a combination of unmodeled

effects of hydrothermal pumping at Casa Diablo,

and more likely the failure of the axisymmetric

model to assess possible lateral variations in crustal

strength (discussed later). Simply enough, a 50%

increase in rigidity (from 6 to 3� lower than cool

continental crust) in regions west of the central

resurgent dome would cause a reduction in surface



–150

–100

–50

0

50

100

150
1995 1996 1997 1998 1999 2000

UZ

UR

UT

CASA
di

sp
la

ce
m

en
t [

m
m

]

GPS Model ComparisonA

–150

–100

–50

0

50

100

150

1995 1996 1997 1998 1999 2000

UZ

UR

UT

KRAK

di
sp

la
ce

m
en

t [
m

m
]

time [yr]

0

50

100

150

200

250

300

350

400

1995 1996 1997 1998 1999 2000

di
sp

la
ce

m
en

t [
m

m
]

EDM Model Comparison

time [yr]

KRAK

SAW

KNOLLS

HOT

SHERWIN

SHARK

MINER

TILLA

B

Fig. 10. Observed and predicted (A) GPS and (B) EDM deformation using model VE1 and the pressure history in Table 4: Vertical, radial and transverse components of measured and

predicted (dashed line) displacements are shown at continuous GPS sites CASA and KRAK shown on Fig. 2. Baseline length changes between the base station, CASA, and individual

reflector stations, shown in Fig. 4. Gray period shows the time covered by the InSAR image pair and model results in Fig. 11. EDM stations CASA and KRAK correspond to GPS

stations with the same name. EDM baselines shot across the resurgent dome (top four) closely fit model prediction (dashed lines). However, sites measured across the south of the

resurgent dome (bottom four) and around the seismically active South Moat, poorly match model prediction. Offsets in deformation on tangential component of GPS site KRAK and

on the CASA–TILLA EDM baseline correspond to peak in South Moat seismicity.
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deformation, similar to what is seen here. Each of

the four predicted southern baselines, which either

near or cross the seismically active SMF, poorly
A

DATA

12/08/97 - 19/05/98

B

MODEL

-119˚ -118.9˚ -118.8˚ -118.7˚

37.6˚
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Fig. 11. InSAR pairs shown in Fig. 4, bunwrappedQ and converted to L

designates the center of deformation in volcanic source model, VE1. Model

Because ERS SAR imagery is 208 east of vertical, data and modeled infla

generally low, but underpredict measured data in the south east and near th

region used to calculate v2 misfit (15-km radius).
match the data resulting in high vm
2 values. In the

case of TILLA, the data go the opposite direction,

during the peak in South Moat seismicity. We initi-
-119˚ -118.9˚ -118.8˚ -118.7˚

TA

25/11/97 - 19/05/98

DEL

IDUAL
-40

-20

0

20

40

0

20

40

60

80

100

ULOS [mm]

ULOS [mm]

OS displacement (A, D). Small cross within the resurgent dome

ed deformation in InSAR LOS for the same periods is shown (B, E).

tion are offset from the source epicenter. The resulting residuals are

e eastern extent of the South Moat (C, F). Dashed circles enclose the
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ally interpret this misfit to be related to fault-related

deformation, and will further discuss it in the follow-

ing section.

Model results were then compared to InSAR data

in Fig. 4, spanning most of the 1997–98 inflation

episode, to understand the applicability of model

VE1 to the spatial extent of deformation within the

caldera. Fig. 11 shows the same InSAR images from

Fig. 4, unwrapped and converted to displacement (A

and D). Also shown are the VE1 modeled LOS

deformation for the duration of the InSAR pairs (B

and E) and residuals (C and F). The modeled peak

inflation is offset from the source axis (+ in Fig. 11),

because LOS is about 20 8E of vertical. Overall,

model VE1 closely approximates InSAR data, with

low vm
2 values, particularly for InSAR pair-B, where

vm
2=0.48. Generally the volcanic model underpredicts

the data in the southeast for either model, and near the

eastern portion of the SMF. Though low vm
2 values for

both InSAR pairs suggest the time-dependent volcanic

model, VE1, accurately describes all deformation

within error, poor fits to EDM data across four south-

ern baselines and overall underprediction of InSAR

data near the SMF suggests that fault slip associated
 0
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Fig. 12. Close-up of EDM measurements during Mw 4.3–4.9 earthquak

earthquakes on 22 Nov. and a Mw 4.8 earthquake on 30 Nov. in the wester

4.8 earthquake occurred on the eastern portion of the South Moat near th

Table 1.
with seismic activity is responsible for much of the

remaining deformation.

4.2. Fault slip models

EDM and InSAR data have components of unmo-

deled deformation that are spatially and temporally

correlated with the six M 4.3–4.9 right-lateral, strike-

slip earthquakes along the SMF in late-November

1997 (Table 1). These individual events correspond

to apparent offsets in the GPS and more notably EDM

data on 22 Nov., 30 Nov., and 31 Dec. 1997 (Fig. 12).

In order to assess the data offsets we start with the

distributed fault models 9a and 9b from Langbein

(2003). These values were obtained from a joint

inversion for magmatic inflation and SMF slip, within

a purely elastic half-space to describe the cumulative

1997–1998 deformation as measured by available

EDM data. Because this study assesses the time-

dependent nature of deformation, incorporates addi-

tional geodetic data-types, and includes a modestly

different volcanic source, we chose to modify Lang-

bein’s slip model. We chose to minimize the offset of

EDM data across the four southern baselines in late
 1998  1998.05

]

KRAK

SAW

KNOLLS

HOT

SHERWIN

SHARK
MINER

TILLA

31
 D

E
C

es in late 1997. Small offsets are visible after three Mw 4.6–4.9

n South Moat near the SHERWIN reflector. On 31 Dec. another Mw

e TILLA reflector. Event hypocenters and magnitudes are listed in



Table 6

All faults are right-lateral strike–slip, dipping northward at 708 and
striking N808W

Name Slip

[m]

Length

[km]

Depth

[km]

Width

[km]

Longitude Latitude

TILLA1 0.40 3.00 3.00 1.00 �118.8805 37.6161

SHERWIN1 0.10 2.00 4.00 1.00 �118.9400 37.6247

SMF1 0.20 10.00 3.50 2.00 �118.9103 37.6204

Latitude, longitude and depth are the surface projection and depth to

the center of the fault top. Length and width describes the horizontal

and down-dip dimensions from the fault top.

A.V. Newman et al. / Journal of Volcanology and Geothermal Research 150 (2006) 244–269 263
1997, while maintaining the overall character of the

Langbein model, by requiring all slip to occur on the

SMF and having two centers of maximum slip cen-

tered near reflector sites SHERWIN and TILLA, and

near major seismic moment release. Similar to Lang-
 119˚  118.9˚  118.8˚  118.7˚

 119˚  118.9˚  118.8˚  118.7˚

37.6˚

37.7˚
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15

Modeled Fault related deformation
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D

Fig. 13. Modeled displacement due to slip along the South Moat. (A) Predic

to a series of slips along the South Moat Fault (SMF) listed in Table 6 (red

results are converted to InSAR LOS, and subtracted from InSAR residuals

region used to calculate v2 misfit (15-km radius).
bein (2003), we did not address proposed dilitation

across the SMF Dreger et al. (2000), because no

abrupt lengthening was observed in EDM baselines

SHARK and MINER after the 22 Nov. and 30 Nov.

earthquakes (Fig. 12). This suggests that if coseismic

opening did occur along the SMF, it was transient and

closed before the next EDM measurements, or was

highly localized and did not effect much of the mea-

sured data.

To determine surface displacement we used the

analytic solutions due to finite slip from Mansinha

and Smylie (1971). Our best fitting solution incorpo-

rates three faults (TILLA1, SHERWIN1 and SMF1)

corresponding to right-lateral strike-slip, on a single

SMF, dipping northward at 708 and striking N808W
(Table 6, Fig. 13). Slip from faults TILLA1 and
 119˚  118.9˚  118.8˚  118.7˚

 119˚  118.9˚  118.8˚  118.7˚

t related LOS deformation

 40

 20

0

20

40

ov. 1997   19 May 1998 Residual

ULOS [mm]

ted horizontal (arrows) and vertical deformation (color map) are due

lines; smaller slips are offset to the north for illustration). (B) Model

in Fig. 11 to get the total residuals (C, D). Dashed circles enclose the



Table 7

Predicted deformation from faults in Table 6

Name East

[mm]

North

[mm]

Vertical

[mm]

Baseline

[mm]

GPS

CASA 10.9 �4.5 �3.9 –

KRAK 2.8 �0.4 0.1 –

EDM

CASA-KRAK – – – 2.6

CASA-SAW – – – 0.4

CASA-KNOLLS – – – 3.2

CASA-HOT – – – 3.0

CASA-SHERWIN – – – 8.9

CASA-SHARK – – – �4.7

CASA-MINER – – – 2.7

CASA-TILLA – – – �10.3
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SHERWIN1 occur on a portion of SMF1, essentially

creating one slip, with two areas of strain localization,

similar to Langbein’s (2003) model 9b. Though the

overall slip areas are similar, the total geodetic

moment release modeled here is moderately smaller,

1.6�1017 Nm rather than 2 to 3�1017 Nm, and

closer to the approximated seismic moment release

of all earthquakes for this time ~1�1017 Nm for this

period (Newman et al., 2001).

We convert the predicted horizontal and vertical

surface deformation from the fault models to InSAR

LOS displacement (Fig. 13. A, B). We then remove

the predicted LOS displacement from the volcanic

residuals for InSAR pairs A and B in Fig. 11 to

obtain the residual deformation for the total model,

including both volcanic and fault-related deformation

(Fig. 13. C, D). The results show that including the

fault model moderately improves the fit to InSAR

data, lowering the vm
2 values for both pairs from 1.23

and 0.49 for just the volcanic model to 0.99 and 0.28

for the total model (Table 5). Though the second

InSAR pair begins after 3 of the 6 large earthquakes

on the SMF, the fault model allows for similar

improvements in fit. This suggests that most of the

modeled geodetic moment release occurs between 25

Nov. 1997 and 19 May 1998. The three earthquakes

before 25 Nov. represent only a modest seismic

moment release, M0=4�1016 Nm, one quarter of

the total modeled geodetic moment release assuming

crustal values of rigidity.

The fault model creates mostly sub-centimeter

deformations across the individual GPS components

and EDM baselines (Table 7). The fault deformation is

accommodated as a shift in all GPS and EDM data on

25 Nov. 1997 and is shown in Fig. 14. For GPS and

northern EDM baselines the effect of the predicted

fault-related deformation is minimal. For the southern

EDM sites DC-offsets are largely removed, particu-

larly for sites SHERWIN and TILLA. However, this

inclusion of the faults improved statistical fits for

EDM data by less than 5%, with most EDM baselines

having worse fits, but modestly improving the poor fit

to TILLA. Including the fault model slightly affects

the GPS fits with improved fits at KRAK and worse

fits for CASA. Because we evaluate simple volcanic

and fault models with relatively few adjustable para-

meters compared to the number of data the problem is

extremely overdetermined. Thus the inclusion of addi-
tional parameters come at little cost and offer a real

improvement as long as they reduce the overall vm
2

value. Such is the case here where the addition of the

fault model reduces the overall value from 9.05 to

8.43.

For EDM baselines that extend near or cross to the

south of the SMF, models consistently overpredict

deformation (Fig. 10B). Additionally, with the excep-

tion of a small offset on MINER in 1995, the four

EDM baselines are linear and nearly flat until the large

seismic moment release in late 1997, after which only,

SHERWIN begins deforming similarly, but less than

the model prediction. InSAR data does not appear to

be similarly deficient in deformation in the southern

region. At distances greater than 6 km, which includes

the region south of the SMF, deformation from the

modeled source is mostly horizontal (Fig. 8), thus the

EDM data, which are most sensitive to horizontal

deformation, would be more affected by volcanic

deformation here than InSAR, which is mostly verti-

cal. Overall, it appears that the SMF acts as a barrier

that reduces volcanic deformation south of it. The

cause for this is unknown, but could be due to

increased crustal strength in cooler rock away from

the volcanic source or from frictional decoupling

along the SMF.

In comparing deformations from models VE1 and

VE4, with l =5 and 30 GPa corresponding to hot

volcanic and normal cool continental crust, we note

that deformation scales inversely with rigidity, such

that for harder crust we expect about 1/6th the defor-

mation seen in volcanic regions. Southern EDM sites
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Fig. 14. (A) GPS and (B) EDM data (gray points) and modeled volcanic deformation (dashed black lines) shown in Fig. 10 with offsets due to

modeled slip (Fig. 13, Table 7) along the South Moat removed (green). Offsets are small and generally within daily position errors for both the

GPS data and EDM data for the 4 north sites, however, offsets become significant across the south, where sites come near or cross the fault.

After correcting for fault slip, data at sites MINER, TILLA and SHARK are generally linear, suggesting they record little time dependent

deformation due to the volcanic inflation source.
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TILLA and MINER lack the 1–2 km caldera fill

Bishop’s Tuff that underlies the rest of the EDM

and GPS data, but are directly over Cretaceous gran-

odiorites and Paleozoic metamorphic rock with abnor-

mally high rigidity near 50 GPa (Bailey, 1989; Charco

et al., 2004), further reducing the surface deformation.

This effect would not be easily resolvable in the

InSAR data due to the near horizontal signal expected

from the predominant volcanic source, however

would appear on the essentially horizontal EDM

data. Thus, the lack of observed deformation at

EDM baselines more distal to the volcanic source

may be significantly effected by a similar change in

rigidity due to thermal and/or compositional changes.

The onset of large M N4.2 earthquakes in late

1997, which constitutes the largest seismic moment

release since 1983, is coincident with the onset of

modeled source pressure deceleration, dP / dt2b0, in
model (Fig. 9). However, for all periods within vol-

canic model VE1, the pressure source consistently

creates a small positive normal force on the SMF,

r33=0.05–0.25 MPa. This force is not large enough,

and of the wrong orientation to be directly responsi-

ble for the largely dilitational activity observed in

some of these events (Dreger et al., 2000; Foulger

et al., 2004). Thus, if the SMF did open during these

earthquakes, it may be that there is an additional

inflationary source, possibly an E–W striking dike

(e.g. Savage and Cockerham, 1984; Savage et al.,

1987; Langbein et al., 1995) or hydrolic fracturing

(Foulger et al., 2004), beneath the SMF. The presence

of possible hydrothermal or magmatic material in the

SMF may cause frictional decoupling and, at least

partially be responsible for lower than expected

deformation from the volcanic source in the region

south of the SMF.
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5. Conclusions

A single radially symmetric prolate spheroid pres-

sure source within a thin 0.5 to 1 km VE shell with a

relatively simple and small magnitude pressure his-

tory, can explain the majority of the observed four

dimensional time-dependent geodetic data, temporally

continuous GPS and EDM and spatially continuous

InSAR, over the period of 1995 to 2000, including the

1997–98 inflation episode at Long Valley caldera. The

geometry of the vertically dipping prolate spheroid

(twice as tall as wide at 37.6878N, 118.9158W and 6

km depth) and the viscosity and thickness of the

surrounding layers are constrained by previous stu-

dies. However, the source volume, was shown here to

require the long-term pressure increase (between 1978

and 2000) to be less than the lithostatic load, as well

as agree with observed seismic and deep borehole

data. In this study we present the first geodetically

constrained magmatic source volume responsible for

deformation at Long Valley, a critically important

value for assessing the internal pressures that cause

deformation and possible future eruptions. This

volume can include semi-solid crustal or partially

molten magma with viscosities lower than g =1014

Pa s. For the time period studied, the VE model

required only a modest pressure increase of about

14 MPa, far lower than the lithostatic load, about

115 MPa. The pressure grew slowly between 1995

and early 1997 before rapidly accelerating until 22

November 1997, the onset of major seismic moment

release along the South Moat. At that point, the

pressure continued to grow but at a considerably

lower rate before decaying in early 1998. For a purely

elastic model with the same geometry and rigidity, the

maximum pressure change necessary to describe the

1995 through 2000 inflation is around 40 MPa, thus

the inclusion of a VE component significantly lowers

the necessary pressures.

Combining deformation due to slip along the SMF

with VE volcanic deformation allows for a modest

improvement to data examined. However, the sum of

the models still do not fully explain increased defor-

mation in the eastern part of the caldera or lower than

expected deformation south of the SMF. These

anomalies may be due to additional unmodeled fault

slip, unmodeled inflationary sources, changes in lat-

eral crustal strength and/or the effects of frictional
decoupling along the SMF. Though the model

described here is certainly non-unique, it provides a

considerable advance over purely elastic models in

defining the time-dependent nature and the pressures

necessary to create the observed deformation at Long

Valley Caldera. This is because the inclusion of sig-

nificant viscoelastic material and reduced crustal

strength near a magmatic source, which is geologi-

cally expected, considerably reduces the pressure

necessary to create observed surface deformation.
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Appendix A. Corrections to Yang et al. (1988)

This appendix defines corrections to the analytic

model for surface deformation from a dipping prolate

spheroidal pressure source in an elastic half-space

(Yang et al., 1988). These corrections come from

computer code modified by John Langbein, Yuri

Fialko and Paul Davis. With the exception of the

corrections noted here, Yang et al. (1988) appears to

be correct for a vertically dipping prolate spheroid

since the analytic solutions match finite-element mod-

els for the same parameters (Fig. 8). The full analytic

derivation, however, was not tested here because we
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only compared analytic results to FEM solutions for

vertically dipping prolate spheroids (h =908). Because
of a singularity in the analytic solution at h =908,
comparisons were done at h =89.998.

a11 ¼ 2R Ia � 4pð Þ ðA� 1Þ

a12 ¼ � 2R Ia þ 4pð Þ ðA� 2Þ

a21 ¼ Qa2Iaa þ RIa � 1 ðA� 3Þ

a22 ¼ � Qa2Iaa þ Ia 2R� Qð Þ
� 	

ðA� 4Þ

PJ 2lP
3k þ 2l

3a22 � a12ð Þ � a11 � 3a21ð Þ
a11a22 � a12a21ð Þ ðA� 5Þ

P4 ¼ P

3k þ 2l
3a22 � a12Þk þ 2ðk þ lð Þ a11 � 3a21ð Þ

a11a22 � a12a21ð Þ
ðA� 6Þ

ȳ3 ¼ x̄3 þ n3 ðA� 7Þ

The following corrections are included but were not

tested because they are onlyused when h b908.

F1
4 ¼ 2z q2cosh

2a1
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� 	 � : : :

" #
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