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Abstract

Leveling surveys across Medicine Lake volcano (MLV) have documented subsidence that is centered on the summit caldera

and decays symmetrically on the flanks of the edifice. Possible mechanisms for this deformation include fluid withdrawal from

a subsurface reservoir, cooling/crystallization of subsurface magma, loading by the volcano and dense intrusions, and crustal

thinning due to tectonic extension (Dzurisin et al., 1991 [Dzurisin, D., Donnelly-Nolan, J.M., Evans, J.R., Walter, S.R., 1991.

Crustal subsidence, seismicity, and structure near Medicine Lake Volcano, California. Journal of Geophysical Research 96, 16,

319-16, 333.]; Dzurisin et al., 2002 [Dzurisin, D., Poland, M.P., Bürgmann, R., 2002. Steady subsidence of Medicine Lake

Volcano, Northern California, revealed by repeated leveling surveys. Journal of Geophysical Research 107, 2372, doi:10.1029/

2001JB000893.]). InSAR data that approximate vertical displacements are similar to the leveling results; however, vertical

deformation data alone are not sufficient to distinguish between source mechanisms. Horizontal displacements from GPS were

collected in the Mt. Shasta/MLV region in 1996, 1999, 2000, 2003, and 2004. These results suggest that the region is part of the

western Oregon block that is rotating about an Euler pole in eastern Oregon. With this rotation removed, most sites in the
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network have negligible velocities except for those near MLV caldera. There, measured horizontal velocities are less than

predicted from ~10 km deep point and dislocation sources of volume loss based on the leveling data; therefore volumetric losses

simulated by these sources are probably not causing the observed subsidence at MLV. This result demonstrates that elastic

models of subsurface volume change can provide misleading results where additional geophysical and geological constraints

are unavailable, or if only vertical deformation is known. The deformation source must be capable of causing broad vertical

deformation with comparatively smaller horizontal displacements. Thermoelastic contraction of a column of hot rock beneath

the volcano cannot reproduce the observed ratio of vertical to horizontal surface displacements. Models that determine

deformation due to loading by the volcano and dense intrusions can be made to fit the pattern of vertical displacements by

assuming a weak upper crust beneath MLV, though the subsidence rates due to surface loading must be lower than the observed

displacements. Tectonic extension is almost certainly occurring based on fault orientations and focal mechanisms, but does not

appear to be a major contributor to the observed deformation. We favor a model that includes a combination of sources,

including extension and loading of a hot weak crust with thermal contraction of a cooling mass of rock beneath MLV, which are

processes that are probably occurring at MLV. Future microgravity surveys and the planned deployment of an array of

continuous GPS stations as part of a Plate Boundary Observatory volcano cluster will help to refine this model.

Published by Elsevier B.V.
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1. Introduction

Subsidence in volcanic regions is a common yet

poorly understood phenomenon that has not been

widely studied, perhaps because it is not generally

associated with hazardous volcanic processes. For

example, deformation of the Phlegrean Fields near

Naples, Italy during the last ~2000 yr includes centu-

ries-long periods of subsidence at 1–2 cm/yr (e.g.,

Yokoyama, 1971). However, little research has

attempted to explain this deformation, which has

been attributed to self-loading compaction (Yokoyama,

1971), while much work has been published on the

episodic uplift of the caldera floor since about 1970.

The few subsiding volcanoes that have received atten-

tion are sites of recent eruptions, and proposed

mechanisms include magma loss due to eruption (Sig-

mundsson et al., 1992; Dvorak and Dzurisin, 1997),

contraction due to cooling and crystallization of

magma at depth (Sigmundsson et al., 1997; Sturkell

and Sigmundsson, 2000), and magma drainage from a

shallow reservoir (De Zeeuw-van Dalfsen et al.,

2005). The causes of subsidence at volcanoes that

have not erupted recently, including the Phlegrean

Fields, have not been examined in detail. Neverthe-

less, volcano subsidence can be a significant phenom-

enon at potentially active volcanoes and deserves

further consideration.

An excellent location for investigating the subsi-

dence of dormant volcanoes is in northeastern Cali-
fornia at Medicine Lake volcano (MLV; Fig. 1). MLV

is a late Pleistocene–Holocene shield located on the

Modoc Plateau, approximately 50 km east–northeast

of Mt. Shasta (Donnelly-Nolan, 1988). Leveling sur-

veys at MLV in 1954, 1989, 1990, and 1999 indicate

long-term, steady subsidence maximized in the sum-

mit caldera and decaying symmetrically on the flanks

of the edifice (Dzurisin et al., 1991, 2002).

The subsidence may be caused by a variety of

mechanisms, including fluid withdrawal, cooling or

crystallization of magma, loading by the volcano

and dense intrusions, crustal thinning due to tec-

tonic extension, or some combination of factors.

Dzurisin et al. (1991, 2002) favored a combination

of models including crustal thinning due to Basin

and Range extension coupled with loading by the

volcano and subvolcanic intrusions, both facilitated

by heat-induced weakening of the crust. Because

vertical deformation data alone cannot distinguish

between these possibilities, we conducted multiple

GPS campaigns between 1996 and 2004 to obtain

horizontal displacements in the MLV–Mt. Shasta

region in an attempt to better constrain the source

of the deformation.
2. Geology of Medicine Lake volcano

MLV is the largest volcano by volume in the

Cascade Range, with lavas that cover 2200 km2 and



Fig. 1. Maps showing geologic features and geodetic networks in the MLV region. (A) Location map showing general tectonic provinces of

northern California and relative motions (modified from Wells et al., 1998) including the San Andreas Fault (SAF, red region), Basin and Range

(B & R, yellow region), Cascadia Subduction Zone and volcanic arc (CSZ, purple region), and Sierra Nevada/Great Valley block (SNGV, green

region). The Eastern California Shear Zone–Walker Lane belt of dextral shear (ECSZ) separates the B & R from the SNGV block. Volcanoes of

the Cascade arc are noted by black triangles. Medicine Lake volcano is noted by the red triangle. Area of part B is shown by the red box. (B)

Shaded relief map of northeastern California showing all earthquakes that were recorded through July 2004 (red dots) from the Northern

California Earthquake Data Center, Quaternary and Holocene faults (blue and green lines, respectively) from Jennings (1994), campaign GPS

stations (yellow triangles), continuous GPS stations (black triangles), and leveling lines (dashed black lines). The approximate aerial extent of

lava flows from MLVas reported by Donnelly-Nolan (1988) is shaded light green. Focal mechanism is for the largest event of the 1978 Stephens

Pass swarm (Patton and Zandt, 1991). Two historical normal faulting events, inferred from leveling data (Dzurisin et al., 2002), are shown with

the bar-and-ball on the downthrown side. Area displayed in part C is within the black-lined box. (C) Shaded relief map showing the summit

region of MLV. Symbols are the same as in part B, except that solid black lines are leveling routes, with the dashed black segment showing that

portion of the leveling line that was surveyed in 1999. The summit caldera is outlined by a dotted line. Focal mechanisms are from the 1988–

1989 earthquake swarm and were obtained from the Northern California Earthquake Data Center.
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occupy a volume of 600 km3 (Donnelly-Nolan, 1988).

The volcano rises 1200 m above the Modoc Plateau,

reaching an elevation of 2376 m, and a 7�12 km

caldera elongate about an east–west axis occupies the

summit region (Donnelly-Nolan and Nolan, 1986;
Donnelly-Nolan and Ramsey, 2001). The geological

characteristics of MLV were first documented by Pea-

cock (1931) and Powers (1932), and the volcano was

later mapped and described by Anderson (1941). New

mapping and geochemical studies (e.g. Gerlach and
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Grove, 1982; Grove et al., 1982; Grove and Donelly,

1986; Donnelly-Nolan, 1988; Grove et al., 1988;

Donnelly-Nolan et al., 1990; Donnelly-Nolan et al.,

1991) have led to a greater understanding of the

volcanic and petrologic history of MLV.

In the past 11,000 yr, 17 eruptions have occurred

at MLV with compositions ranging from basalt to

rhyolite and amounting to an extruded volume of

approximately 7.8 km3 (Donnelly-Nolan et al.,

1990). This post-glacial activity has occurred in

two episodes, with 8 mafic eruptions occurring

within a few hundred years starting about 11,000

ka and 9 additional eruptions with products ranging

from basalt to rhyolite after a hiatus of ~6000 yr

(Donnelly-Nolan et al., 1990). The most recent erup-

tion occurred ~900 yr ago at Glass Mountain on the

eastern edge of the caldera, where about 1 km3 of

rhyolite and dacite were erupted from numerous

aligned vents, forming a steep sided lava flow and

several coalescing domes in addition to an initial

rhyolitic tephra fall deposit (Donnelly-Nolan et al.,

1990). Vent and ground crack alignments at Glass

Mountain and other recent silicic eruption sites have

been interpreted as evidence of subsurface feeder

dikes (Fink and Pollard, 1983).

Models of the magmatic system at MLV have been

proposed by Heiken (1978), Eichelberger (1981), and

Donnelly-Nolan (1988). The chemical similarity of

silicic lavas on opposite sides of the caldera led

Heiken (1978) to infer a common silicic reservoir at

depth. Eichelberger (1981) suggested that a large

silicic magma chamber, formed due to heating by

underplating by mafic magmas, is responsible for

the recent rhyolitic eruptions. Finally, Donnelly-

Nolan (1988) proposed that the extensional tectonic

setting at MLV favors a magmatic system consisting

of numerous dikes, sills, and other small intrusive

bodies of magma of varying compositions.

Geophysical and geological studies of the volcano

suggest the presence of both an aerially extensive

solidified intrusive complex of several hundred thou-

sand years in age in addition to recent smaller intru-

sions. On the basis of gravity studies, Finn and

Williams (1982) inferred a dense (0.41 g/cm3 greater

than surrounding rocks), cone-shaped body extending

from depths of 1.5 to 4 km below MLV caldera with a

diameter of 9 km at the top and an elliptically shaped

base measuring 20 by 36 km elongate in an east–west
direction. Fuis et al. (1987) and Zucca et al. (1986)

identified a high-velocity feature at 1–2 km depth

under the caldera from seismic refraction data, and

Stanley et al. (1990) imaged the same feature as a

high-resistivity, high-velocity body using magnetotel-

luric and refraction data. Seismic tomography of the

crust beneath MLV by Ritter and Evans (1997) reveals

a high-velocity anomaly in the upper crust (0–10 km

depth) under the caldera. Thus, the MLV subsurface

apparently includes a shallow, large, cone-shaped soli-

dified intrusion at ~1–4 km depth with a solidified

intrusive complex extending to depths of at least 10

km (Fig. 2).

During geothermal exploration in the 1970s and

1980s, two drillholes penetrated a body of granodior-

ite beneath MLV caldera at depths below about 2.5

km (Lowenstern et al., 2003). U–Pb dating of zircons

from this unit indicates emplacement at about 320 ka,

followed by alteration (associated with development

of a shallow hydrothermal system) prior to about 170

ka (Lowenstern, 1999; Lowenstern et al., 2003). The

granodiorite intrusion is at approximately the same

depth as the upper-level high-velocity body described

above. A typical granodiorite density of 2.7–2.8 g/cm3

is greater by about 0.4 g/cm3 than surrounding rhyo-

litic rocks (also recovered in drillcore) of the early

MLV edifice, which agrees with the gravity results of

Finn and Williams (1982). Thus, the 320 ka grano-

diorite intrusion is apparently the dense, high-velocity,

resistive body imaged by geophysical techniques.

Unaltered granitoid xenoliths have also been found

within some Holocene lavas at MLV (Lowenstern et

al., 2000). Dating by U–Th disequilibrium indicates

that several of the xenoliths crystallized less than

25,000 yr BP. These unaltered felsic intrusives do

not appear in the exploratory drill holes (the deepest

of which reached b3 km below MLV), suggesting the

presence of a variety of small intrusive bodies located

at shallow depths (3–6 km) beneath or perhaps within

the large, altered, 320 ka granodiorite (Lowenstern et

al., 2000, 2003) and supporting the magmatic model

of Donnelly-Nolan (1988).

The presence of liquid melt at depth below MLV is

proposed by Evans and Zucca (1988) and Chiarabba

et al. (1995), who identified a low-velocity, high-

attenuation body at 3–5 km depth below the pre-

viously recognized cone-shaped high-velocity body

under MLV caldera. The low velocity body is prob-
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Fig. 2. Schematic E–W cross section model of the MLV subsurface,

based in part on that of Donnelly-Nolan (1988). Vertical exaggera-

tion is 10�. Felsic and mafic lava flows of the early MLV shield

underlie the caldera (Donnelly-Nolan, 1988). A large, cone-shaped

granodiorite intrusion at depths of about 1.5–4 km (cross-hatched

pattern) has been identified in drill core and by geophysical inves-

tigations (Finn and Williams, 1982; Zucca et al., 1986; Fuis et al.,

1987; Lowenstern, 1999; Lowenstern et al., 2003). The only area of

possible liquid melt as deduced from seismic data (Evans and

Zucca, 1988; Chiarabba et al., 1995) occurs at 4–6 km beneath

the eastern caldera rim (gray shaded area), which was the site of the

most recent volcanic eruption. An extensive complex of solidified

mafic and felsic intrusive bodies (dotted pattern) is inferred beneath

the granodiorite intrusion to below 10 km depth (Evans and Zucca,

1988; Lowenstern et al., 2003). The best-fitting point and disloca-

tion sources of volume loss to leveling data determined by Dzurisin

et al. (2002) are shown as a black circle and rectangle, respectively.

Note that both sources are significantly below the modeled location

of magma based on interpretation of seismic data (Evans and Zucca,

1988; Chiarabba et al., 1995).
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ably a small (~10 km3) zone of silicic magma, which

is the only zone of melt recognized beneath MLV. One

long-period earthquake was recorded at 15 km depth

in December 1989 (Pitt et al., 2002), and may be

additional evidence of liquid magma within the crust

(Dzurisin et al., 1991).
3. Tectonic setting and recent seismicity

MLV is located east of the axis of the Cascade

volcanic arc (formed as a result of the Cascadia

subduction zone) and on the western margin of the

Basin and Range extensional province, which is

defined by the Eastern California Shear Zone

(ECSZ)–Walker Lane belt of dextral shear (Fig.

1A). Deformation and seismicity in the MLV region

are a consequence of the interactions between the

different tectonic regimes, in addition to local volca-

nic sources.

3.1. Basin and Range/Eastern California Shear Zone

Geodetic studies indicate that deformation in the

Basin and Range province is characterized by east–

west extension at the eastern margin of the province

transitioning to right lateral shear in the west (Dixon

et al., 1995; Thatcher et al., 1999; Dixon et al., 2000;

Bennett et al., 2003). Clear evidence for Basin and

Range tectonism at MLV is manifested as normal

faults, which are located both north and south of the

volcano and presumably exist under the volcanic pile

(Fig. 1B) (Donnelly-Nolan, 1988; Jennings, 1994;

Blakely et al., 1997). Blakely et al. (1997) noted

that the fault geometry varies from N–S in the north-

ern part of the MLV/Mt. Shasta region to NW–SE

south of the volcanoes, and attributes the change in

fault orientation to the interaction between the Walker

Lane to the south and Cascade arc to the north. One

such kink occurs in a fault located directly beneath

MLV caldera.

Three episodes of seismicity have been documen-

ted in the MLV region. The first took place in 1978

near Stephens Pass, located between MLV and Mt.

Shasta. All earthquakes were shallow and occurred on

a north-trending fault zone with an eastward dip,

similar to other normal faults in the region. Vertical

offsets measured along the fault zone were 1–1.5 m

(Bennett et al., 1979). A focal mechanism recorded

during the largest event of the swarm (ML=4.6 on

August 1, 1978; Patton and Zandt, 1991) indicates

normal motion with a component of right-lateral slip

(Fig. 1B). Dzurisin et al. (2002) modeled 0.90F0.02

m of normal motion between 2 km depth and the

surface based on leveling data that spanned the

swarm. Another episode of shallow events was
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recorded 10 km north of Stephens Pass in 1981 near

the town of Tennant, again along a north-trending

fault, though neither ground breakage nor vertical

deformation was observed (Dzurisin et al., 1991). In

September 1988 through 1989, a swarm of low mag-

nitude, short period, and shallow (b4 km) seismicity

occurred under MLV caldera (Walter and Dzurisin,

1989; Dzurisin et al., 1991). The cause of the activity

is unclear, and six focal mechanisms from the swarm

suggest mostly strike-slip motion with both normal

and reverse components (Fig. 1C). The complexity

may be related to the change in fault orientation

beneath the volcano noted above. An additional fault-

ing event approximately 30 km south of MLV caldera

is inferred from the 1954–1989 leveling data collected

by Dzurisin et al. (1991, 2002). Their model predicts

0.41F0.02 m of slip on an E-dipping normal fault in

a region of abundant mapped faults (Fig. 1B). There is

no record of significant seismic activity in the region

prior to the 1978 earthquakes, however seismic sta-

tions were sparse in the region before ~1980 and

faulting episodes could have gone undetected (Dzur-

isin et al., 1991, 2002). Two long-period earthquakes

have been detected beneath MLV, on October 14,

1996 (depth uncertain) and December 1, 1989

(depth=15 km), and may reflect fluid migration at

depth (Pitt et al., 2002).

In addition to extension, right-lateral displacement

may be occurring in the MLV region due to NW

translation of the coherent Sierra Nevada/Great Val-

ley (SNGV) block at approximately 12 mm/yr rela-

tive to stable North America (Argus and Gordon,

1991; Sauber et al., 1994; Wells et al., 1998;

Thatcher et al., 1999; Dixon et al., 2000; Miller et

al., 2001a; Bennett et al., 2003). The Eastern Cali-

fornia Shear Zone (ECSZ), along the eastern margin

of the SNGV, accommodates much of this displace-

ment and may account for as much as 29% of

Pacific–North America plate motion (Dokka and

Travis, 1990a; Dokka and Travis, 1990b; Miller et

al., 2001a). Dixon et al. (2000) used GPS measure-

ments to infer right-lateral displacement of 6–8 mm/

yr at 408 latitude distributed on the Honey Lake and

Mohawk Valley fault zones, which agrees with esti-

mates obtained by Thatcher et al. (1999) for the

region. Work by Hammond and Thatcher (2003)

from a GPS transect immediately south of MLV

suggests that a small amount of right-lateral shear
is occurring near the latitude of MLV as well. This

result is consistent with the presence of several NW-

trending dextral fault zones in northeast California

and southern Oregon, east of MLV (Pease, 1969;

Wright, 1976; Roberts, 1984; Page et al., 1993;

Pezzopane and Weldon, 1993), and focal mechan-

isms from on and around the volcano that suggest

strike slip motion (Fig. 1). Consequently, dextral

shear associated with the ECSZ probably extends

into the MLV region.

3.2. Cascadia subduction zone

A second possible source of tectonic deformation

in the MLV region is the Cascadia subduction zone,

where locking of the main thrust fault at shallow

depths results in elastic contraction along an east–

west axis (McCaffrey et al., 2000; Murray and

Lisowski, 2000; Savage et al., 2000). Deformation

due to plate locking is measurable up to 150 km

inland in the Cascadia forearc (Savage et al., 2000).

For comparison, the westernmost station in the MLV

GPS network is ~200 km from the deformation front.

Miller et al. (2001b) noted that no residual velocity

from strain associated with the subduction zone is

detected at a GPS station ~80 km west of MLV;

therefore, deformation due to locking of the subduc-

tion megathrust is probably not significant within the

MLV GPS network. Slow earthquakes have been

inferred from the time series of the continuous GPS

site YBHB (Fig. 1B), however none of the campaign

GPS measurements at MLV occurred during a known

transient and the deformation due to these events is on

the order of 4 mm (Szeliga et al., 2004). As a result,

slow earthquakes do not appear to influence to the

overall deformation field around MLV.

A component of arc-parallel displacement is super-

imposed on the contraction throughout Oregon, indi-

cating rotation of the Cascadia forearc (Wells et al.,

1998; McCaffrey et al., 2000; Savage et al., 2000).

Wells et al. (1998) proposed that coastal Oregon is

rotating clockwise about a vertical axis relative to

stable North America due to impingement of the

northwest translating SNGV against southern Oregon.

Both Blakeley et al. (1997) and McCaffrey et al.

(2000) suggested that Oregon block rotation might

extend into northern California, which includes the

MLV area.
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4. Leveling data and results

Dzurisin et al. (1991) presented results from a 193

km-long leveling circuit that crosses the summit and

flanks of MLV and was measured in 1954 and 1989

(Fig. 1B). They reported a maximum of 11.1F1.2

mm/yr of subsidence at the summit of the edifice,

which decays rapidly and symmetrically on the

flanks. The subsidence rate was later amended by

Dzurisin et al. (2002) to 8.6F0.9 mm/yr to account

for previously unrecognized artifacts in the data.

Additional leveling data includes a traverse across

the northern flank of MLV that was surveyed in

1954 and 1990 (Fig. 1B), and the 1999 reoccupation

of a 25 km segment of the 193 km circuit that

crosses MLV caldera (Fig. 1C). Maximum subsi-

dence on the northern traverse is 3.9F1.0 mm/yr

located 10 km immediately north of MLV caldera

(Dzurisin et al., 2002). The purpose of the 1999

survey was to determine whether or not the 1954–

1989 subsidence had continued during 1989–1999.

The vertical velocity profiles for the two time peri-

ods are identical within measurement error, suggest-

ing that the subsidence has been essentially constant

in space and time for nearly 50 yr (Dzurisin et al.,

2002).

Dzurisin et al. (2002) modeled the leveling

results by inverting the data for either a point source

of volume loss or a closing mode-dislocation with no

dip (approximating a deflating sill) at depth. The

point source was located at 10 km depth beneath

MLV caldera and had a volume loss of 0.0031F
0.0001 km3/yr. The sill was also located beneath

MLV caldera but was slightly deeper (11 km) with

a volume decrease of 0.0020F0.0001 km3/yr. Both

models predict similar vertical displacements, but

different horizontal deformation. Thus, GPS mea-

surements may be able to distinguish between these

and other models, and assess the validity of the

volume loss mechanism.
5. GPS data and results

In September 1996, 24 sites in a broad area of

northern California that includes MLV and Mt.

Shasta were surveyed using campaign GPS. All sta-

tions were occupied for at least 8 h on each of three
consecutive days using Trimble 4000 SSE and SSi

receivers. The network included 18 sites that had

originally been established in 1990 by the USGS

Cascades Volcano Observatory (Dzurisin et al.,

1991; Yamashita and Wieprecht, 1995). Unfortu-

nately, the 1990 data quality was poor due to the

lack of precise orbital tracking, poor satellite con-

stellation, and short occupation times; therefore,

those results are not included in this analysis.

The same equipment and techniques used in 1996

were employed for a survey of 35 benchmarks in

August 1999. In September 2000, eight sites in the

Mt. Shasta region were occupied using Ashtech Z-

XII receivers for at least 8 h on each of two con-

secutive days. An additional 12 sites on and east of

MLV were surveyed in June/July 2003 using Trimble

5700, 4700, 4000 SSi, and Ashtech Z-XII receivers

for at least 8 h on each of two days (not necessarily

consecutive). Finally, a survey of 27 sites was com-

pleted in June/July 2004 following the same strategy

and using the same equipment as in the previous

year. A summary of GPS sites, years occupied, and

velocities is given in Table 1. In addition to cam-

paign data, results from the Bay Area Regional

Deformation network continuous sites YBHB and

MODB (black triangles in Fig. 1B) were included

in the analysis.

Daily GPS solutions were determined with the

GIPSY/OASIS II software using the point-position-

ing method (Zumberge et al., 1997) and following

the procedures outlined in Savage et al. (2000) and

Hammond and Thatcher (2004). Velocities presented

in Table 1 and Fig. 3 are with respect to stable North

America as defined by Hammond and Thatcher

(2004). Uncertainty in the vertical component of

deformation is similar to the measured velocities

for most stations; therefore, the vertical data are

not used in the present analysis. However, it is

noteworthy that measured subsidence at site ML02,

the only GPS station located in MLV caldera, is

11.9F3.2 mm/yr, which resembles the subsidence

rate of 8.6F0.9 mm/yr determined from leveling

surveys.

Deformation across the MLV/Mt. Shasta region

relative to stable North America is dominated by a

NW velocity component that is probably related to

block rotation of western Oregon (Fig. 3). To correct

for this motion we used the velocities and uncertain-



Table 1

Locations, occupation histories, and velocities of GPS stations in northeastern California

Station namea Map ID Occupation years Daysb Lat. (8N) Long. (8E) Velocities and error (mm/yr)c

1996 1999 2000 2003 2004 N vel. E vel. N r E r Correl. U vel. U r

047M 047M X X 5 41.5170 �121.5450 6.73 �5.96 1.21 1.20 �0.18 �1.96 4.36

Black Fox BLKF X X X 9 41.3464 �121.8914 3.21 �7.29 0.72 0.71 0.00 �0.46 2.44

Bullseye Lake BEYE X X X 7 41.5534 �121.5755 6.70 �6.42 0.97 0.88 �0.09 �4.88 3.25

CVO9070 9070 X X X 9 41.4397 �122.5412 5.56 �4.87 0.73 0.72 �0.02 0.39 2.45

CVO 9080 9080 X X X X 9 41.4857 �122.3397 3.56 �6.70 0.81 0.78 0.01 �4.46 2.72

CVO 9090d 9090 X X 7 41.5031 �121.8939 3.72 �5.50 1.25 1.21 0.06 �0.06 5.12

CVO ML02 ML02 X X X 7 41.5857 �121.5920 3.71 �4.89 0.92 0.84 0.07 �11.94 3.28

Doe Peak DOEP X X X X 12 41.5077 �121.7259 5.23 �4.49 0.73 0.72 0.00 �4.24 2.46

Gazelle GAZE X X 6 41.4130 �122.6729 6.07 �4.93 0.74 0.73 �0.01 �2.96 2.52

Herd Peak HERD X X X X 10 41.6282 �122.2315 5.61 �4.61 0.74 0.73 0.00 �0.57 2.53

Hollenbeck HLNB X X X X 13 41.4779 �121.2742 3.27 �5.32 0.74 0.73 0.00 �5.85 2.54

HPGN 0204 0204 X X 5 41.9458 �121.4615 5.52 �3.17 1.06 0.99 �0.04 �4.34 3.77

HPGN 0208 0208 X X X X 4 41.5321 �122.2750 2.46 �6.17 0.92 0.88 �0.05 10.04 3.18

HPGN 0210 CNBY X X 7 41.4302 �120.8706 6.02 � 4.23 1.14 1.09 �0.04 3.18 3.86

HPGN 0211 ALKA X X 6 41.5515 �120.0189 3.86 �3.71 1.21 1.11 �0.08 18.37 3.85

HPGN 0212 H212 X X 7 40.9571 �122.4349 1.87 �5.39 2.24 1.98 �0.13 32.20 7.03

HPGN 02SS 02SS X X 5 41.5118 �121.0393 4.58 �4.99 1.21 1.09 �0.09 11.05 4.11

HPGN CA93 ALTU X X 7 41.5097 �120.5006 4.46 �4.43 1.20 1.13 �0.08 9.22 3.97

Jot Dean JOTD X X X 7 41.4899 �121.6182 6.12 �4.66 0.88 0.83 �0.05 �6.06 2.94

Little Mt. Hoffman HOFF X X 4 41.5788 �121.6584 3.38 �4.26 1.05 0.98 �0.02 �1.13 3.85

M504 M504 X X X X 10 41.7204 �121.5258 4.33 �5.61 0.79 0.76 �0.02 �2.05 2.66

Military Pass MTRY X X 5 41.5340 �122.1928 5.42 �5.65 1.00 0.96 �0.01 �0.14 3.81

Mt. Bradley BRAD X X X X 13 41.2219 �122.3089 4.79 �6.04 0.73 0.72 �0.01 �3.30 2.45

Mumbo MUMB X X X X 11 41.1844 �122.5326 5.01 �6.06 0.74 0.73 �0.01 �2.24 2.50

Overpass OVRP X X X X 10 41.7050 �121.2814 3.78 �6.47 0.77 0.76 0.02 �5.89 2.61

P501 P501 X X X 6 41.6567 �121.9284 3.64 �4.27 0.79 0.77 0.00 �6.03 2.65

Pilgrim PILG X X X X 9 41.2597 �121.9819 3.34 �7.85 0.85 0.82 �0.04 6.08 2.87

Pumice Stone Well PSWL X X X 9 41.5688 �121.7087 5.59 �2.23 0.88 0.86 �0.01 �1.10 3.28

R500 R500 X X X 6 41.3308 �121.6059 3.31 �6.00 0.81 0.77 0.01 1.03 2.72

Round Mountain ROUN X X X X 13 41.4273 �121.4624 4.07 �5.72 0.73 0.72 0.00 �3.32 2.50

Shasta (reset) SHAS X X X X 8 41.3611 �122.2032 3.00 �7.03 0.92 0.91 �0.04 �1.54 3.16

Soldier Mountain SOLD X X 6 41.0742 �121.5630 �1.67 �4.83 1.13 1.16 0.21 3.27 4.24

Timber Mountain TMBR X X X X 17 41.6292 �121.2959 5.81 �4.45 0.71 0.70 �0.01 �3.69 2.39

Van Bremmer VANB X X X 7 41.6434 �1121.7947 4.08 �4.08 0.76 0.74 0.00 �5.74 2.57

Modoc Plateau MODB continuous, started on November 11, 1999 41.9023 �1120.3028 0.89 �3.69 1.69 1.61 0.01 �5.78 7.29

Yreka YBHB continuous, started on October 24, 1996 41.7317 �1122.7107 6.76 12.69 0.77 0.77 �0.01 �0.96 2.81

a Only sites with multiple years of data collection are shown.
b Total number of days of data collected.
c Velocities are in a fixed North America ITRF2000 reference frame.
d Site CVO 9090 was destroyed between the 1999 and 2004 surveys.
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Fig. 3. Horizontal velocities and 95% confidence ellipses for campaign GPS stations in the Mt. Shasta/MLVarea of northern California relative

to stable North America. Gray shaded area is the approximate aerial extent of MLV lava flows (Donnelly-Nolan, 1988). Dashed square shows

area of inset. Dotted ellipse in inset marks the outline of MLV caldera. Note the scale difference between the inset and main vector plots.
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ties of 34 stations in northeast California to calculate

and remove displacements due to a rigid body rota-

tion (Savage et al., 2001). The sites include 14 that

were occupied by Hammond and Thatcher (2003)

within about 150 km of MLV. Sites ML02, BEYE,

HOFF, 047M, PSWL, JOTD, ROUN, VANB, DOEP,

and M504 (Fig. 3) were excluded from the calcula-

tion as they may include a component of MLV-

related deformation (based on modeling by Dzurisin
et al., 2002). Sites SHAS and SOLD were also

omitted, the former because of its location on the

south flank of Mt. Shasta in an area of historical

slope instability and the latter because its motion is

clearly anomalous (Fig. 3) and may be caused by

poor sky visibility at the site due to a nearby fire

lookout tower. The best-fitting Euler pole is located

at 43.5578NF0.708 latitude and 119.3558WF0.842

longitude with a clockwise rotation rate of 1.3238/
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MaF0.453. This pole and rotation rate compare

favorably to those published by Savage et al.

(2000) for southwest Oregon, but the pole is con-

siderably south of those determined geodetically by

McCaffrey et al. (2000), geologically and paleomag-

netically by Wells et al. (1998) and Wells and Simp-

son (2001), and seismologically by Lewis et al.

(2003) based on data from western Oregon and

southwest Washington (Table 2). The discrepancy

between data from the southern part of the arc versus

the entire arc may indicate that Cascadia does not

behave as a single rigid rotating block with no

internal deformation, as proposed by Hammond

and Thatcher (2003). Strain within the network is

not significant at the 95% confidence level and is

therefore not considered in the present analysis.

Upon removal of the rotation, most sites in the

Mt. Shasta/MLV network have no horizontal velo-

city within their associated uncertainty, including

many of those that are near MLV caldera (Fig. 4).

Some exceptions occur in the northern part of the

network, including YBHB and 0204. Hammond and

Thatcher (2003) suggest that the northern part of the

network may lie within a separate tectonic domain

that includes southern Oregon and has a slightly

different pole and rotation rate than the stations to

the south. The residual strain after removal of the

rotation is small and approximately the same mag-

nitude as the uncertainty, thus we lack sufficient

data to rigorously test this hypothesis. Based on

these results, we conclude that the Mt. Shasta/

MLV region is part of the western Oregon block,

which is rotating clockwise around a pole in eastern

Oregon. The anomalous velocity of SOLD may
Table 2

Euler poles and rotation rates for Cascadia–North America motion

determined by this study and other sources

Source Euler pole Rotation rate

(clockwise

positive)
Latitude Longitude

Wells et al. (1998) 46.98 120.08 1.178/Ma

Savage et al. (2000) 43.4F0.18 120.0F0.48 1.67F0.328/Ma

McCaffery

et al. (2000)

45.9F0.68 118.7F0.78 1.05F0.168/Ma

Wells and

Simpson (2001)

45.548 119.68 1.32F0.168/Ma

This study 43.6F0.78 119.4F0.88 1.32F0.458/Ma
reflect local problems with the site as discussed

earlier. A SW-directed displacement is indicated in

the area of SHAS, PILG, and BLKF, and may

represent the motion of a coherent block SE of

Mount Shasta. Finally, subsidence of MLV appears

to affect a number of sites around the caldera,

though displacements at several are below 95%

confidence levels.
6. InSAR data and results

Additional evidence for steady subsidence at

MLV is given by synthetic aperture radar interfero-

metry (InSAR). We processed several ERS-1/2

scenes that cover the summit and eastern flank of

MLV. Coherence on the volcano was generally only

achieved in interferograms spanning less than 1–2 yr,

though one pair provided reasonable coherence over

a 4-yr span. This is problematic given that the

current rate of subsidence (~9 mm/yr) requires ~4

yr to produce a single interferometric fringe (28.3

mm of range change), of the same order as the

uncertainty in the data (Hoffmann and Zebker,

2003). We overcame this difficulty by summing the

phase change from three temporally consecutive

interferograms spanning the time period April 28,

1993 to July 29, 2000. The resulting stack shows

at least two discontinuous but concentric fringes

around MLV indicating an increase in interferometric

phase (Fig. 5A). Because the look angle of the ERS

satellites is relatively steep (~228), displacements

derived from ERS interferograms are a good proxy

for vertical deformation (Lu et al., 2000b). Thus, we

interpret the increase in range centered on MLV as

confirmation of subsidence of the volcano.

To determine the line-of-sight deformation rate we

converted the interferometric phase to displacement

along a radial transect from the summit of MLV and

set the minimum range change arbitrarily equal to 0

mm (Fig. 5b). The results indicate a line-of-sight

displacement rate of about �10 mm/yr centered on

MLV caldera and extending for a distance of ~15

km, comparable to the rate determined by GPS at

ML02 as well as the rate and spatial extent of

subsidence measured by leveling. Thus, data from

InSAR support our assertion that subsidence at MLV

is radially symmetric about the caldera region. The
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mechanism that drives this deformation must account

for these characteristics.
7. Modeling and discussion

The pattern of horizontal displacements deter-

mined from GPS measurements is not consistent

with a source of volume loss at 10–11 km depth

beneath the volcano, as modeled from leveling data
(Dzurisin et al., 2002). Both the point and disloca-

tion sources of Dzurisin et al. (2002) predict hori-

zontal displacements radially towards the center of

MLV caldera over a broad (~40 km radius) area.

However, radial inward deformation is only preva-

lent at GPS stations that are within about 10 km of

the caldera. A simple inverse model of the GPS data

using a point source of volume loss (Mogi, 1958)

suggests a shallow source (6 km) located almost

directly beneath site ML02 (Table 3; Fig. 6A–C).



Fig. 5. InSAR data from the MLV region. A) Stack of three interferograms acquired by ERS-1 (orbits 9827 and 21193) and ERS-2 (orbits 22562

and 27572), from track 163, frame 828. The aerial extent of MLV lava flows is noted by a dotted line. MLV caldera is outlined by a dashed line.

The total time spanned by the interferogram is 1993–2000. Each full color cycle represents 28.3 mm of line-of-sight range change. Note that

although coherence is incomplete, there are approximately 2 color fringes surrounding Medicine Lake volcano that indicate line-of-sight

lengthening. B) Profile of line-of-sight displacement in mm/yr along the Y–Z transect shown in part A. Arrows show the approximate extent of

the MLV edifice (from topography) and MLV lavas (from Donnelly-Nolan, 1988). Because the ERS satellites have steep look angles (~228)
displacements are approximately vertical. Deformation from InSAR is in good agreement with leveling results, both of which show subsidence

maximized within MLV caldera and decaying with radial distance.
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The best fitting horizontal dislocation (Okada, 1985),

which approximates a deflating sill, is located at a

similar depth (5 km) but has a lower misfit than the

point source model (Table 3; Fig. 6D–F). Both mod-

els are significantly shallower than the best fitting

sources modeled from leveling data alone (Table 3),

and do a poor job of predicting vertical displace-

ments along the 1954–1989 leveling circuit that

crosses the summit of MLV (Fig. 6C and F). To

test the depth sensitivity of the dislocation models

we calculated the best-fitting horizontal dislocation

to each dataset constrained at 0.5 km depth intervals.

The resulting depth versus misfit curve (Fig. 7)

shows that misfit is minimized at ~11 km for level-

ing data but is low between about 5 and 15 km.

Misfits to GPS data are minimized at 5 km depth

and are low between about 4 and 10 km. Although

there is some overlap between these regions, the

minimal misfits clearly occur at shallower depths

for models of GPS data than for leveling (lowest

parts of curves in Fig. 7). The simple sources that

provided excellent fits to the leveling data (Dzurisin

et al., 2002) cannot explain the horizontal velocities

measured with GPS. Therefore, the subsidence

mechanism at MLV must be able to predict the

broad vertical deformation while requiring minimal

horizontal displacements.

Another constraint on the mechanism of deforma-

tion is the relatively high rate of historical subsi-

dence compared to the deformation history over the

life of MLV. Although the leveling data suggest that

the subsidence has been occurring at a constant rate

for almost 50 yr, this rate cannot have been main-

tained for a significant portion of the volcano’s

history. A simple extrapolation of the current rate

of 8.6F0.9 mm/yr demonstrates that the total sub-

sidence would be ~8.6 m after 1000 yr, 86 m after

10,000 yr, and 860 m (more than two-thirds of the

total height of the volcano) in 100,000 yr (Dzurisin

et al., 2002). Evidence from 40Ar / 39Ar suggests that

the volcano has been active for approximately

500,000 yr (J. Donnelly-Nolan, unpublished data).

A limitation on the amount of total subsidence at

MLV is evident from the distribution of an 180,000

ka silicic tuff (the bdacite tuff of Antelope WellQ)
mapped by Donnelly-Nolan (written communication,

2004). Based on drill core and surface outcrops, she

finds that the unit occurs 240–440 m lower in eleva-
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specified, and dip, which is constrained to be horizontal) are allowed to vary and the misfit of the best-fitting dislocation is plotted. Misfits are

minimized at 11.5 and 5 km depths for leveling and GPS data, respectively. However, there is little variation in the leveling misfits for

dislocations between approximately 5 and 15 km, and for GPS misfits between 4 and 10 km, suggesting that sill depths are not well constrained

between these values in models based on either dataset.
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tion in the center of the caldera than on the caldera

rim. She hypothesizes that either a large basin

already existed at the site of the present MLV caldera

or the center of the caldera has subsided relative to

its margins at a rate of 1.3 to 2.4 mm/yr (assuming

subsidence began immediately after emplacement of

the bdacite tuff of antelope wellQ). The rate would be

even lower if caldera down-dropping had accompa-

nied eruption of the tuff. The current subsidence rate

of the caldera center relative to the rim is 4.9 mm/yr

(Dzurisin et al., 1991, 2002), which is anomalously

high when put into this geologic context. Thus, the

current subsidence must be a relatively recent pro-

cess at MLV.

In an attempt to constrain the mechanism of

deformation at MLV, we examine the feasibility of

several models that have been invoked to explain
Fig. 6. Model results from inversions of GPS data. In parts A, B, D, and E,

2002), dotted line marks the approximate aerial extent of MLV lava flows

The location of leveling benchmark H197 is noted by a black circle and GP

and B) and black rectangular outline (in parts D and E) show the locations o

GPS velocities were omitted for clarity (see Fig. 4). A) Observed (black)

fitting point source of volume loss. B) Residual horizontal displacements

leveling data (with 1-sigma error bars) to best fitting point source models

Data are relative to benchmark H197, which is assumed to be stable, and

Observed (black) and modeled (gray) horizontal displacements predicted

after removal of sill source model velocities. F) Comparison of leveling dat

study (solid line) and Dzurisin et al. (2002) (dashed line). Data are displ

vertical scale is different.
subsidence in other volcanic regions using a variety

of methods. GPS and leveling data serve to test the

hypotheses.

7.1. Volume loss at depth

Previous geodetic and modeling studies have

found that magma removal from a shallow chamber

(often due to emptying of a magma reservoir by

eruption) is easily modeled by a point source of

volume contraction (Mogi, 1958; Dvorak and Dzur-

isin, 1997). After the 1991 eruption of Hekla vol-

cano in Iceland, horizontal displacements from GPS

were radially towards the summit of the volcano

(Sigmundsson et al., 1992). Sigmundsson et al.

(1992) interpreted the signal as resulting from defla-

tion of a subvolcanic magma chamber following the
solid line is the 1954–1989 leveling circuit of Dzurisin et al. (1991,

(Donnelly-Nolan, 1988), and dashed ellipse outlines MLV caldera.

S sites are represented by white triangles. The white circle (in parts A

f the best fitting point and sill sources, respectively. Error ellipses on

and modeled (gray) horizontal displacements predicted by the best

after removal of point source model velocities. C) Comparison of

from this study (solid line) and Dzurisin et al. (2002) (dashed line).

distance is clockwise around the leveling circuit from that point. D)

by the best fitting sill source. E) Residual horizontal displacements

a (with 1-sigma error bars) to best fitting sill source models from this

ayed using the same convention as in part C, though note that the
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eruption. Similar measurements and interpretations

have been made in Hawaii (e.g., Delaney and McTi-

gue, 1994; Johnson et al., 2000), Alaska (Lu et al.,

2000a), and elsewhere around the world. Addition-

ally, volcano deflation may be caused by lateral

transport of magma in the subsurface away from

the source region, which is common at Kilauea

volcano in Hawaii (e.g., Delaney and McTigue,

1994; Cervelli et al., 2002), or by magma that drains

from a shallow chamber to a deeper reservoir, as

appears to be occurring at Askja volcano, Iceland,

based on repeat microgravity measurements (De

Zeeuw-van Dalfsen et al., 2005).

Volume loss due to eruption from a subsurface

chamber is probably not a viable mechanism for sub-

sidence at MLV. The most recent eruption occurred

when about 1 km3 of rhyolite and dacite were

extruded at Glass Mountain at ~900 yr BP. It is

unlikely that deflation is continuing due to the subsur-

face volume loss during that event. Drainage of

magma from a crustal source to a deeper reservoir is

a possibility considering that the range of modeled

source depths (discussed above) includes the depth of

a zone of potential melt at 4–6 km (Evans and Zucca,

1988; Chiarabba et al., 1995), and a long period

earthquake 15 km beneath the caldera in 1989 sug-

gests the presence of liquid magma at greater depths

(Pitt et al., 2002). Microgravity measurements col-

lected over time, which can detect changes in the

mass distribution of the subsurface (Battaglia et al.,

1999; De Zeeuw-van Dalfsen et al., 2005), are

required to rigorously test this mechanism.

A non-magmatic mechanism of volume loss at

depth is fluid withdrawal from a shallow hydrother-

mal system. Fournier (1989) attributed episodic sub-

sidence of Yellowstone caldera to crystallization of

rhyolitic magma and associated release of aqueous

magmatic fluids. Although MLV does host a hydro-

thermal system (Lowenstern et al., 2003, and refer-

ences therein), the steady rate of subsidence argues

against such a source. Deformation thought to be

related to hydrothermal activity at Yellowstone (Dzur-

isin et al., 1999) and the Coso Hot Springs in eastern

California (Wicks et al., 2001) includes alternating

cycles of subsidence and uplift over annual to decadal

timescales from sources that can be approximated by

deflating horizontal dislocations at shallow depths.

The steady rate of subsidence since 1954 argues
against a mechanism including fluid loss from a

hydrothermal reservoir.

7.2. Cooling and crystallization of magma

Volume loss due to cooling of a magma body is a

function of two processes: 1) crystallization of liquid

melt, which partitions the volatiles into the remaining

melt until saturation is reached, bubbles form, and are

removed, and 2) thermal contraction of a cooling mass

of sub-solidus crystalline rock (Fournier, 1989; Dzur-

isin et al., 2002). Several authors have suggested

cooling and crystallization as a subsidence mechanism

at recently active volcanoes. Radar interferometry

results from Krafla volcano, Iceland, show subsidence

that is modeled by volume loss from a point source at

3 km depth. The deflation rate is decreasing with time,

suggesting thermal contraction of a magma reservoir

that was probably the source of the 1975–1984 erup-

tive episode (Sigmundsson et al., 1997). Similarly,

deflation of Askja volcano (also in Iceland), measured

by leveling and GPS, has also been attributed to

volume loss due to cooling and crystallization of

magma (Sturkell and Sigmundsson, 2000).

Dzurisin et al. (2002) discuss the application of

cooling and crystallization models to MLV and con-

clude that the current subsidence rate requires either

an improbably large cooling volume (NN10 km3) or

an unrealistically rapid crystallization rate. In addi-

tion, the cooling process must produce a constant

subsidence rate over a ~50 yr period to explain the

results of repeated leveling surveys. However, they

consider only the inferred ~10 km3 partially molten

body beneath the caldera as the source of cooling and

crystallization. A larger and more realistic source of

thermal contraction may be the column of hot intru-

sions and country rock that underlie the volcano (Fig.

2) (Donnelly-Nolan, 1988). This relatively Hot

roughly Cylindrical Volume (HCV) received an

input of heat approximately 13,000 yr BP when a

major episode of mafic volcanism began. Migration

of melt through the column of rock under MLV to the

surface would have resulted in both the emplacement

of molten intrusions and heating of surrounding coun-

try rock. The HCV would cool and contract following

the magma migration event. To investigate the ther-

moelastic deformation of the HCV over a period of

10,000 yr, we included surface topography and known
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subsurface structure in a linear elastic finite element

model using the commercially available ABAQUS

software. The model does not account for intrusive

heat input that must have accompanied volcanic activ-

ity within the past 5000 yr. Late Holocene silicic lava

flows contain mafic inclusions which suggest recent

unerupted mafic inputs (Donnelly-Nolan et al., 1990),

but the early post-glacial mafic eruptions comprise

~65% of the volume erupted during the Holocene

suggesting that they represent the greatest heat
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avoid edge effects), and the base and far radial edges

are fixed (Fig. 8). The mechanical properties of the

subsurface are based on the velocity model of Zucca

et al. (1986), Poisson’s ratios of Christensen (1996),

and the conceptual model of Dzurisin et al. (1991).
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.
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temperature of the base of the crust in the MLV region

as predicted by subduction zone geotherms of Tur-

cotte and Schubert (1982, p. 196)). The surrounding

country rock, at 0 8C, serves as a heat sink. This

configuration is reasonable if the groundwater flow

system transports heat relatively efficiently, with

respect to heat transport limited to thermal conduction

through a dry rock system. A comparison of the

hydraulic (Saar and Manga, 2004) and thermal diffu-
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displacements predicted by the model (negative is towards MLV caldera)

with error bars show the radial component of horizontal deformation from
sivities suggests this is likely to be the case. The

modeled annual subsidence after 10,000 yr is a good

fit to the vertical displacement rate and geometry

determined from leveling when increased by a factor

of 7 (Fig. 9A). Deviations from the simple geometric

configuration of the hot cylinder, additional volu-

metric decreases due to crystallization of the feeder

complex within the hot cylinder, a higher initial tem-

perature than 800 8C, a locally overestimated rigidity,
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. Gray diamonds with error bars are leveling results. (B) Horizontal
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and input of additional heat through intrusive activity

over time are some of the factors that may account for

the prediction errors. Thus, the model represents a

lower limit to the magnitude of expected deformation.

Note that the ratio of horizontal to vertical predicted

displacements is larger than that measured by GPS

and leveling (Fig. 9B). This proportionality should

remain constant regardless of variations in model

parameters, leading us to conclude that thermoelastic

contraction of the HCV does not fully explain the

present deformation.

7.3. Surface loading

MLV is the largest volcano by volume in the

Cascade volcanic arc (Donnelly-Nolan, 1988; Dzuri-

sin et al., 1991), and subsidence will undoubtedly

occur due to loading by the edifice and subvolcanic

intrusions. Surface loading is a significant deforma-

tion mechanism at large basaltic shields, especially

ocean islands, extraterrestrial volcanoes, and sea-

mounts (e.g. Walcott, 1970; Watts et al., 1975; Lam-

beck and Nakiboglu, 1980; Williams and Zuber, 1995;

McGovern et al., 1999).
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gray diamonds (error bars omitted for clarity — see Fig. 9A). Displacemen

models and leveling data) is equal to �1 (to facilitate comparison of observ

cylindersQ models include a shell thickness of 10 km (the same order as the

model has the same Young’s modulus but a shell thickness of 100 km (appr

modulus of 1�109 Pa are used in the bthin, weak shellQ model.
Brotchie and Silvester (1969) and Brotchie (1971)

present an axisymmetric solution for a load on the

surface of a spherical, liquid filled shell. The thickness

of the shell is the brittle upper crust, while the radius

of the sphere corresponds to the planetary radius. At

MLV we assume the shell thickness is 10 km to

approximate the depth to the brittle–ductile transition,

though that rheological boundary can be as shallow as

3 km in volcanic regions, (e.g., Reches and Fink,

1988). Gravity evidence indicates a bulk density of

approximately 2400 kg/m3 in the MLV region (Finn

and Williams, 1982). A simple point source load

equivalent to the mass of the volcano predicts a

much broader pattern of subsidence than is observed

by leveling (bthin shellQ in Fig. 10). A more realistic

approximation of MLV topography using a series of

stacked concentric cylinders (Comer et al., 1985)

narrows the subsiding area’s radius (bstacked
cylindersQ in Fig. 10) but still does not approximate

the pattern of subsidence. Increasing the shell thick-

ness to approximate that of the entire lithosphere (100

km) only serves to increase the area over which sub-

sidence occurs (bthick shellQ in Fig. 10). Fitting the

pattern of the measured vertical displacements can be
00 150 200

thin shell

thin, weak shell
thick shell

leveling data
stacked cylinders

m applied load (km)

LV with radial distance from the applied load. Leveling results are

ts are normalized so that the maximum vertical deformation (in both

ed and predicted subsidence patterns). The bthin shellQ and bstacked
brittle crust) and a Young’s modulus of 7�1010 Pa. The bthick shellQ
oximating the lithosphere). A shell thickness of 10 km and a Young’s
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accomplished using a point source loading a 10 km-

thick shell with a Young’s modulus an order of mag-

nitude lower than inferred for normal crust (1�109

Pa, the bthin, weak shellQ in Fig. 10, versus 7�1010

Pa, which was used for all other models). Geological

evidence suggests thermally weakened crust in the

MLV region (Dzurisin et al., 1991; Blakely et al.,

1997), and the lower Young’s modulus is similar to

that found by workers at other volcanoes (Rubin and

Pollard, 1987; Schultz, 1993). Thus some combina-

tion of load geometry, thin brittle upper crust, and

Young’s modulus may be used to fit the observed

subsidence pattern. However, these elastic models

do not provide information about the predicted sub-

sidence rate. The Island of Hawaii is many times

larger than MLV and up to 4.8 mm/yr has been

attributed to surface loading there (Moore, 1971).

The rate should be proportionally smaller at MLV,

much less than that which has been observed since

1954. Further, all models of crustal flexure predict an

annulus of uplift at some distance from the load.

Preliminary results from a leveling line that was sur-

veyed in 1940 and 2003 and extends 120 km east of

MLV do not indicate any deformation that might be

related to flexural uplift, though the signal may be too

small to be measurable.

7.4. Crustal extension

Extensional tectonism is almost certainly occurring

around MLV based on both recent faulting events and

the presence of numerous normal faults in the region

(Blakely et al., 1997). Following Novak and Bacon

(1986), Donnelly-Nolan (written communication,

2004) speculates that the abundance of rhyolitic vol-

canism in the last ~2000 yr may reflect a high exten-

sion rate relative to other time periods, which would

encourage rising basalts to fill opening spaces in the

crust and promote the generation of more silicic mag-

mas. A relatively high rate of tectonic extension could

explain the anomalous subsidence rate, but is not

consistent with GPS results which show no resolvable

extensional strain across the region (Figs. 3 and 4).

Blakely et al. (1997) demonstrated that MLV is

located at a change in the geometry of regional fault-

ing, which may facilitate volcanism and subsidence.

Focal mechanisms from the area of MLV caldera

during the 1988–89 earthquake swarm are diverse
(Fig. 1C), consistent with the faulting pattern (Weaver

and Hill, 1979). However, the high rate of current

subsidence cannot realistically extend into the past

more than several thousand years; therefore, the tec-

tonic subsidence mechanism requires a recent change

in the tectonics of the region, which is unlikely.

Extension and shear are actively occurring in the

MLV region and will probably enhance any existing

subsidence mechanisms, but cannot account for the

overall deformation pattern observed since 1954.
8. Conclusions and future work

Any explanation of subsidence at MLV must

account for five factors: 1) the anomalously high

rate of present subsidence relative to the overall his-

tory of the volcano, 2) the broad subsidence pattern

with comparatively smaller horizontal displacements

near the summit of MLV, 3) the spatial and temporal

stability of the subsidence since 1954, 4) the apparent

lack of significant mass or thermal input in the past

~900 yr, and 5) the subsurface structure inferred from

geophysical investigations. Based on the preceding

discussion, it is clear that no single mechanism can

satisfy all five constraints, but many of the mechan-

isms meet some of the requirements. As a result, we

favor a combination of factors as the cause of sub-

sidence at MLV. Surface loading and tectonic exten-

sion (with shear) are almost certainly acting on the

volcano, but cannot explain the high present vertical

displacements relative to geologic rates. Likewise,

thermoelastic contraction of a hot cylindrical volume

of rock beneath MLV following a magma migration

event at the end of the most recent glaciation is an

attractive hypothesis but predicts a horizontal displa-

cement pattern greater than that measured by GPS.

Dzurisin et al. (1991, 2002) suggested that surface

loading combined with extension of a hot weak crust

are the dominant causes of subsidence. This mechan-

ism, combined with cooling of hot rock beneath the

volcano, remains the most likely explanation for the

deformation because it incorporates processes that are

known to be occurring. The anomalously high present

subsidence rate may be caused by recent heating of

the subsurface during the mafic magmatic episode that

occurred about ~13,000 yr ago. The input of heat

would further weaken the subsurface, and subsequent
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cooling of the affected mass would result in volume

contraction that may still be occurring today.

Withdrawal of either magma or hydrothermal

fluids (to the surface or deeper levels) as a cause for

subsidence of MLV is not favored, which has signifi-

cant implications for the interpretation of geodetic

data at other volcanic centers. Simple elastic models

of volume change at depth are commonly used to

explain surface displacements at volcanoes. As

shown by Dzurisin et al. (2002), point and sill sources

in an elastic half space fit vertical displacements at

MLV well and suggest the possibility that fluids are

moving in the subsurface. However, measurements of

horizontal motion with GPS are not consistent with

such models. Indeed, it may not be appropriate to

apply these simple models of volume change to

MLV deformation. The same is probably true at

other volcanoes, and it is important that analyses of

volcano deformation consider mechanisms beyond

volume change in subsurface fluid reservoirs.

Future work planned at MLV will provide tighter

constraints on the mechanism of deformation. Mea-

surements of microgravity over time coupled with

surface displacements will detect mass changes at

depth (Battaglia et al., 1999; De Zeeuw-van Dalfsen

et al., 2005), and would help to test our assertion that

fluid migration is not occurring at MLV. In addition,

the Mt. Shasta/MLV area is the site of a Plate Bound-

ary Observatory volcano cluster and is planned to be

instrumented with ~20 continuous GPS stations by the

year 2010. The network should provide better resolu-

tion of both horizontal and vertical displacement pat-

terns, which will be valuable for testing models of

volcano deformation presented here and elsewhere.
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