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[1] Leveling surveys of a 193-km circuit across Medicine Lake volcano (MLV) in 1954
and 1989 show that the summit area subsided by as much as 302 ± 30 mm (�8.6 ± 0.9
mm/yr) with respect to a datum point near Bartle, California, 40 km to the southwest.
This result corrects an error in the earlier analysis of the same data by Dzurisin et al.
[1991], who reported the subsidence rate as �11.1 ± 1.2 mm/yr. The subsidence pattern
extends across the entire volcano, with a surface area of nearly 2000 km2. Two areas of
localized subsidence by as much as 20 cm can be attributed to shallow normal faulting near
the volcano’s periphery. Surveys of an east–west traverse across Lava Beds National
Monument on the north flank of the volcano in 1990 and of a 23-km traverse across the
summit area in 1999 show that subsidence continued at essentially the same rate during
1989–1999 as 1954–1989. Volcano-wide subsidence can be explained by either a point
source of volume loss (Mogi) or a contracting horizontal rectangular dislocation (sill) at a
depth of 10–11 km. Volume loss rate estimates range from 0.0013 to 0.0032 km3/yr,
depending mostly on the source depth estimate and source type. Based on first-order
quantitative considerations, we can rule out that the observed subsidence is due to volume
loss from magma withdrawal, thermal contraction, or crystallizing magma at depth.
Instead, we attribute the subsidence and faulting to: (1) gravitational loading of thermally
weakened crust by the mass of the volcano and associated intrusive rocks, and (2) thinning
of locally weakened crust by Basin and Range deformation. The measured subsidence rate
exceeds long-term estimates from drill hole data, suggesting that over long timescales,
steady subsidence and episodic uplift caused by magmatic intrusions counteract each other
to produce the lower net subsidence rate. INDEX TERMS: 8499 Volcanology: General or

miscellaneous; 1206 Geodesy and Gravity: Crustal movements—interplate (8155); 1299 Geodesy and Gravity:

General or miscellaneous; 8419 Volcanology: Eruption monitoring (7280); 8439 Volcanology: Physics and

chemistry of magma bodies; KEYWORDS: Medicine Lake volcano; crustal subsidence; leveling surveys;

gravitational loading; ground deformation; Cascade Range
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1. Geologic Setting and Eruptive History

[2] Medicine Lake volcano (MLV) is located about 50
km ENE of Mount Shasta between the towns of Tulelake,
Bartle, and Tennant in northern California (Figures 1 and 2).
MLV lavas cover nearly 2000 km2 and their volume is about
600 km3, making MLV the largest volcano by volume in the

Cascade Range [Donnelly-Nolan, 1988]. The broad MLV
shield with its 7 � 12 km, 0.3-km-deep summit caldera
(where the body of water called Medicine Lake is located)
comprises mainly basalt and andesite lavas, but several late
Holocene eruptions produced dominantly rhyolite lavas.
During the most recent eruptive episode between 3000
and 900 radiocarbon years ago, eight eruptions produced
about 2.5 km3 of lavas that are predominantly rhyolite but
range in composition through dacite and andesite to basalt
[Donnelly-Nolan et al., 1990].
[3] Eruptive activity at MLV is driven by basaltic intru-

sions that are facilitated by crustal extension in the western
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Basin and Range tectonic province. Vents are typically
aligned within 30� of N, parallel or subparallel to major
faults that trend dominantly NNW to N [Donnelly-Nolan et
al., 1990]. This pattern is generally consistent with the
orientation of maximum principal stress in the region
[Zoback and Zoback, 1989; Zoback, 1992]. Evidence for a
large intrusive complex beneath MLV includes: 1) a positive
Bouguer gravity anomaly in the upper few km of the crust
[Finn and Williams, 1982]; 2) a corresponding zone of
anomalously high compressional wave velocity inferred
from active seismic tomography [Evans and Zucca, 1998];
and 3) a much larger zone of high compressional wave
velocity extending into the upper mantle, which is inferred
from teleseismic tomography [Ritter and Evans, 1997]. The
active tomography study also revealed a low-velocity, high

attenuation (low-Q) region 2–6 km beneath the caldera that
Evans and Zucca [1998] interpreted as a small silicic
magma reservoir.

2. Regional Deformation and Seismicity

[4] There is abundant geodetic evidence for contempo-
rary crustal extension in the Basin and Range, although
the details are poorly understood in the vicinity of MLV.
Thatcher et al. [1999] measured a dense GPS traverse
across the province at latitudes between 38�N and 40�N
(MLV is located at �41.6�N), and showed that: 1) the
Sierra Nevada block is moving 12.5 ± 1.5 mm/yr N52�W
relative to stable North America, and 2) deformation is

237  30'Eo

237  30'Eo

238  00'Eo

238  00'Eo
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238  30'Eo
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239  00'Eo
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41  30'No 41  30'No

42  00'No 42  00'No

Bartle

Subsidence
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Tulelake
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10 km

Unnamed
Fault

Stephens Pass
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Lava Beds
National

Monument

Tennant

Clear Lake
Reservoir

Figure 2. Leveling routes (thick lines) near Medicine Lake volcano (yellow shading) and best fit
deformation sources discussed in the text. The Stephens Pass fault and an unnamed fault (bars on
downthrown sides) are modeled from the 1954–1989 displacements of nearby benchmarks as normal-
slip dislocations on east-dipping faults (Table 2). The Mogi source (yellow circle) is located beneath the
south part of Medicine Lake caldera. The model sills (rectangles) are based on displacements measured
from 1954 to 1989 (pink), 1989 to 1999 (blue), and all data combined (green). Red dots represent
earthquake epicenters for the period 1909–1999 from the University of California Berkeley
Seismographic Stations catalog. A sparse seismic network could not locate earthquakes smaller than
M � 4.5 from 1909 to the 1950s or smaller than M � 3 from the 1950s to 1980. With those limitations,
the network located no earthquakes near MLV prior to 1975. Notable clusters of earthquakes include the
1978 Stephens Pass swarm, 1981 Tennant swarm, and 1988–1989 Medicine Lake swarm, the latter
located beneath the summit caldera near the yellow circle. Few earthquakes have been located near the
modeled unnamed fault, although vertical displacements of several cm were measured at three nearby
benchmarks (L500, M500, P500) between 1954 and 1989. The Tennant swarm produced no measurable
surface displacements and therefore we did not model its source.
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strongly concentrated in the westernmost �200 km and
easternmost �100 km of the 800 km traverse. This result
generally agrees with earlier measurements of integrated
Basin and Range extension by Dixon et al. [1995] (12.1 ±
1.2 mm/yr N38�W ± 5�), Argus and Gordon [1991] (11 ±
1 mm/yr N28�W ± 3�), Bennett et al. [1998] (11 ± 2
mm/yr NW), and Minster and Jordan [1987] (9.2 ± 2.6
mm/yr N64�W ± 9�). Deformation in the western Basin
and Range includes a dominant, right-lateral component
associated with the eastern California shear zone–Walker
Lane belt. The continuation and distribution of eastern
California shear zone deformation north of 41�N and its
interaction with Cascadian back arc tectonics are not well
understood [Blakely et al., 1997; Dixon et al., 2000;
Miller et al., 2001].
[5] Numerous young normal faults and sporadic seismic-

ity in the MLV region suggest present-day Basin and Range
deformation [Blakely et al., 1997]. Seismic records col-
lected by the University of California Berkeley Seismo-
graphic Stations starting in 1909 show no earthquakes in the
MLV region prior to 1950, but sparse instrumental coverage
during that period means that events smaller than M4
probably would not have been located [Bolt and Miller,
1975]. Since stations were added in the 1950s and 1980,
earthquakes have been located throughout the region but
mostly west of MLV (Figure 2).
[6] Three notable earthquake swarms have been recorded

near MLV. The first, in August 1978, was centered about
15 km south of Tennant and 5 km south of Stephens Pass,
approximately midway between MLV and Mount Shasta
(hereafter called the 1978 Stephens Pass swarm). The
largest event in the sequence (M4.6 on 1 August) was
followed by hundreds of aftershocks during the next two
weeks. The activity produced a north trending, 2-km-long,
75-m-wide zone of tensional fractures, grabens, and col-
lapse depressions, including open fissures that cut Stephens
Pass Road 5 km south of Stephens Pass. Benchmark C500
is located within the ground breakage zone (Figures 1 and
2) and apparently moved downward �20 cm as a result of
the swarm (see section 3.3). The 8-km-long aftershock zone
dips eastward from the surface breaks to �4 km depth.
Focal mechanisms suggest E–W extension on a N-striking
fault, consistent with the regional fault pattern [Cramer,
1978; Bennett et al., 1979].
[7] Another swarm of shallow earthquakes occurred dur-

ing January–February 1981 almost directly beneath Ten-
nant (hereafter called the 1981 Tennant swarm). The largest
event (M4.1) on 9 January was followed by 11 M � 3.0
events within the next 24 hours. Activity declined sporadi-
cally during the next several weeks. No surface breaks were
reported and no offsets are apparent in the 1954–1989 or
1954–1990 displacement profiles where they cross the
epicentral zone (see sections 3.3 and 3.4 and Figures 1–5).
[8] The only earthquake swarm located at MLV itself

occurred in 1988–1989 beneath the summit caldera. More
than 80 events per hour were recorded during the swarm’s
peak on 29 September 1988, including the largest of the
sequence (M4.1). Sporadic flurries of smaller events (M �
3.1) occurred throughout the rest of 1988 and 1989. The
1988–1989 earthquakes were all shallow, mostly within 2
km of the surface [Walter and Dzurisin, 1989]. Dzurisin et
al. [1991] attributed the swarm to subsidence-induced

bending and episodic fracturing of cold, brittle rocks mostly
within the MLV edifice.

3. Leveling Results

3.1. Error Estimates

[9] All of the MLV leveling surveys described here were
conducted in accordance with established procedures for
second order surveys (1954) or first-order, class II surveys
(1988, 1989, 1990, 1999), and all appropriate corrections
were applied to the data [Dzurisin et al., 1991; Balazs and
Young, 1982; Federal Geodetic Control Committee, 1984;
Schomaker and Berry, 1981; Stein, 1981; Strange, 1980a,
1980b; Vanicek et al., 1980]. Throughout this paper, error
estimates include both a length-dependent term to account
for random surveying error [Vanicek et al., 1980] and a
time-dependent term to account for vertical benchmark
instability [Wyatt, 1989]. In the first case, the standard
deviation of a vertical displacement measured by compar-
ison of two leveling surveys is given by

s Lð Þ ¼ b21 þ b22
� �1=2 
 L1=2

where b1 and b1, in units of mm/km1/2, are constants for each
order, class, and vintage of leveling and L is the distance in
kilometers along the traverse. The appropriate values of b
are 0.7 mm/km1/2 for contemporary first-order, class II
surveys (including the 1988, 1989, 1990, and 1999 surveys
described here) and 3 mm/km1/2 for second-order, class II
surveys conducted during 1917–1955 (including the 1954
survey described here) [Vanicek et al., 1980]. Thus, the
1-sigma uncertainty in displacements from random survey-
ing error is 3.1 mm/km1/2 
 L (km)1/2 for comparisons
involving the 1954 survey and any subsequent survey, and
1.0 mm/km1/2 
 L (km)1/2 for comparisons involving any
two subsequent surveys.
[10] Benchmark instability, which accumulates with time

rather than distance, is another source of uncertainty in
leveling results. Wyatt [1989] analyzed cumulative long-
period vertical motions of benchmarks at Piñon Flat
Observatory, California, and showed that including an error
term dependent on the square root of time (or a slightly
higher power) improves estimates of true ground deforma-
tion. Accordingly, we included the following term in our
error estimates throughout this paper

s tð Þ ¼ a 
 t1=2

where a = 0.5 mm/yr1/2. For the 35-year interval between
the 1954 and 1989 surveys, for example, this term
contributes ±3.0 mm to the uncertainty in displacements
and 0.1 mm/yr to the uncertainty in displacement rates. For
the 10-year interval from 1989 to 1999, the corresponding
values are ±1.6 mm and 0.2 mm/yr. For modeling purposes,
inclusion of a non-length-dependent term is important so
closely spaced benchmarks do not receive undue weight.
[11] In summary, the net uncertainty in vertical displace-

ments is given by

s L; tð Þ ¼ s Lð Þ þ s tð Þ
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and the uncertainty in annual displacement rates is given
by

s L; t;Nð Þ ¼ s L; tð Þ
N

where N is the number of years between surveys.

3.2. Earlier Results

[12] An extensive leveling survey near MLV was con-
ducted in 1954 by the National Geodetic Survey (NGS)
using second-order, class II procedures. It included a 193
km circuit across the summit area of MLV by way of Bartle,
Medicine Lake, Stephens Pass, and Tennant, plus a 148 km
traverse between Weed and California Highway 139
through Lava Beds National Monument (LBNM, Figures
1–3). An 18.5 km segment between T501 and B502 (�5
km NNE of Tennant and midway between Tennant and
Medicine Lake, respectively) was common to both surveys.
[13] The U.S. Geological Survey’s Volcano Hazards Pro-

gram (USGS VHP) remeasured the MLV circuit in 1989
and the LBNM traverse in 1990 using first-order, class II
procedures. These surveys were prompted by results of
smaller surveys across the summit caldera in August 1988

and October 1988, a period that included the peak of the
1988–1989 Medicine Lake earthquake swarm. Compari-
sons showed that T502, which is near the center of the
caldera along the NE shore of Medicine Lake, subsided
�167.2 ± 10.8 mm from 1954 to August 1988 (�4.9 ± 0.3
mm/yr) and �8.3 ± 3.5 mm from August 1988 to October
1988, both with respect to J502 (�10 km west of Medicine
Lake, Figure 1) [Dzurisin et al., 1991]. In both cases, the
subsidence pattern extended beyond the ends of the summit
traverse (J502 and 47M, the latter �10 km SSE of Medicine
Lake), so the entire MLV circuit was remeasured in 1989 for
comparison to the 1954 survey. The resulting discovery of
volcano-wide subsidence led the VHP to remeasure the
LBNM traverse in 1990 and the summit traverse in 1999
(Figure 3).
[14] Dzurisin et al. [1991] compared results of the 1954,

1988, and 1989 surveys and concluded that the summit area
of MLV subsided at an average rate of �11.1 ± 1.2 mm/yr
during 1954–1989. We have discovered an error in that
analysis that we correct in this paper. The volcano-wide
pattern of subsidence centered in the summit caldera is
mostly unchanged, but some offsets in the 1954–1989
displacement profile that were attributed to faulting are
now recognized as mistakes in the earlier analysis. In

LBNM Traverse, 1954

MLV Summit Traverse
1988, 1999

LBNM Traverse (West), 1990

LBNM Traverse (East), 1990

MLV Circuit
(NGS L15430)

1954, 1989

B502

J502

F502

T502
Z502

H197

E500

47M

L500

C500

M500

Y500
P500

P503

G504

T501

N501

E499

OVERPASS

A13

10 km

Part 3Part 3

Part 5Part 5

Part 6Part 6

Part 4Part 4

Figure 3. Leveling routes near Medicine Lake volcano and survey dates. The 1954 survey was
conducted by the National Geodetic Survey using second-order, class II procedures. The 1988, 1989,
1990, and 1999 surveys were conducted by the USGS Volcano Hazards Program using first-order, class II
procedures. Benchmarks mentioned in the text are labeled. The MLV circuit comprises NGS line L15430,
parts 3 (red), 4 (green), 5 (pink), and 6 (blue).
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addition, we present results of the 1990 and 1999 leveling
surveys, which reveal the 1954–1990 deformation pattern
on the north flank of MLV and confirm ongoing, steady
subsidence centered in the summit area during 1989–1999,
respectively.

3.3. MLV Circuit, Corrected Results for 1954–1989

[15] During our analysis we discovered three spurious
offsets in the 1954 data set used by Dzurisin et al. [1991]
for comparison to the 1989 survey. The MLV circuit
comprises NGS line number L15430, parts 3–6 (Figure 3).
Dzurisin et al. [1991] failed to recognize that different
reference elevations were used for each part of the line,
which has the effect of introducing offsets in the elevation
data where adjacent parts come together. We identified and
removed these offsets by noting that, at each junction
between parts, at least one benchmark was common to both
parts. Setting the elevations of common marks equal in both
parts and making the corresponding adjustments to other
benchmark elevations allowed us to remove the following

offsets from the 1954 data set (counterclockwise around the
circuit starting near Bartle) (Figure 3): +0.08781 m from
part 6 to part 5 (between Y500 and P503), +0.00438 m from
part 5 to part 4 (between F502 and B502), and �0.08829 m
from part 4 to part 3 (between T501 and N501). Note that
the net offset around the circuit is only +0.0039 m (+3.9
mm). This partly explains why Dzurisin et al. [1991] failed
to recognize the offsets: one was relatively small (+4.4 mm
from part 5 to part 4), and the other two were nearly equal in
magnitude but opposite in sign. As a result, the net offset
around the entire circuit was negligible and differencing
with the 1989 data produced a displacement profile that
returned to near zero in the vicinity of datum point H197
near Bartle. Another factor that played a role is that the two
large offsets occurred in places where recent faulting
seemed plausible: 1) near the epicentral area of the 1981
Tennant swarm, and 2) near a group of young normal faults
about 30 km south–southeast of the summit.
[16] A corrected elevation-change profile (Figure 4) was

produced by subtracting the elevations relative to H197
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E499

H197

L500

Bartle

M500 P500

Z502
MLV

T502

47M J502

B502 T501

C500

E499

Stephens
Pass

Tennant

Caldera

Displacement (mm), Rate (mm/yr), 1954-89
Elevation (m)

Figure 4. Vertical displacements and average displacement rates relative to datum point H197 near
Bartle (left and right scales, respectively) obtained by comparing results of leveling surveys in 1954 and
1989 (top, circles), plus topography (bottom, diamonds), along a 193 km circuit across Medicine Lake
volcano and Stephens Pass by way of Bartle, Hambone, Medicine Lake volcano, and Tennant (MLV
circuit). Distance is measured counterclockwise along the leveling circuit starting at benchmark E499,
which appears at both the left and right ends of the circuit. Error bars are one standard deviation from
length-dependent random surveying error [Vanicek et al., 1980] plus time-dependent benchmark
instability [Wyatt, 1989], as discussed in the text. Benchmarks between B502 and T501 are common to
the MLV circuit and the LBNM traverse (Figure 3). Anomalous movement of Z502 was probably caused
by human disturbance, whereas the movements of C500, P500, M500, and L500 are attributed to
faulting. Subsidence by a maximum of �302 ± 30 mm relative to H197, which corresponds to an average
rate of �8.6 ± 0.9 mm/yr, is centered in the summit caldera (T502) and extends across the entire volcano.
For consistency with Dzurisin et al. [1991], H197 was used as the datum point for calculating
displacements and length-dependent errors; E499 was used for modeling. Displacements and
displacement rates shown in Figures 7 and 8 are relative to E499, not H197 as here.
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determined by the 1954 survey from those determined by
the 1989 survey and plotting the differences as a function of
distance measured counterclockwise around the circuit from
E499 (�15 km Wof Bartle, Figure 1). H197 was used as the
datum point for consistency with Dzurisin et al. [1991],
while E499 was more convenient as a starting point for
modeling. Figure 4 is similar to Figure 5 of Dzurisin et al.
[1991], except that the spurious offsets described above do
not appear in Figure 4 and distances along the leveling route
are measured from different benchmarks (E499 and H197,
respectively). Several features are apparent in Figure 4: 1)
T502 subsided 302 ± 30 mm with respect to H197 at an
average rate of �8.6 ± 0.9 mm/yr from 1954 to 1989; 2)
subsidence extended across the entire volcano, not just its
summit caldera; 3) localized displacements occurred at
C500 � 7 km SSE of Stephens Pass; at Z502 � 10 km
SSE of Medicine Lake; and at P500, M500, and L500
between Hambone and Julia Glover Flat, �20 km ENE of
Bartle; and 4) the displacement and elevation profiles are
inversely related across the volcano but not across Stephens
Pass.
[17] In most cases, anomalous movement of a single

benchmark like that which occurred at C500 and Z502
can reasonably be attributed to benchmark instability and
ignored. This is probably true for Z502, which is located in
a concrete post in an open area at a road intersection and
thus is susceptible to disturbance by logging equipment or
other vehicles. C500 is also set in a concrete post, but it is
less accessible and within the epicentral area of the 1978
Stephens Pass earthquake swarm, very close to the fissures
that opened across Stephens Pass Road during the swarm.
For this reason, we suspect that the anomalous movement of
C500 was caused by the earthquakes rather than by cultural
disturbance. Ground shaking might have induced the move-
ment, but we modeled it with a fault dislocation that is
consistent with the distribution of hypocenters and their
focal mechanisms (see section 4). We also suspect that the
anomalous movements of P500, M500, and L500 were
caused by post-1954 movement along faults that form the
west side of a large north-trending graben in the area. The
southern 25 km of the Giant Crater lava field, which erupted
from the south flank of MLV during a brief span of time
about 10,500 14C yr B.P., was confined within the graben
and is responsible for the present-day morphology of Julia
Glover Flat [Donnelly-Nolan et al., 1991]. No unusual
seismicity has been recorded in the vicinity of the graben
faults (Figure 2). On the other hand, Quaternary offsets of
beds across the faults and their youthful morphologies are
permissive of the idea that they have been active since 1954,
probably sometime before the 1978 Stephens Pass earth-
quake swarm. We modeled the movements of P500, M500,
and L500 with a dislocation near the west side of the
graben, although the lack of recorded seismicity in the area
leaves open the possibility that the movements were caused
by benchmark instability rather than faulting.
[18] The inverse relationship between displacement and

elevation along part of the leveling circuit suggests the
possibility of systematic, slope dependent error in one or
both of the surveys [Stein, 1981]. However, Dzurisin et al.
[1991, Appendix] addressed this issue in detail and con-
cluded that slope-dependent error accounts for no more than
one third of the 1954–1989 subsidence. This result is not

affected by the offset problem mentioned above. Never-
theless, resolution of this nagging issue was a primary
motivation for the 1999 survey. Limited resources precluded
measuring the entire circuit in 1999. Instead, we surveyed
the 23-km-long summit traverse (Figure 3) because nearly
half of the 1954–1989 subsidence occurred along this
segment, which represents only 12% of the circuit. Different
levels and rods were used for all three surveys (1954, 1989,
and 1999), so the only common element that could cause
uncorrected systematic error is slope-dependent refraction.
Refraction corrections based on air temperature measure-
ments at two heights above the ground at every setup were
applied to the 1989 and 1999 data, so it is very unlikely that
residual refraction error accounts for essentially the same
result from 1954 to 1989 and 1989 to 1999 (see section 3.5).

3.4. LBNM Traverse, 1954–1990

[19] Because the MLV circuit does not cross the NE half
of the volcano, it was unclear from the 1954–1989 results
whether the subsidence pattern is radially symmetric or
perhaps elongate N–S, parallel to regional faulting. The
1990 survey crossed the north flank of MLV and thus helps
to resolve this issue. Maximum subsidence along the
traverse (�139 ± 36 mm with respect to H197, or �3.9 ±
1.0 mm/yr) occurs at G504, �10 km NNE of T502
(Figure 5). To convert the relative displacement measured
between A13 at Weed and G504 to a displacement with
respect to H197, we used the 1989 result for B502, which
was included in all three surveys. Accordingly, the uncer-
tainties listed above were calculated using the shortest
distance along the leveling route from H197 to G504 by
way of B502, even though the 1990 survey did not include
H197. The 1954–1990 LBNM displacement profile is
smooth, with no evidence for surface faulting during that
period. Its shape is consistent with a radially symmetric
pattern of subsidence centered within the caldera near T502
(see section 4).

3.5. MLV Summit Traverse, 1989–1999

[20] Based on the shapes of the MLV circuit and the
1954–1989 displacement profile (Figures 3 and 4), we
elected to remeasure the dogleg-shaped segment of the
MLV circuit between J502 and 47M, which crosses the
southwest part of the summit caldera, in July 1999. Figure 6
shows the vertical displacements relative to 47M measured
along this summit traverse from 1989 to 1999, and also the
displacements predicted by linear extrapolation of the
1954–1989 results. To the extent that these results agree
with one another, subsidence in the summit area from 1989
to 1999 was a steady continuation of the pattern observed
from 1954 to 1989. In fact, the two displacement profiles
are identical within two standard deviations at all of the
benchmarks except Z502. Recall that Z502 moved anom-
alously during 1954–1989, which accounts for its unusual
position along the predicted profile in Figure 6. The
measured displacement of Z502 during 1989–1999 is
consistent with the pattern of nearby benchmarks, which
suggests that Z502 behaved normally during that period. We
conclude that the average rate and pattern of subsidence in
the summit area were the same during 1954–1989 and
1989–1999, and therefore that subsidence is a relatively
steady process over decadal timescales. From August 1988
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to October 1988 and from August 1988 to August 1989,
including the 1988–1989 Medicine Lake swarm, the sub-
sidence rate might have been about a factor of two higher
(see section 3.2) [Dzurisin et al., 1991].

4. Modeling Results

[21] Dzurisin et al. [1991] modeled the 1954–1989
leveling circuit by inverting the data to fit one or two point
sources of volume change in an elastic half-space [Mogi,
1958]. They modeled two data sets separately: 1) all of the
data, including those benchmarks affected by faulting or
analysis errors, using one and then two point sources, and 2)
data from only those benchmarks within 25 km of T502,
none of which were affected by faulting or errors. In the
second case, the best fit Mogi source was located 9 km
beneath the caldera and represented a volume decrease of
0.140 km3 (0.004 km3/yr). Adding a second source did not
significantly improve the fit. In hindsight, this is the only
appropriate model because the others were affected by
spurious offsets that made it appear that the entire volcano
was downfaulted 5–10 cm relative to the surrounding
plateau.
[22] For this study, we modeled the corrected 1954–1989

displacements using the inversion technique described by

Arnadottir et al. [1992] and demonstrated in Arnadottir and
Segall [1994] and Bürgmann et al. [1997]. The technique
uses a constrained, nonlinear optimization algorithm that
minimizes the weighted-residual sum of squares, rT 
 ��1 

r, to determine the best fitting source location and additional
parameters (volume change for a Mogi source; length,
width, strike, dip and opening or slip for a dislocation
source), where r is the residual vector between modeled
and measured elevation changes at each benchmark, rT

represents the transpose of the residual vector, and ��1

represents the inverse of the data covariance matrix. The
approach assumes that measured elevation changes contain
correlated errors, which are accounted for by weighting the
misfit using the inverse of the covariance matrix [Arnadottir
et al., 1992]. For deformation sources, we used a point
source of volume change [Mogi, 1958] and rectangular
dislocations with uniform slip and opening [Okada, 1985],
both in a homogeneous, isotropic, elastic half-space. Dis-
locations were used to simulate the effects of faults (slip 6¼
0), dikes (opening 6¼ 0), and sills (dip = 0, opening 6¼ 0).
[23] To account for broad downwarping centered in the

caldera and the two occurrences of known or suspected
surface faulting (near Stephens Pass and the Giant Crater
lava field), we first modeled the 1954–1989 displacements
using a Mogi source and two model dip–slip faults. All of
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the benchmarks were included except Z502, which was
apparently disturbed during that interval. Next, we inverted
the 1954–1989 and 1989–1999 displacement-rate data
separately using Mogi and sill sources. Finally, we inverted
all of the data (1954–1989 MLV circuit, 1989–1999 MLV
summit traverse, and 1954–1990 LBNM traverse) simulta-
neously using Mogi and sill sources. The results are useful
for estimating source depths and volume changes, but do
not realistically represent the mechanism(s) responsible for
subsidence (see section 5).

4.1. 1954–1989 Displacements

[24] Three features are apparent in the 1954–1989 dis-
placement data (Figures 4 and 7, top): 1) a symmetrical
subsidence bowl centered at T502 near the summit of MLV,
2) an offset near C500 on the west flank of the volcano, and
3) offsets near L500, M500, and P500 near Julia Glover Flat
(Figure 1), about 20 km ENE of Bartle. Displacement of
C500 probably occurred during the 1978 Stephens Pass
earthquake swarm, because the mark is located within the
epicentral zone on the downthrown (east) side of surface
cracks that formed during the swarm and all nearby marks
are west of the cracks. On the other hand, no earthquakes

have been recorded in the vicinity of L500, M500, or P500
(Figure 2). Dzurisin et al. [1991] suggested that the dis-
placements measured there were caused by an unrecorded
faulting episode sometime between 1954 and 1989, prob-
ably before the 1978 Stephens Pass swarm at a time when
the seismic network was relatively sparse.
[25] To account for the observed subsidence and faulting,

we inverted the 1954–1989 displacement data for one Mogi
source and two dipping dislocations (Figure 7, top, solid
line; Tables 1 and 2). The best fitting Mogi source is located
10 km beneath the southern part of the caldera floor and
represents a volume decrease of 0.1129 ± 0.0046 km3,
which corresponds to a mean volumetric loss rate of
0.0032 ± 0.0001 km3/yr. We modeled the displacement of
C500 with an east-dipping dislocation that intersects the
surface west of C500 but east of other nearby benchmarks
(informally called the Stephens Pass fault). The model fault
parameters (dip = 38�E, normal slip component = 0.90 ±
0.02 m) are generally consistent with both the distribution
of 1981 hypocenters and the pattern of surface cracks,
which suggest 1–1.5 m of dip–slip displacement on a
N–S striking fault dipping 35–45�E [Bennett et al.,
1979]. Similarly, we modeled the displacements of L500,

-40

-20

0

20

85 90 95 100 105 110
1700

1900

2100

2.0

0.0

-2.0

-4.0

1700

1900

2100

SUBSIDENCE AT MEDICINE LAKE VOLCANO, 1989-1999

47M

Z502

T502
J502

E
le

va
ti

o
n

 (
m

)

D
is

p
la

ce
m

en
t 

(m
m

)
E

le
va

ti
o

n
 (

m
)

D
is

p
la

ce
m

en
t 

R
at

e 
(m

m
/y

r)

Caldera

Observed 1989-1999
Predicted from 1954-1989 (constant rate)
Elevation (m)

Distance (km)

Figure 6. Measured and predicted vertical displacements and displacement rates relative to 47M for the
period from 1989 to 1999 (top, circles and triangles, respectively), plus topography (bottom), along a 23
km leveling traverse across the summit area of Medicine Lake volcano. Distance is measured
counterclockwise around the MLV circuit from H197 (same as Figure 4). Error bars (one standard
deviation) include the effects of both length-dependent error [Vanicek et al., 1980] and time-dependent
error [Wyatt, 1989] as discussed in the text. Predicted displacements are based on the assumption that
subsidence continued during 1989–1999 at the same rate as during 1954–1989. Except for Z502, which
moved anomalously during 1954–1989 and is therefore discounted, all benchmarks were observed to
subside at the predicted rate within two standard deviations in the measurements. Therefore, subsidence
of MLV has been a relatively steady process over at least the past 5 decades and probably longer.

DZURISIN ET AL.: SUBSIDENCE OF MEDICINE LAKE VOLCANO ECV 8 - 9



Distance along leveling route (km)

V
er

ti
ca

l D
is

p
la

ce
m

en
t 

(m
m

), 
19

89
-9

9

V
er

ti
ca

l D
is

p
la

ce
m

en
t 

R
at

e 
(m

m
/y

r)
, 1

98
9-

99

85 90 95 100 105 110
-50

-40

-30

-20

-10

0

10

20

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

47M

T502

J502

MODELING RESULTS, 1954-89 and 1989-99

Distance along leveling route (km)
0 20 40 60 80 100 120 140 160 180 200

V
er

ti
ca

l D
is

p
la

ce
m

en
t 

(m
m

), 
19

54
-8

9

V
er

ti
ca

l D
is

p
la

ce
m

en
t 

R
at

e 
(m

m
/y

r)
, 1

95
4-

89

-300

-350

-250

-200

-150

-100

-50

0

50

100

47M

T502

J502

C500

E499

M500

E499

-8

-6

-4

-2

0

2

2σ measurements
Mogi model
Sill model

Figure 7. (Top) Vertical displacements and displacement rates (left and right scales, respectively)
relative to E499 and best fit model curves for the Medicine Lake circuit, 1954–1989. Note that a different
datum point (H197) was used for Figures 4 and 5. Deformation sources include a Mogi source at 10 km
depth (solid curve) or a sill at 11 km depth (dashed curve) beneath the summit caldera, plus two normal
faults near the periphery of the volcano. Source parameters are given in Tables 1 and 2. (Bottom) Vertical
displacements and displacement rates relative to 47M compared to best fit Mogi (solid curve) and sill
(dashed curve) sources for the Medicine Lake summit traverse, 1989–1999. Error bars (1-sigma) in both
plots represent the combined effects of random surveying error, calculated using the distance measured
counterclockwise around the circuit from E499 [Vanicek et al., 1980], and benchmark vertical instability,
which is assumed to be 0.5 mm/yr1/2 
 t (yr) [Wyatt, 1989]. Slight irregularities in the lines representing
the model fits reflect changes in direction along the leveling route with respect to the source location. The
inversion attempts to fit the slope of the elevation change between adjacent benchmarks, rather than
the absolute displacement, so the model curves can be shifted up or down arbitrarily without affecting the
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M500, and P500 as 0.41 ± 0.02 m of dip–slip movement on
a normal fault dipping 45�E (unnamed fault in Figure 2;
Table 2). The model fault is located near a mapped east-
dipping fault that forms the west side of a N–S-trending
graben between Hambone and Julia Glover Flat, about 20
km ENE of Bartle. The graben served as a channel for the
Giant Crater lava field, which was emplaced during erup-
tions from the south flank of MLVabout 10,500 14C yr B.P.
[Donnelly Nolan, 1990, 1991].
[26] A model that includes a sill as the subsidence source

(Figure 7, top, dotted line) fits the data only slightly better
than the Mogi model (Tables 1 and 2). The best fit sill is
located at nearly the same depth as the best fit Mogi source
(9.7 km and 10.0 km, respectively), but requires one third
less volume change to produce the same surface displace-
ments (see section 5).

4.2. 1954–1989 and 1989–1999 Displacement Rates

[27] The 1999 survey did not include H197, which was
used as the datum point for the 1954 and 1989 surveys, so
the 1954–1989 and 1989–1999 data sets are not directly
comparable. Nonetheless, we can model the shapes of the
two displacement fields to invert for comparable source
parameters. Our inversion of the 1989–1999 data using a
Mogi source (Figure 7, bottom, solid line) produced the
same source location and a similar average volume loss
rate as our Mogi inversion of the 1954–1989 data
(�0.0028 ± 0.0002 km3/yr and �0.0032 ± 0.0001 km3/
yr, respectively; Table 1). On the other hand, sill models
yield significantly different volume loss rates for the two
time periods (�0.0013 ± 0.0001 km3/yr for 1989–1999,
�0.0021 ± 0.0001 km3/yr for 1954–1989; Figure 7,
bottom, dotted line). The sill derived from the 1989–
1999 data is larger and shallower than that from the
1954–1989 data (Figure 2; Table 1). However, the
1989–1999 sill model is based on fewer data points (17
benchmarks) and is therefore less well constrained than the
1954–1989 sill model.
[28] We conclude that the subsidence source was stable

from 1954 to 1999; so all three data sets (1954–1989 MLV
circuit, 1954–1990 LBNM traverse, and 1989–1999 MLV
summit traverse) can be combined to constrain a single
model. However, the combined data set is temporally sparse
and therefore the subsidence rate as a function of time is
poorly constrained.

4.3. Combined Data Sets: 1954–1989, 1989–1999,
and 1954–1990

[29] The inversion technique fits the slope of the eleva-
tion change between adjacent benchmarks (i.e., tilt) rather
than the displacement of each mark relative to a datum
point, so multiple data sets with different datum points can
be combined in a single model. For modeling purposes, we
split the 1954–1990 LBNM traverse into two data sets
with different datum points, because part of the traverse
(between T501 in the west to B502 in the east) was not
measured in 1990. Thus, the global inversion included four
data sets: 1) 1954–1989 MLV circuit, 2) 1989–1999 MLV
summit traverse, 3) 1954–1990 LBNM traverse (west
side), and 4) 1954–1990 LBNM traverse (east side). This
approach gives appropriately greater weight to 17 summit-
area benchmarks that were surveyed three times (1954,T
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1989, 1999) relative to others that were measured only
twice.
[30] As with the individual data sets, we inverted the

combined data set for both Mogi and sill sources. The best

fit Mogi source is located under the south part of the caldera
at a depth of 10 km. It has a slightly lower than the best fit
sill, which is also located under the south caldera at a depth
of 11 km (Figure 8; Table 1). The volume loss rates of the

Table 2. Modeling Results for Stephens Pass and Unnamed Fault Sources

Fault
Latitude at Center,

�N
Longitude at Center,

�E
Depth at Center,

km
Length Along Strike,

km
Width,
km Dip, � Strike, � Slip, m

Stephens Pass 41.50–41.42 238.16 2 8.9 2.5 38E 0 �0.90 ± 0.02
Unnamed 41.34–41.28 238.27 3 6.7 4.2 45E 0 �0.41 ± 0.02
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Figure 8. Displacement rate data and best fit model profiles for: A) the 1954–1989 MLV circuit
relative to E499, B) the 1989–1999 MLV summit traverse relative to 47M, C) the western part of the
1954–1990 LVNM traverse relative to A13, and D) the eastern part of the 1954–1990 LVNM traverse
relative to OVERPASS. Solid and dashed lines represent best fit Mogi and sill sources, respectively. Error
bars (1 sigma) include the combined effects of random surveying error, calculated using the distance
measured counterclockwise around the circuit from E499 [Vanicek et al., 1980], and benchmark
instability, which is assumed to be 0.5 mm/yr1/2 
 t (yr) [Wyatt, 1989]. Irregularities in the lines
representing the model fits, which are especially evident in D, are caused by changes in direction along
the leveling route with respect to the source location. The inversion fits the slope between adjacent data
points rather than the data values (i.e., tilt rather than displacement), so the model curves can be shifted
up or down arbitrarily. We chose to reference the model curves here and in Figure 7 to specific
benchmarks for convenience.
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two best fit sources are 0.0031 ± 0.0001 km3/yr and 0.0020
± 0.0001 km3/yr, respectively. Consistent with our experi-
ence modeling the 1954–1989 data set separately, we found
that including two or more Mogi or sill sources in the global
inversion did not significantly improve the model fit to the
data.

5. Discussion

5.1. Subsidence Mechanisms

[31] Possible mechanisms for volcano-wide subsidence at
MLV include: 1) magma withdrawal, 2) contraction of hot
crystalline rock during cooling, 3) densification of a cooling
magma body during crystallization, 4) gravitational loading
of the lithosphere by the MLV edifice and associated dense
intrusive rocks, and 5) crustal thinning as a result of Basin
and Range extension. Dzurisin et al. [1991] suggested that
mafic magma might accumulate temporarily beneath MLV,
cool, densify, then sink while still fluid to cause subsidence.
Although this mechanism cannot be discounted entirely,
there is no independent evidence for steady withdrawal of
magma since 1954 and, as shown below, two other mech-
anisms that almost surely operate at MLV can account for
the observed subsidence.
[32] The second mechanism, thermal contraction of a

cooling mass of crystalline rock beneath MLV, cannot fully
account for the observed subsidence. The coefficients of
thermal expansion, a, for gabbro and granite under standard
conditions are 1.6 � 10�5/�C and 2.4 � 10�5/�C, respec-
tively [Turcotte and Schubert, 1982, p. 432]. The volume
change, �V, in a volume of rock, V, cooling through a
temperature range, �T, is given by: �V = a 
 V 
 �T. Using
�V = �0.0031 km3, the annual volume decrease beneath
MLV from the Mogi model results above, and a = 1.6 �
10�5/�C for gabbro (the most likely rock type at 10 km
depth beneath MLV), we obtain: V 
 �T = 187.5 km3�C.
What is a plausible value for �T, the annual temperature
decrease of a cooling pluton at 10 km depth? Hayba and
Ingebritsen [1997] modeled multiphase groundwater flow
near cooling plutons in two dimensions and showed that a
2 km � 4 km pluton emplaced at 5 km depth with an initial
temperature of 900�C cooled to temperatures between
�250�C (edge) and �850�C (center) in 25,000 years and
between �150�C and 550�C in 50,000 years. A maximum
value for �T, the average annual temperature change of a
pluton at 10 km depth (where cooling would be slower than
at 5 km depth), is therefore [(250�C–900�C)/2.5 � 104 yr],
or �T = �0.026�C/yr. Using this value in the equation
above, we obtain V � 7200 km3, an implausibly large
volume for a cooling pluton beneath MLV. We explored the
possibility that a might be significantly larger at higher
temperatures by using the program CONFLOW [Mastin
and Ghiorso, 2000] to calculate density changes of the
principal minerals comprising gabbro at near-magmatic
temperatures. None of the calculated values for a exceed
the value for gabbro used above by more than a factor of
two. Therefore we conclude that the contribution of thermal
contraction to subsidence at MLV is negligible.
[33] Crystallizing magma undergoes volume changes as

crystals replace melt and volatiles partition into the declin-
ing melt fraction until saturation is reached. At that point
bubbles form and either remain trapped in the melt or

escape upward. The greatest volume decrease (�10%)
occurs in the latter case [Sigmundsson et al., 1997; Sturkell
and Sigmundsson, 2000]. We used CONFLOW [Mastin and
Ghiorso, 2000] to explore the implications of magma
crystallization for subsidence at MLV. As input to the
program, we used the major-oxide composition of Modoc
Plateau high-alumina basalt [Gerlach and Grove, 1982],
which Donnelly-Nolan [1988] believes is representative of
the parental magma at MLV, and the H2O content of the
MLV Black Crater basalt reported by Sisson and Layne
[1993] (0.2–0.3 wt.%). Our calculations show that MLV
high-alumina basalt would contract by �0.1% as the degree
of crystallization increased from 50% to 51%, for example.
To produce the observed annual volume change of �0.003
km3/yr, a 3 km3 magma body at 10 km would have to
crystallize at a rate of �1% per year, which is implausibly
rapid according to the modeling results of Hayba and
Ingebritsen [1997]. If such rapid crystallization were occur-
ring at MLV, the subsidence rate would slow over decadal
timescales as the residual melt became depleted. Such is the
case at Askja and Krafla, Iceland, where posteruption
subsidence rates are observed to be decreasing with time
[Sigmundsson et al., 1997; Sturkell and Sigmundsson,
2000]. The leveling results at MLV, on the contrary, show
that the average subsidence rate during 1989–1999 was
essentially the same as during 1954–1989. Furthermore,
because the starting composition of MLV high-alumina
basalt is relatively dry, the residual melt does not become
volatile-saturated until crystallization is 94%–95% com-
plete. Not until then do bubbles form and potentially reduce
the volume of the residual melt through escape. We con-
clude that crystallization is not an important subsidence
mechanism at MLV.
[34] Dzurisin et al. [1991] proposed two subsidence

mechanisms at MLV: 1) gravitational loading of thermally
weakened crust by the mass of the volcano and associated
intrusive rocks, and 2) thinning of locally weakened crust
due to Basin and Range extension. The MLV edifice is too
young (500–600 ka) [Donnelly Nolan, 1998] to be gravita-
tionally compensated, so loading almost surely contributes
to contemporary subsidence. The resulting flexure should
be analogous to that observed around the Hawaiian archi-
pelago and other ocean islands, including subsidence cen-
tered at the edifice and a surrounding annulus of uplift
[Walcott, 1970]. At MLV, the uplift annulus might be
located outside the area covered by leveling or too small
to detect. Likewise, Basin and Range extension is known to
be occurring at MLV, so subsidence of subvolcanic crust
that has been thermally weakened by repeated magmatic
intrusions is to be expected. Dzurisin et al. [1991] envi-
sioned a situation akin to a ‘‘hole in a plate’’ in which the
hole represents a cylindrical zone of hot and mechanically
weak crust beneath the volcano. As the plate extends, the
weak zone thins and subsides under gravity. A quantitative
analysis of loading and extension as subsidence mecha-
nisms at MLV is underway.

5.2. Implications of Steady Subsidence for
Longer-Term Behavior

[35] Leveling results suggest that the subsidence rate at
MLV has been essentially constant for nearly five decades
(based on measurements in 1954, 1988, 1989, 1990, and
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1999 only), which raises the question of how far into the
past the current rate should be extrapolated. For example, a
constant subsidence rate of 8.6 ± 0.8 mm/yr would produce
8.6 ± 0.8 m of subsidence in 1,000 years and 860 ± 80 m of
subsidence in 100,000 years. Dzurisin et al. [1991]
reviewed the evidence for long-term subsidence of MLV
from 8 drill holes, 5 of which penetrated the entire volcanic
pile. They concluded that the crust beneath MLV has been
downwarped �500 m relative to the surrounding plateau.
The current rate would have produced 500 m of subsidence
in only �60,000 years, approximately 10% of the lifespan
of the volcano. It is highly unlikely that all of the subsidence
would occur in the last 10% of the volcano’s history,
especially given that there is no obvious increase in eruptive
productivity. Thus, the current rate of subsidence must be
anomalous and either the subsidence rate has increased
through time, the subsidence process has been episodic, or
subsidence has been counterbalanced by uplift associated
with intrusions.
[36] The relatively high rate of contemporary subsidence

could be a recent phenomenon, i.e., a delayed response of
the lithosphere to the increasing load imposed by the
growing MLV edifice plus intrusive complex. For example,
changes in the subsurface temperature distribution caused
by intrusions or eruptions could lead to time-varying
viscous strength of the crust. Extension could be responsible
for a relatively minor amount of subsidence throughout the
entire 500–600 ka lifespan of MLV, while gravitational
loading by the mature volcanic system has only recently

become the dominant mechanism and is largely respon-
sible for the high contemporary subsidence rate. Alterna-
tively, crustal extension might be the dominant cause of
subsidence and the extension rate might have increased
recently. In this scenario, gravitational loading produced a
relatively minor, steady amount of subsidence as the
volcano grew, while the crustal extension rate increased
to produce the relatively high contemporary subsidence
rate. Thus, the current anomalous subsidence rate could be
explained by an unusually high crustal extension rate in
the MLV region during Holocene time. This possibility is
neither supported nor refuted by available data. Regardless
of the subsidence mechanism, the historical rate of sub-
sidence is clearly greater than the average rate over the
lifespan of the volcano. We suspect that, over long time-
scales, steady subsidence and episodic uplift caused by
magmatic intrusions counteract each other to produce the
lower net subsidence rate indicated by the drill hole
results.

5.3. Implications for Other Volcanoes and Future
Work

[37] Our modeling shows that point sources of volume
change (Mogi sources) and horizontal, rectangular uniform
dilation sources (sills) fit the MLV leveling data equally
well, presumably because the source is too deep (�10 km)
for its geometry to be constrained by vertical surface
displacements alone. A common characteristic of all best
fit models is that sills require less subsurface volume change
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than Mogi sources to produce the same amount of vertical
surface displacement, a relationship that was previously
noted by Delaney and McTigue [1994] in their analysis of
deformation at Kilauea volcano in Hawaii. Dieterich and
Decker [1975] used finite element modeling to analyze the
surface effects of various sources, including sills and Mogi
sources, and concluded that vertical displacement data alone
are not sufficient to constrain the depth, volume/pressure
change, and geometry of the deformation source(s). With
this in mind, the USGS Cascades Volcano Observatory
established a network of GPS stations in the MLV–Mount
Shasta region in July 1990 to measure three-dimensional
surface displacements. The network has since been ex-
panded and remeasured twice [Poland et al., 2000; Poland,
2001].
[38] We used the best fitting Mogi and sill sources from

this study to predict horizontal displacement rates at bench-
marks included in the MLV–Mount Shasta network. The
sources produce similar vertical displacement rates, but
significantly different horizontal rates at some locations
(Figure 9). Both produce horizontal velocity vectors that
generally point toward the summit, reach a maximum near
the caldera rim, and decrease both inward and outward from
there. However, at some sites the Mogi source predicts
horizontal velocities that are several times larger than those
predicted by the sill source. This is because the magnitudes
of vertical and horizontal forces produced by a Mogi source
are equal, whereas horizontal forces produced by a sill are
much smaller than the corresponding vertical forces. As a
result, the surface volume change exceeds the source
volume change for a Mogi source, but for a sill these two
volumes are essentially equal (i.e., a Mogi source produces
host-rock dilatation but a sill source does not) [Delaney and
McTigue, 1994]. As a consequence of this difference,
repeated GPS surveys at MLV will help to distinguish
between a Mogi and sill source. Preliminary results of
simultaneous inversion of GPS and leveling data favor a
Mogi source of deflation at 10 km depth [Poland, 2001],
which is consistent with the modeling results presented
above.
[39] Each of the subsidence mechanisms discussed above

is expected to operate to varying degrees at other Cascade
volcanoes, particularly Newberry in central Oregon, which
is similar in many respects to MLV. Both volcanoes are
located �50 km east of the Cascade axis near the western
margin of the Basin and Range, are broad shields marked
with summit calderas, contain abundant rhyolitic domes
and flows in addition to more areally extensive basalt and
basaltic-andesite flows, have similar petrochemistry, and
have been the sites of eruptions of pumiceous tephra
and obsidian flows during the last few thousand years
[Macleod et al., 1981]. The effects of gravitational loading
and crustal extension, in particular, should be analogous at
the two volcanoes. However, comparison of leveling sur-
veys across Newberry volcano suggests as much as 97 ± 22
mm of uplift between 1931 and 1994, contrary to the
results at MLV [Dzurisin, 1999]. Another leveling survey
across Newberry volcano is planned to confirm this appa-
rent difference and explore its causes. Although gravita-
tional loading, regional deformation, cooling of intrusive
rock, and magma crystallization are not directly linked to
eruptive processes, they are important parts of the eruption

cycle that deserve more study in the Cascade Range and
elsewhere.
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