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Observations of volcanic subsidence have contributed to our understanding of the eruption cycle, hydrothermal
systems and the formation of continental crust. Lassen Volcanic Center is one of two volcanoes in the southern
Cascades known to have subsided in recent decades, but the onset, temporal evolution, and cause of subsidence
remain unconstrained. Here we use multiple sets of InNSAR data, each corrected using the North American Region-
al Reanalysis atmospheric model, to determine the temporal and spatial characteristics of deformation between
1992 and 2010. Throughout this period all datasets reveal subsidence of a broad, 30-40 km wide region at rates of
~10 mmy/yr. Evaluating past geodetic studies we suggest that subsidence may have been ongoing since the 1980s,
before which it is unlikely that significant ground deformation occurred. By combining multiple tracks of InNSAR
data we find that the ratio of horizontal to vertical displacements is high (up to 3:1), and source inversions favour
a point source located at ~8 km depth. Time-series analysis suggests that the rate of volume change of this source
may have varied over time. The source geometry and the temporal evolution of deformation contrasts to subsi-
dence observed at nearby Medicine Lake Volcano since the 1950s. We evaluate possible causes of subsidence at
Lassen Volcanic Center in light of tectonic setting and hydrothermal activity, and suggest that regional GPS mea-
surements will be key to understanding the role of crustal extension plus other hydrothermal/magmatic process-

es in deformation during recent decades.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Observing and understanding ground deformation at volcanoes pro-
vides insight into the dynamics of the magmatic and/or hydrothermal
system (see Pinel et al., 2014 and references therein). InNSAR observations
alone document ground displacements at >500 volcanoes worldwide
(Biggs et al.,, 2014). These studies identify ground deformation such as:
transient subsidence linked to co-eruptive volume loss (e.g., Okmok Vol-
cano, Aleutians: Lu et al., 1998); cyclical bradyseisms, associated with the
interaction between magmatic fluids and hydrothermal systems (e.g.,
Campi Flegrei, Italy: Chiodini et al., 2015); and long wavelength, steady
uplift, related to heat transfer and crustal ductility induced by deep
magma bodies (e.g., Sorocco, New Mexico: Pearse and Fialko, 2010).

Lassen Volcanic Center (LVC) is the southernmost volcano of the
Cascades Volcanic Arc (Fig. 1A) and the only Cascade volcano other
than Mount St. Helens to have erupted during the 20th century
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(Clynne et al., 2012). LVCis also one of two volcanic centers in northern
California known to be subsiding (Dzurisin et al., 1991; Poland et al.,
2004), although whether this is associated with the eruption (e.g., with-
drawal of magmatic fluids), the vigorous hydrothermal system, or re-
gional tectonics, is undetermined (Poland et al., 2004). Constraining
the onset, rate, and spatial characteristics of subsidence at LVC is there-
fore key to understanding the behavior of the volcano. This has implica-
tions for hazard assessments, as LVC is located within a National Park,
and lies in the path of major air traffic corridors, gas pipelines and
power lines (Clynne et al., 2012).

Geodetic surveys of LVC prior to 1996 consisted of leveling (1932,
1934, 1991: Dzurisin, 1999), repeated electronic distance measure-
ments (EDM) and dry tilt surveys (1981, 1982, 1984: Chadwick et al.,
1985), all of which showed no conclusive evidence of ground deforma-
tion (Fig. 1B). However, an InSAR survey of the volcano in 1996-2000
indicated up to ~10 mm/yr of subsidence over a ~40 km diameter
area centered 5 km SE of Lassen Peak (Poland et al., 2004). This motivat-
ed a survey of 5 EDM lines using GPS in 2004, which revealed that line
lengths had shortened by up to 145 mm since 1981 (Poland et al.,
2004). Here we consolidate past geodetic measurements at LVC with a
detailed InSAR survey between 1992 and 2010 to constrain the spatial
and temporal evolution of ground deformation. Using these results,
we evaluate possible mechanisms of subsidence, and also draw
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Fig. 1. A) Map of LVC including main regional structural features after Clynne and Muffler (2010) and earthquake locations (2000-2014) from the Northern California Earthquake Data
Center. Solid arrows show the direction of E-W extension across LVC and dextral shear SE of Devil's Kitchen (DK) (Janik and McLaren, 2010). The leveling lines are from Dzurisin
(1999). Top inset: map shows the location of LVC in the Cascades Volcanic Arc. Bottom inset: clusters of seismicity and hydrothermal features. LHSV — Little Hot Springs Valley, BH —
Bumpass Hell, SW — Sulphur Works, PP — Pilot Pinnacle solfataras, DK — Devil's Kitchen, GH — Growler Hot Springs and MH — Morgan Hot Springs. B) Time-line summarising the
acquisition of geodetic data at LVC (Leveling: Dzurisin, 1999; EDM: Chadwick et al., 1985; GPS: Poland et al., 2004). Red corresponds to surveys that did not show deformation and
green corresponds to surveys that show subsidence. The date of the 1992 Landers earthquake is shown for reference. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

comparisons with deformation recorded at Medicine Lake Volcano

located 100 km to the north.

1.1. Tectonic and geological setting

The Lassen region marks the southern end of the Cascades Volcanic
Arc (Fig. 1A) and the interaction between subduction along the Cascadia

subduction zone and extension of the Basin and Range province
(e.g., Wells et al., 1998; Hildreth, 2007). N and S of Lassen Volcanic Na-
tional Park are the Hat Creek and Lake Almanor Grabens respectively
(Fig. 1A), which are the westernmost structures of the Basin and
Range in this region (Clynne and Muffler, 2010). LVC is also coincident
with a transitional zone of the Walker Lane fault system, where horizon-
tal stress is transferred from NW dextral shear in the SE to E-W
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extension in the N (Janik and McLaren, 2010). Accordingly, motion on
regional faults is seen to have a strike-slip component (e.g., Blakeslee
and Kattenhorn, 2013). In addition to faulting, NNW trending breaks be-
tween Lassen Peak and Reading Peak have been described as a zone of
tensional surface deformation, possibly related to a near-surface dike
emplaced just prior to the 1914 eruption (Clynne and Mulffler, 2010).

Volcanism in the Lassen region has been ongoing for ~3 Ma (Clynne
and Muffler, 2010). The current manifestation of LVC began ~825 ka
with the formation of the Rockland caldera complex, and during the
last 1100 years, three eruptions have occurred including the 1914-
1917 eruption at Lassen Peak (Clynne and Muffler, 2010). This eruption
was associated with an erupted volume of ~0.025 km? (Clynne et al.,
2012), comprised of a dacite dome and lava flow, dacite pyroclastic
flow, plus phreatic, avalanche, debris-flow, flood and fall deposits
(Clynne and Muffler, 2010), resulting in what is now known as the Dev-
astated Area within Lassen Volcanic National Park.

The LVC magmatic system has been interpreted to contain one or
more small dispersed magma bodies in a larger, but mostly solidified
zone of silicic magma (Clynne, 1985). This is comparable to the mag-
matic model proposed for neighbouring Medicine Lake Volcano
(Dzurisin et al,, 2002; Donnelly-Nolan et al,, 2008), and is in agreement
with seismic surveys that detect low-velocity zones in the crust, but do
not identify a discrete magma reservoir larger than the detection limit
(5 km diameter) (Clynne, 1985). Most recent evidence suggests that
LVC silicic magmas are derived from pressures of ~145 MPa, equivalent
to ~5 km depth (Quinn, 2014), and that the area of young volcanism is
underlain by a zone of crystal mush that is too viscous to erupt (Klemetti
and Clynne, 2014). Zircon age analysis provides evidence of mush reju-
venation (and remobilisation) by basaltic intrusions on timescales of
10s-1000s years, facilitating eruptions of magma from within this oth-
erwise cooling magmatic body (Klemetti and Clynne, 2014).

1.2. Hydrothermal and seismic activity

Hydrothermal activity at LVC is vigorous, with steam vents, fuma-
roles, hot springs, and extensive alteration of surface rocks that has re-
sulted in numerous landslides (Clynne et al., 2012). Geochemical and
seismic analysis suggest that there are two separate hydrothermal
cells at ~5 km depth that circulate within the greater Lassen hydrother-
mal system (Janik and McLaren, 2010). One cell feeds steam to Little Hot
Springs Valley, Bumpass Hell, Sulphur Works and Pilot Pinnacle solfa-
taras (LHSV, BH, SW and PP in Fig. 1A), and the second cell beneath
the Devil's Kitchen area (DK in Fig. 1A) is recharged by precipitation
that percolates via permeable faults of the Walker Lane (Janik and
McLaren, 2010).

LVC is also one of the most seismically active Cascade volcanoes,
with the majority of events occurring at depths <7 km in three N-S
elongate zones (the West, Middle and East clusters) (Humphrey and
McLaren, 1995) (Fig. 1A). Overall approximately 25% of events are at-
tributed to the hydrothermal system (Klein, 1979; Walter et al., 1984),
and the base of the hydrothermal system is thought to be coincident
with a zone of persistent seismicity at 4-5 km depth (Ingebritsen
et al., 2016). Seismicity in the East cluster is also the result of motion
along faults of the Walker Lane (McLaren and Janik, 1996), and deeper
events (7-10 km depth) that occur beneath Devil's Kitchen (DK
Fig. 1A) correlate with local fault orientations. Three vigorous earth-
quake sequences, with events up to M,, 5.5, occurred in 1936, 1945-
1947, and 1950, and were attributed to approximately E-W extension
localized on Basin and Range normal faults at the southern boundary
of Lassen Volcanic National Park (Norris et al., 1997). The most recent
earthquake swarm in November 2014 is attributed to upward migration
of hydrothermal fluids, and includes a M,, 3.85 earthquake, the largest
event within 30 km of Lassen Peak in >60 years (Ingebritsen et al.,
2015). Changes in permeability induced by this event are thought to
have caused a two-fold increase in hydrothermal outflow from a local-
ized hydrothermal aquifer at Growler/Morgan Hot Springs (GH and

MH in Fig. 1A) (Ingebritsen et al., 2015). Long period (LP) earthquakes
(associated with the movement of magma at depth and magmatic/hy-
drothermal interactions) are also common at LVC. These events typical-
ly occur in clusters in a region 5-8 km west of Lassen Peak at depths of
13-23 km (Pitt et al., 2002). Between 2003 and 2011 an average of 11 LP
earthquakes were detected per year (A.M. Pitt, unpublished data in
Clynne et al., 2012).

2. Methods
2.1. InSAR data and processing

We investigate subsidence at LVC using 4 sets of InSAR data span-
ning 1992-2010 (Table 1; Fig. 1B). The first dataset is from European
Space Agency C-band satellite ERS-1/2 descending track 70, and in-
cludes the scenes used by Poland et al. (2004). In total we successfully
form 55 ERS-1/2 interferograms spanning summer (snow-free) months
between 1992 and 2000. We also use imagery from the European Space
Agency C-band satellite ENVISAT ascending track 435 (82 interfero-
grams) and descending track 342 (104 interferograms), spanning
2004-2010, plus imagery from the JAXA satellite ALOS ascending track
163 (16 interferograms) covering 2007-2010. All interferograms were
processed using JPL/Caltech software ROI_PAC (Rosen et al., 2004), fil-
tered using a power spectrum filter (Goldstein and Werner, 1998),
unwrapped using a branch-cut algorithm at 16 looks (Goldstein et al.,
1988) and down-sampled to a final resolution of ~300 m (e.g., Jonsson
et al., 2002). Orbital errors were removed using linear ramps (Biggs
et al., 2007; Gourmelen et al., 2010), and topographically-correlated at-
mospheric artifacts were reduced using the North American Regional
Reanalysis atmospheric model as described in Parker et al. (2015). Inter-
ferograms were processed and analyzed in the original frames and then
cropped to the overlapping region. Multi temporal analysis was then
used to combine information from many interferograms, increasing
the signal to noise ratio of the datasets and allowing us to investigate
the evolution of deformation over time.

2.2. Stacking

Visual inspection of interferograms reveals that the deformation sig-
nal is spatially consistent over the observation period. We therefore use
stacking to first investigate the location and spatial extent of subsidence.
Interferograms were selected for stacking based upon the criteria de-
scribed by Parker et al. (2014), whereby analysis of the coherence and
noise properties of each dataset are used to set selection thresholds
(Fig. 2). For the ENVISAT and ALOS datasets we select interferograms
that have >80% of pixels above the coherence threshold used in process-
ing and o <15 mm, where o is interferogram standard deviation
calculated using covariance analysis (Hanssen, 2001). We use lower
thresholds of <5 mm, and coherence >30% for ERS - 1/2 as we find
that 70% of interferograms in this dataset are <50% coherent (Fig. 2A).
The resulting data subsets (Table 1) contain 36 ERS-1/2 descending
track interfergrams (June 1992-September 2000); 25 ENVISAT ascend-
ing track interferograms (August 2004-August 2010); 34 ENVISAT de-
scending track interferograms (July 2007-September 2010); and 9
ascending track ALOS interferograms (September 2007-November
2010). Stacks were then produced for all pixels that are coherent in
>2 interferograms by summing together the displacements from all in-
terferograms coherent at each pixel, and dividing by the total duration
of the constituent interferograms. Measurements were then referenced
to a far-field, non-deforming region.

Using the results of stacking, we solve for the horizontal (eastward)
and vertical components of the deformation field, u= (ug,uz)", by com-
bining data from different satellite look directions (e.g., Fialko et al.,
2001b; Wright et al.,, 2004b; Biggs et al., 2009b; Samsonov and
d'Oreye, 2012). We do not solve for N-S motion, as the satellite line of
sight (LOS) is least sensitive to this component. We use stacks calculated
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Table 1
Interferograms (igrams) used in this study and for stacking.
Dataset Stack

Satellite Track Mode Igrams Span Igrams Span
ERS-1/2 70 Descending 55 Jun 1992-Sep 2000 36 Jun 1992-Sep 2000
ENVISAT 435 Ascending 82 May 2004-Aug 2010 25 Aug 2004-Aug 2010
ENVISAT 342 Descending 104 Nov 2005-Oct 2010 34 Jul 2005-Sep 2010
ALOS 163 Ascending 16 Mar 2007-Nov 2010 9 Sep 2007-Nov 2010

for ENVISAT ascending and descending tracks, each of which records
displacements in a different LOS. In each case, the LOS is described by
the satellite unit look vector, I, and the LOS displacements, d; s, are
equal to the product of the satellite unit look vector and the vector com-
ponents of displacement:

d;os = (— cos¢ sinf cosh). < ZE > , 1)

where 6 is the look angle of the satellite at each pixel and ¢ is the head-
ing direction of the satellite (Wright et al., 2004b). The horizontal and
vertical components of motion may be calculated using D =Lu, where
D is the LOS interferogram displacement for each dataset, and L is a ma-
trix containing the look vector for each dataset. The inversion is weight-
ed using a covariance matrix containing the mean value of o for each
dataset, which allows us to calculate the error of each displacement
component (Wright et al., 2004b).

2.3. Source modeling

The results of stacking were used to carry out analytical source
modeling, providing first order constraints upon the geometry and
depth of the deformation source. Although these models are an
oversimplification of the real earth and do not account for heterogene-
ities in crustal structure or rheology, they are a valuable first step in
understanding the cause of subsidence (e.g., Dzurisin, 2007; Segall,
2010). Such models can be used to distinguish between shallow- and
deep-seated deformation mechanisms e.g., hydrothermal system
depressurisation verses magma cooling (e.g., Mann and Freymueller,
2003); and to differentiate between vertical or horizontally elongate ge-
ometries, which may be used to shed light on mechanisms of magma
transport and emplacement (e.g., Bagnardi et al., 2013). This simple
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0 . . . . .
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Interferogram Number

modeling approach also provides a useful mode of comparison with
ground deformation at other volcanoes.

We use the ratio of horizontal to vertical displacements to guide
source modeling as point sources (e.g., Mogi, 1958) or vertically
elongate sources (e.g., prolate ellipsoids: Yang et al., 1988) generate
larger horizontal displacements than horizontally elongate sources
(e.g., rectangular dislocations: Okada, 1985; or penny-shaped cracks:
Fialko et al., 2001a). We downsample the data to an initial resolution
of ~450 m (e.g., Hamling et al., 2014), and the best-fitting source param-
eters are then obtained using a Monte Carlo type simulated annealing
algorithm (Amelung and Bell, 2003), which provides an efficient way
of testing a wide range of source parameters. We exploit the fact that
we have constraints upon different components of the deformation
field and simultaneously solve for all datasets. The initial range of source
parameters is made broad enough to ensure that solutions do not satu-
rate at the parameter bounds. As the source models are non-unique, we
investigate the uncertainties and trade-offs between source parameters
using a Monte Carlo approach (Wright et al., 2004a; Biggs et al., 2009a).
This is done using covariance analysis to create 100 sets of synthetic
noise, which are added to the stacks shown in Fig. 3 before rerunning
the same inversion scheme.

24. Time-series

Finally we use time-series (e.g., Lundgren et al., 2001; Berardino
et al., 2002) to assess the temporal characteristics of deformation. As
measurements are made from multiple satellite tracks, we use a joint in-
version technique that combines multiple sets of InSAR data (Biggs
et al., 2010; Parks et al., 2015). In this approach, the observations of
ground displacement are converted to incremental subsurface volume
changes that arise due to point source pressure variations at depth
(Mogi, 1958). The surface displacement at any point can be predicted

®ERS - 1/2 Desc. @ ENVISAT Asc)
B ® ENVISAT Desc.  ® ALOS Asc.
30 T T T - -
[ ]
B
E . rd .
c 201 e PN
-% ENVISAT/ALOS & ] 2
E - o Threshold o =15Tm __ b ____ -
o [ ]
bo] [
I 107
c
7 o __ERS-12Thresholdo=5mm |
0 1 1 1 1 1
0 20 40 60 80 100

Interferogram Number

Fig. 2. A) Coherence of all interferograms listed in Table 1. Only interferograms with coherence above the labelled thresholds are used for stacking. B) Standard deviation (o) of all
interferograms listed in Table 1 calculated using covariance analysis (Hanssen, 2001). Only interferograms with o below the labelled thresholds are used for further analysis.
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by the three component LOS unit vector, | (Eq. (1)), and the three com-
ponent displacement vector, M, predicted by a Mogi model (Biggs et al.,
2010). For an observation point with location [x,y,z], M is equal to:

X
3
my R
AV y

(my) Z?(l—V) ek 2)
m; Z
R

where AV is a volume change, v is Poisson's ration (0.25), R is the dis-
tance from the point source to the observation, and b are measurements
of incremental surface displacement. We can then solve for the incre-
mental volume change of the Mogi source, V:

(la-Ma)Aa V]Z ba
(Ip-Mp)Ap <:V23> = Pb 3)

where A is a temporal design matrix documenting the epochs used to
produce each displacement observation (Biggs et al., 2010). The

subscripts correspond to different InSAR datasets, each of which has a
different LOS unit vector (I). The solution is integrated to account for
the different duration of each time-step (Biggs et al., 2010), and the
error on each volume estimate is calculated during the inversion as
the sum of the weighted root mean square (RMS) residuals for individ-
ual observations (Parks et al.,, 2015).

3. Results
3.1. Stacking and horizontal/vertical components of displacement

Stacks show maximum LOS displacement rates of -9.6 + 1.4 mm/yr
(ERS-1/2 descending), -8.5 4+ 2.4 mm/yr (ENVISAT ascending), -7.0 +
1.8 mm/yr (ENVISAT descending) and -11 & 5.5 mm/yr (ALOS ascend-
ing). The errors are estimated as o/v/N, where ¢ is the mean value for
each dataset found in Section 2.3 (Fig. 2B) and is assumed to be uncorre-
lated between observations, and N is the number of observations
(e.g., Parks et al., 2011).

All stacks show subsidence extending over a broad (30-40 km) re-
gion (Fig. 3A-D). In ascending track imagery subsidence is centered
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on the Middle cluster of seismicity (Fig. 3B, D), whereas in descending
track imagery displacements are centered on the East cluster (Fig. 3A,
C). Similarly, displacement profiles taken at the latitude of Reading
Peak and the longitude of Lassen Peak show that the longitude of the
maximum displacement is offset by 8-10 km, whereas the latitude of
the maximum displacement is the same between ascending and de-
scending datasets (Fig. 3E). As InSAR data are acquired from a side-
looking satellite platform, the eastward component of deformation is
positive (towards satellite) for a descending orbit and negative (away
from satellite) for an ascending orbit (e.g., Rosen et al., 2000), and this
difference is therefore likely to be due to a component of east-west mo-
tion (e.g., Hooper et al., 2007).

Combining ascending and descending ENVISAT stacks using Eq. (1),
we find that the maximum horizontal (eastward) displacements at LVC
are ~10-15 mm/yr in magnitude, and maximum vertical displacements
are ~5-10 mm/yr (Fig. 4A, B). The ratio of horizontal to vertical displace-
ments may therefore be up to 3:1. Displacement profiles show that the
maximum vertical displacements, and the change from positive to neg-
ative horizontal displacements (i.e. eastward to westward motion),
occur SE of Lassen Peak at the latitude of Reading Peak (Fig. 4C, D).
Whilst the vertical displacements are focussed in the vicinity of Lassen
and Reading Peaks, the horizontal component of motion extends over
a broader region to the N and S (Fig. 4A, B). Drawing an additional pro-
file S of LVC (Fig. 4E, F) we observe up to ~7 mm/yr of horizontal motion.
Displacements measured along the profile are in the opposite direction

Horizontal (eastward)

40.5 |

40.4

15

10

Average displacement rate

to tectonic extension in the region, with eastward displacements W of
LVC and westward displacements E of LVC (Fig. 4E). This signal may
be a result of residual atmospheric or orbital noise in the interferograms
and we suggest that analysis of regional GPS is required to better quan-
tify the magnitude of regional horizontal motion at LVC.

3.2. Best-fitting source model

Given the ratio of horizontal to vertical displacements, we model
subsidence of LVC using a point source and a vertically elongate (pro-
late) ellipsoid. A point source is parameterized in terms of an [x,y] loca-
tion, depth and volume change (Mogi, 1958). An ellipsoid geometry
requires an [x,y] location, depth, strength term, a plunge and trend de-
scribing the inclination and orientation, and the ratio between minor
and major axes, which is able to vary between 1 (for a sphere) and
— 0 (for a closed pipe) (Yang et al., 1988). For all model geometries,
the [x,y] location of the source is well constrained to be SW of Reading
Peak and SE of Lassen Peak (Fig. 5A, B), which is in agreement with pre-
liminary models presented by Poland et al. (2004) (Table 2).

Through Monte Carlo error analysis we identify a trade-off between
the depth and strength of the point source model (Fig. 5C). The best-
fitting point source model is located at 8.3 4-0.13 depth and predicts a
mean rate of volume change of -0.00286 =+ 0.00012 km?/yr between
1992 and 2010. (Note that these calculated 10 error bounds are likely
to be underestimates of the uncertainty on the model parameters.)
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B) Histograms show the distribution of model parameters found via Monte Carlo analysis. Red lines and text describe the best fitting model, with 1o values also labelled. C) Scatter
plot shows the tradeoff between the rate of volume change and the source depth, with the best fitting solution marked with the red star. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

This depth is slightly shallower than that predicted by Poland et al.
(2004) (11.6 km), but is consistent with a source located in the deeper
part of the magmatic system. The RMS errors for the best-fitting source

Table 2
Best-fitting analytical source models with bounds from Monte Carlo error analysis.

Source  Reference Longitude Latitude Depth Volume change
[°] [°] [km]  [km®/yr]

Mogi Poland et al., 2004 —121.47  40.46 11.60  —0.0070

Mogi This study —121.47 4045 8.18  —0.0027
—12146 4046 845  —0.0030

geometry described in Table 2 are 1.74 mm, 1.46 mm, 1.82 mm and
2.40 mm for ERS-1/2 descending, ENVISAT ascending, ENVISAT de-
scending and ALOS ascending datasets respectively (Fig. 5A). We test
models of vertically elongate ellipsoids, but through Monte Carlo analy-
sis find that the axis ratio term saturates at the minimum possible value
and therefore, as the Mogi model provides a good fit to the data, we do
not favour an ellipsoidal source geometry.

3.3. Time-series of source volume change

We have shown that subsidence of LVC is well approximated using a
point source (Fig. 5A). Using the [x,y] location and depth of the source
described in Table 2, we produce a time-series of incremental source
volume change for the displacements recorded by ENVISAT and ERS-
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1/2 datasets. We choose to use all interferograms with o less than the
thresholds used for stacking, but time-series produced using all interfer-
ograms, or the subsets of interferograms listed in Table 1 show compa-
rable results (Fig. S.1 in the supplementary material).

The time-series shows that between 1992 and 2000, ERS-1/2 re-
corded source volume change at an apparently linear rate of
-0.0018 +0.0004 km 3/yr (Fig. 6A), where the rate is calculated
using a linear least squares regression and the errors are 95% confidence
intervals. There is then a 4 year data gap between the last ERS-1/2 ac-
quisition in 2000 and the first ENVISAT acquisition in 2004. In the ab-
sence of other geodetic measurements during this period, we estimate
the offset between the two sections of the time-series assuming that
the 1992-2000 rate continued linearly until 2004.

ENVISAT data suggest that the rate of subsidence at LVC may have
varied over time (Fig. 6A). Firstly, we find that best-fitting models to in-
dividual ENVISAT interferograms tend to require larger volume changes
between 2004 and 2007 than between 2007 and 2010 (see examples in
Fig. 6B), and the best fitting rate of volume change during the 2004~
2007 period is ~5 times larger than that for 2007-2010. However,
using a segmented, rather than single linear regression, to calculate
the rate of volume change between 2004 and 2010 decreases the R 2
value from 0.56 to 0.24 if we adjust for the increase in the number of de-
grees of freedom. We therefore prefer to use a single rate of volume
change for the 2004-2010 period. The best fitting rate of volume change
for all ENVISAT data between 2004 and 2010 is -0.0014 -+ 0.0003 km 3/yr
(Fig. 6B). The error bounds on this measurement overlap with the rate ob-
tained from ERS-1/2 between 1992 and 2000, suggesting that the rate of

>

volume change at LVC is either constant or overall has slightly decreased
relative to 1992-2000. Further extending the time-series using GPS or
more recent InSAR datasets will confirm whether this is the case.

4. Discussion
4.1. Onset of subsidence

The available archive of InSAR data at LVC reveals that subsidence
has been ongoing since at least 1992, but to constrain the onset of defor-
mation we must consider evidence from earlier ground-based geodetic
surveys. Leveling measurements suggest that between the 1930s and
1991 there was no deformation greater than the uncertainty in the mea-
surements (10-20 mm: Dzurisin, 1999). However, the leveling bench-
marks at LVC are located at least 10 km from the center of
deformation, and the two segments of the line are orientated almost
tangentially to the maximum subsidence signal located close to Reading
Peak (Fig. 1A). Taking profiles across the vertical component of defor-
mation (Fig. 4 B) that are proximal to the leveling line shows that, at
the 2004-2010 rate, differential displacements recorded along the
lines would be on the order of ~2 mm/yr. It is therefore possible that de-
formation could have been occurring for up to 10 years before being ob-
servable above the uncertainty in the leveling measurements. If
subsidence had been occurring at this rate for the whole period between
leveling surveys we would expect >100 mm of deformation, which is
much larger than the measurement uncertainty.

-0.01
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Fig. 6. A) Time-series of the rate of volume change found using ERS-1/2 and ENVISAT interferograms. Errorbars are calculated using the method described in the text. B) Examples of data,
model, residuals for ENVISAT interferograms during top: 2004-2007 (possible increase in source volume loss); and bottom: 2007-2010 (subsequent period of decreased volume loss).
Dates are in yymmdd-yymmdd format. The source location used in the inversion is shown by the star and described in Table 2.
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Evidence from the EDM network is somewhat inconclusive. Be-
tween 1981 and 1982 Chadwick et al. (1985) found no evidence for de-
formation above the uncertainty in the measurements (43.9 ppm). A
net contraction of the network was then measured between 1982 and
1984. Chadwick et al. (1985) attributed this, at least in part, to windy
survey conditions, but conclude that they cannot rule out the possibility
of slight contraction of LVC during this period. The EDM network was
most recently surveyed in 2004 using GPS, revealing line-length
changes of up to 145 mm (Poland et al., 2004). Instrument inconsis-
tencies are likely to yield large uncertainties (magnitude unspecified
in Poland et al.,, 2004) on these measurements, however this does sup-
port evidence from ERS-1/2 that subsidence at LVC was ongoing prior to
2000.

Overall the geodetic record at LVC clearly documents subsidence
since at least 1992. Whilst the leveling and EDM measurements do
not allow us to constrain the onset with confidence, both datasets per-
mit deformation to have been ongoing since the early 1980s. The ab-
sence of deformation in leveling measurements prior to this suggests
it is unlikely that LVC subsided significantly during the preceding
50 years.

4.2. Comparison with Medicine Lake Volcano

Subsidence over decadal time-scales has similarly been observed at
Medicine Lake Volcano, also located in the northern California portion
of the Cascades Volcanic Arc. Subsidence of Medicine Lake Volcano is
well characterized by geodetic measurements, including leveling sur-
veys that began in the 1950s (Dzurisin et al., 1991; Dzurisin et al.,
2002), GPS (Poland et al., 2006) and most recently InSAR (Poland
et al,, 2006; Parker et al., 2014). These measurements show that defor-
mation has been occurring at a constant rate of ~10 mm/yr for over
65 years (Dzurisin et al., 2002; Poland et al., 2006; Parker et al., 2014).
Whilst the magnitude of deformation is comparable to that at LVC, the
temporal evolution of deformation contrasts to the InSAR measure-
ments in this study, which suggest that the rate of volume change
(and therefore subsidence) at LVC may have varied over time (Fig. 6).
At Medicine Lake Volcano the vertical component of deformation is ~3
times larger than the horizontal component (Poland et al., 2006; Parker
etal., 2014), whereas at LVC we find the opposite is true (Fig. 4). Conse-
quently best fitting analytical source models at the two volcanoes are
different, as measurements at Medicine Lake Volcano favour a horizon-
tally orientated source (Poland et al., 2006; Parker et al., 2014) whereas
LVC is best modeled using a point source (Table 2).

Given the comparable magnitudes of deformation and proximity
within the Cascades Volcanic Arc, Poland et al. (2004) suggest that the
cause of subsidence at the two volcanoes may be similar. Subsidence
at Medicine Lake Volcano is thought to result from a combination of
mechanisms including surface loading, combined with tectonic exten-
sion (Dzurisin et al., 2002), and cooling hot rock beneath the volcano
(Poland et al., 2006). Here we evaluate whether these mechanisms
may be contributing to subsidence at LVC and also consider the role of
the active hydrothermal system in the measured deformation. We do
not consider the small 1914-1917 eruption as a likely cause of deforma-
tion given the lack of significant subsidence between the 1930s and
1980s.

4.3. Causes of subsidence at LVC

4.3.1. Crustal extension

Both Medicine Lake Volcano and LVC are located in a region of tec-
tonic extension, and focal mechanisms within the East, Middle and
West seismic clusters at LVC are consistent with extension of the Basin
and Range (Janik and McLaren, 2010). That extension is not apparent
in displacement profiles drawn across the horizontal (eastward) com-
ponent of displacement from InSAR (Fig. 4E) is unsurprising, as the

magnitude of deformation is small (<10 mm/yr) and InSAR measure-
ments are less sensitive to horizontal motion (e.g., Wright et al., 2004Db).

Gravity surveys at LVC reveal a low anomaly at 3.5 km depth plus a
broad triangular low at >12 km depth (Muffler et al., 2009). Muffler
et al. (2009) speculate that this reflects a pull-apart basin in the
upper-crust and low density material at depth, such as intrusive rocks
or restricted volumes of partial melt. Deformable, high temperature
crust that has been subject to repeated intrusions may act to localize ex-
tension, facilitating subsidence of the overlying volcanic edifice as is in-
ferred at Medicine Lake Volcano (Dzurisin et al., 1991; Dzurisin et al.,
2002). Similarly at Askja caldera, Iceland, viscoelastic material associat-
ed with the underlying extensional plate boundary is thought to play a
significant role in volcanic subsidence in combination with changes in
the shallow magmatic system (de Zeeuz-van Dalfsen et al., 2012). Ulti-
mately measurements from the regional GPS network are required to
quantify horizontal motion across LVC. In doing so there is scope to iso-
late the tectonic component of deformation and evaluate whether this
may be occurring alongside other processes to explain the apparent
onset of subsidence since the 1980s.

4.3.2. Cooling and crystallization

Cooling and crystallization of magmatic material has been linked to
cases of volcanic subsidence that have continued over years-decades ei-
ther at a constant (e.g., Aniakchak, Aleutians: Kwoun et al., 2006) or
slowly decaying (e.g., Cerro Blanco, Andes: Pritchard and Simons,
2004) rate. Seismic and petrological observations at LVC provide strong
evidence for a magmatic heat source (Section 1.2). This is in agreement
with models of the LVC hydrothermal system, which suggest that hy-
drothermal features are located above hot, brittle rock, overlying resid-
ual magma (Janik and McLaren, 2010).

As magma cools a volume decrease occurs due to thermoelastic con-
traction (Lange, 1994) and the difference in density between the liquid
and solid phases. Modeling the subsequent rate of volume change is de-
pendent upon the local geothermal gradient, which may be elevated in
the presence of partial melt, and latent heat released during crystalliza-
tion. In their study at Okmok Volcano, Aleutians, Caricchi et al. (2014)
also demonstrate the importance of accounting for gaseous phases
when using models of cooling and crystallization to explain geodetic
signals. For example as crystallization progresses, changes in the rate
of subsidence may occur due to the exsolution or re-absoption of vola-
tiles. In both of these cases uplift would be expected to precede subsi-
dence (Caricchi et al., 2014).

We may also expect to observe uplift prior to the onset of subsidence
due to the emplacement of new magma which then begins to cool
(e.g., Seguam, Aleutians: Lu and Dzurisin, 2014). No observations of up-
lift at LVC have been made, suggesting that either any uplift that oc-
curred in the 50 year interval between leveling surveys was cancelled
out by subsidence, or that a now cooling magma body was previously
in thermal equilibrium with the surrounding country rock. Alternatively
the compressibility of the magma may have facilitated intrusion with-
out causing deformation (e.g., Mastin et al., 2009; de Zeeuw-van Dalfsen
et al., 2013). Further testing is required to assess the role of cooling and
crystallization of subsurface magma in recent subsidence at LVC, but
given the evidence for subsurface magma bodies from seismic imaging
(Clynne, 1985), we suggest that this mechanism is likely to be a contrib-
uting factor.

4.3.3. Changes in the distribution of magmatic/hydrothermal fluids
Volcanic subsidence has also been linked to the migration of fluids
from a magmatic (e.g., Askja, Iceland: de Zeeuw-van Dalfsen et al.,
2013) or hydrothermal (e.g., Campi Flegrei, Italy: Lundgren et al.,
2001; Battaglia et al.,, 2006) reservoir. Vent locations, lineations of seis-
micity (Fig. 1A), and the distribution of hydrothermal alteration all re-
flect lateral structural controls upon the flow of magmatic and
hydrothermal fluids at LVC, as faults and other zones of enhanced per-
meability act as conduits to shallow depths beneath the volcano (Rose
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et al., 1994). LP earthquakes also provide evidence of the movement of
magma/fluids at depth, although at LVC these events are located further
W of the modeled source location and the West cluster of seismicity
(Pitt et al., 2002), (Fig. 1A).

The downward drainage of magmatic fluid may be expected to cause
an increase in source depth over time. For a Mogi-type source an in-
creasing source depth may not be distinguishable from a decrease in
the rate of volume change due to the trade-off between these model pa-
rameters (e.g., Fig. 5C). The InSAR data at LVC are therefore conducive to
a deepening source but do not permit a rigorous assessment of this
hypothesis. Similarly the depth of the subsidence source inferred from
analytical models (~8 km), which is greater than the depth of the hy-
drothermal system (5 km: Ingebritsen et al., 2016), may be biased by
the effects of broader, regional scale deformation associated with exten-
sion (e.g., Askja: de Zeeuz-van Dalfsen et al., 2012). Interestingly, the
possible increase in the rate of volume loss identified in the time-
series between 2004 and 2007 (Fig. 6A) is coincident with an increase
in recorded seismicity in the East, Middle and West clusters, all of
which are linked to the hydrothermal system (Janik and McLaren,
2010). However, this increase in seismicity during the early 2000s
may be due, in part, to greater scrutiny of the seismic record (Janik
and McLaren, 2010), and given the current modeled depth of the source,
any link between the two is speculative.

One possible trigger of changes in the distribution of fluids that
would explain possible quiesence prior to the onset of subsidence is re-
gional seismic activity. This is thought to have caused subsidence at hy-
drothermally active, previously non-deforming volcanoes in Japan and
South America (Takada and Fukushima, 2013; Pritchard et al., 2013).
In 1992 the M ,,, 7.3 Landers earthquake, located 840 km SSE of LVC, trig-
gered 38 seismic events at LVC including a M,, 3.5 event within 13 min
of the mainshock (Hill et al., 1993; McLaren and Janik, 1996). Whilst the
geodetic record is permissive of deformation commencing at the time of
this event, in both South America and Japan ground displacements were
5-15 cm in magnitude, occurring within days (e.g., Azuma, Japan:
Takada and Fukushima, 2013) to weeks (e.g., Caldera del Atuel, Chile:
Pritchard et al., 2013) after the earthquake. This is at odds with the
long-term rate of subsidence observed at LVC, and at this stage it is dif-
ficult to envisage why deformation following the Landers earthquake
would continue for decades.

5. Conclusions

Lassen Volcanic Center is one of only two Cascade volcanoes to have
erupted in the 20th century, but is one of four Cascade volcanoes to have
exhibited subsidence during the same time period (others are Medicine
Lake Volcano: Dzurisin et al., 1991; Mount Baker: Hodge and Crider,
2010; and Mount St Helens: Poland and Lu, 2008). Whilst not immedi-
ately linked to eruption hazards, volcanic subsidence is a frequently ob-
served yet poorly understood phenomenon, and can be used to provide
insight into magma storage conditions, plus other long-term processes
related to tectonic setting and evolving hydrothermal systems. Here
we have used the archive of InSAR data to add to examples of known
volcanic subsidence and better understand the temporal and spatial
characteristics of deformation at LVC. These measurements reveal that
on the order of 10 mm/yr of subsidence was ongoing between 1992
and 2010, and that the rate of subsurface volume loss may have varied
over time. Whilst the magnitude of deformation is comparable to that
at neighboring Medicine Lake Volcano, the ratio of horizontal to vertical
displacements is quite different, favoring a point source located at
~8 km depth, rather than horizontally orientated source. Key to under-
standing ongoing subsidence at these and other volcanoes is an assess-
ment of the interaction between volcanic and tectonic causes of
deformation. At LVC we suggest that regional GPS measurements will
provide improved constraints upon the contribution of tectonic exten-
sion to subsidence, allowing a more thorough evaluation of the role of

the hydrothermal and magmatic systems in ground deformation over
recent decades.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2016.04.013.
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