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Abstract In this study, the spatio-temporal evolution of
Yellowstone deformation between 1992 and 2009 is
monitored using interferometric synthetic aperture radar
(InSAR) data acquired by the European Remote-Sensing
Satellites (ERS-1 and ERS-2) and the Environmental
Satellite (ENVISAT). These data are combined with
continuous global positioning system (GPS) measurements
to identify four discrete episodes of caldera subsidence and
uplift, these episodes are: 1992-1995 (subsidence of
2.7 cm/year), 1996-2000 (subsidence of 0.5 cm/year, with
local uplift of 1.7 cm/year at Norris), 2000-2004 (subsi-
dence of 0.7 cm/year, with local uplift of 0.6 cm/year at
Norris), and 2004-2009 (uplift of 3-8 cm/year, with local
subsidence of 1-4 cm/year at Norris). We construct the full
three-dimensional velocity field of Yellowstone deforma-
tion for 2005-2006 from ascending and descending
ENVISAT orbits. The InSAR three-dimensional velocity
field and three-component GPS measurements indicate that
the majority of the observed deformation (3-8 cm/year)
across the Yellowstone caldera and near Norris Geyser
Basin (NGB) occurred in the vertical direction between the
summers of 2005 and 2006. During this time, significant
lateral displacements of 3—7 cm/year also occurred in the
east—west direction at the southeastern and western rims of
the Yellowstone caldera and in the area between Hebgen
Lake and NGB. Minor north—south displacements of about
0.2 cm/year also occurred, however, in the southwestern
section of the caldera and near Yellowstone Lake during the
same period. The calculated three-dimensional velocity
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field for 2005-2006 implies the existence of two pressure-
point sources, beneath the two structural resurgent domes in
the Yellowstone caldera, connected by a planar conduit,
rather than a single, large sill as proposed in previous
studies. Furthermore, no measurable displacements oc-
curred along any fault zone across the caldera during the
entire period of observation (1992-2009). Therefore, we
infer that magmatic and hydrothermal processes beneath the
Yellowstone caldera and NGB were the main sources of
deformation.

Keywords Yellowstone caldera - Radar interferometry -
Three-dimensional velocity - Volcanic deformation -
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Introduction

The Yellowstone Plateau (Fig. 1) is one of the most
concentrated regions of magmatic, hydrothermal, and
seismic activity in North America (e.g., Pelton and Smith
1979; Dzurisin and Yamashita 1987; Dzurisin et al. 1990,
1994; Christiansen 2001; Waite and Smith 2002; Wicks et
al. 2006; Vasco et al. 2007; Aly et al. 2009). It is thus a
critical region in which regular monitoring is required to
track the evolution of potentially hazardous events that may
affect millions of people.

The Yellowstone Plateau volcanic field was formed
during three major caldera-forming eruptions that occurred
at approximately 2.05, 1.3, and 0.64 Ma (Christiansen
2001). The most recent eruption formed the current
Yellowstone caldera (Christiansen 2001) as shown in
Fig. 1. Approximately 50 rhyolitic and basaltic events
occurred since this last cataclysmic eruption in association
with the development of Yellowstone caldera, with the
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Fig. 1 Hill-shaded relief of the
greater Yellowstone region. The
light blue areas are water bodies
and the yellow lines mark the
Quaternary faults (U.S. Geologi-
cal Survey 2006). Orange repre-
sents topographic margins of the
Yellowstone caldera and the
Henrys Fork caldera, and green
represents the boundary of
Yellowstone National Park. HF'
indicates Hebgen fault, RCF' Red
Canyon fault, PLCF Post-Lava
Creek fault, ESRCF East Gallatin-
Reese Creek fault, MPF Mirror
Plateau fault, EBF Elephant Back
fault, TF Teton fault, /L Hebgen
Lake, YL Yellowstone Lake, YC
Yellowstone caldera, SC Sour
Creek resurgent dome, ML
Mallard Lake resurgent dome,
HFC Henrys Fork caldera, NGB
Norris Geyser Basin, YNP
Yellowstone National Park. The
small blue triangles indicate the
locations of continuous GPS
stations (OFW2, WLWY, HVWY,

NRWY, LKWY, and MAWY) _111'030.

youngest events occurring at around 70 ka (Christiansen et
al. 2007). Although no eruptions occurred since 70 ka, the
Yellowstone volcanic system is still active as indicated by
its alternating decadal episodes of subsidence and uplift,
widespread hydrothermal activity, and extensive seismicity
(e.g., Pelton and Smith 1979; Dzurisin and Yamashita
1987; Dzurisin et al. 1990, 1994; Waite and Smith 2002;
Wicks et al. 1998, 2006).

Long-term geodetic monitoring indicates that the
Yellowstone caldera is in a virtually constant state of
unrest (Vasco et al. 2007). Geodetic measurements reveal
multiple cycles of inflation and deflation between 1923
and 2004, with maximum average rates of 1-2 cm/year
across the caldera and near Norris Geyser Basin (NGB)
(Pelton and Smith 1979, 1982; Dzurisin et al. 1990, 1994).
The observed inflation cycles are attributed to repeated
intrusions of magma into the upper crust beneath the
caldera or to pressurization of the hydrothermal system by
fluids released from a deep crystallizing body of rhyolitic
magma beneath the caldera (e.g., Dzurisin et al. 1994;
Waite and Smith 2002; Wicks et al. 2006). Analogous to
Yellowstone, results from Rinaldi et al. (2010) show that
extensive degassing of a magmatic source beneath the
Campi Flegrei caldera in Italy may cause several centi-
meters of ground uplift. Conversely, the episodes of
Yellowstone deflation are explained by magma migration
from beneath the caldera or depressurization, and fluid
loss, from the deep hydrothermal system (e.g., Dzurisin et
al. 1990; Waite and Smith 2002; Vasco et al. 2007).
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Sagging of the caldera floor in response to regional crustal
extension is considered also as a source of subsidence
across the Yellowstone caldera (Dzurisin et al. 1994).
Although Hurwitz et al. (2007) and Peltier et al. (2009)
proposed models that could explain the inflation of large
calderas solely by pressurization of the hydrothermal
system, we believe that combinations of two or more of
the aforementioned processes most likely drive the
deformation at Yellowstone. Similar inferences were made
by Gottsmann et al. (2006) to explain the inflation and
deflation occurred between 1981 and 2001 at Campi
Flegrei.

In July 2004, the Yellowstone caldera began a new cycle
of inflation that progressed at a rate of about 7 cm/year
during 2004-2006 (Chang et al. 2007). This rate is more
than three times faster than historical inflation rates, as
revealed by the global positioning system (GPS) and
synthetic aperture radar interferometry (InSAR) measure-
ments of Chang et al. (2007). Other previous studies also
employed InSAR and/or GPS to track the Yellowstone
deformation over short time periods, including 1992—-1997
(Wicks et al. 1998; Dzurisin et al. 1999), 1996-2003
(Wicks et al. 2006), and 1992-2002 (Vasco et al. 2007).

In this study, we provide a complete series of differential
InSAR interferograms spanning 1992-2009, supported by
GPS measurements from six continuous stations located in
Fig. 1, to comprehensively monitor and investigate the
spatio-temporal evolution of Yellowstone deformation. We
present new interferograms spanning 2000-2004, 2004—
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2008, and 2008-2009 and provide a full three-dimensional
velocity field constructed from ascending and descending
ENVISAT orbits for the Yellowstone caldera and its
surroundings. The results provide new insights into the
shape of the magma chamber beneath the Yellowstone
caldera and allow us to develop a new conceptual model for
the Yellowstone volcanic system.

InSAR data processing
Creation of the differential interferograms

The InSAR scenes used in this study were acquired by the
European Remote-Sensing Satellites (ERS-1 and ERS-2)
between 1992 and 2004 and the Environmental Satellite
(ENVISAT) between 2004 and 2009. Detailed information
of the used scenes is provided in Table 1. The two-pass
interferometric approach (e.g., Gabriel et al. 1989) is
employed to create differential interferograms by first
constructing the phase difference between InSAR pairs
and then removing the topographic signature using a digital
elevation model (DEM) with a 1-arc sec spatial resolution,
produced from the Shuttle Radar Topography Mission
(SRTM). The precise orbital information provided by the
European Space Agency is used to compensate for orbital
errors, and later the corrected interferograms are unwrapped
to convert the cyclic phase values to continuous values.
Although 24 interferograms are created, nine are used to
summarize the deformation that occurred at Yellowstone
between 1992 and 2009. The selected interferograms span
time periods with similar directions, spatial extents, and
rates of deformation as determined by examining the full
time series and previous InSAR results (e.g., Wicks et al.
1998, 2006; Vasco et al. 2007), as well as geodetic
measurements from continuous GPS stations. This exami-

Table 1 Raw InSAR data used in the investigation

nation shows that the deformation rate was slow and the
deformation vectors were nearly constant between 1992
and 1995. Therefore, the two ERS interferograms spanning
1992-1993 and 1993-1995 are stacked to present the
cumulative deformation for the 1992—1995 period.

Atmospheric artifacts are always potential sources of
errors in InSAR measurements and can introduce phase
disturbances with standard deviations of 0.5 cm (e.g.,
Hoffmann et al. 2003). They have a low spatial frequency
and tend to be temporally uncorrelated (e.g., Zebker et al.
1997). Therefore, a pair-wise comparison following the
method of Massonnet and Feigl (1995) is employed to
assess the presence of atmospheric artifacts in the processed
interferograms; interferograms that are extensively contam-
inated by atmospheric effects are discarded.

Topographic uncertainties in the DEM used to remove
the topographic contribution from the interferograms are
also a potential source of error. However, we used only
InSAR pairs of short perpendicular baselines (45-243 m),
thus our interferograms are relatively insensitive to errors in
the SRTM DEM. Moreover, where our InSAR measure-
ments overlap with previous InSAR and GPS measure-
ments, the observed deformation patterns and magnitudes
are consistent. The corrected differential interferograms are
presented in Fig. 2, and two displacement profiles across
each interferogram are given in Fig. 3.

Calculation of the three-dimensional velocity field

A critical limitation of InSAR measurements is that an
interferogram depicts only one component of surface
deformation in the radar line-of-sight. However, it is
possible to resolve the vertical and lateral components of
crustal movements using data acquired from both ascending
and descending orbits because the radar data are acquired
by side-looking sensors with different imaging geometries.

Reference image Slave image B, (m) Track/frame
Orbit Satellite Acquisition date (day/month/year)  Orbit Satellite Acquisition date (day/month/year)

10206  ERS-1 28/06/1993 05697 ERS-1 17/08/1992 045 041/2709
21572 ERS-1 30/08/1995 10206  ERS-1 28/06/1993 177 041/2709
28452  ERS-2 28/09/2000 07410 ERS-2 19/09/1996 047 041/2709
48492  ERS-2 29/07/2004 27450 ERS-2 20/07/2000 091 041/2709
22919 ENVISAT  19/07/2006 13400 ENVISAT  22/09/2004 243 320/0891
22418 ENVISAT  14/06/2006 16907 ENVISAT  25/05/2005 103 320/0891
23141 ENVISAT  03/08/2006 17630 ENVISAT  14/07/2005 125 041/2709
32939  ENVISAT  18/06/2008 23420 ENVISAT  23/08/2006 097 320/0891
38450 ENVISAT 08/07/2009 33941 ENVISAT 27/08/2008 230 320/0891

B, the perpendicular baseline
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Here, we employ a similar approach to that of Fialko et al.  advanced synthetic aperture radar orbits, but we do not use
(2001b) to calculate the three-dimensional velocity field  the azimuth offsets. Although azimuth offsets can be
using data from both ascending and descending ENVISAT  calculated by cross-correlation of two amplitude images,
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«Fig. 2 Line-of-sight deformation superimposed on the hill-shaded
relief of the region. Solid white lines mark the Quaternary faults (U.S.
Geological Survey 2006), small red dots indicate seismicity during
each interferogram period (the earthquake records are from the
University of Utah Seismographic Stations’ Yellowstone National
Park Earthquake Catalogs for 1983-2010), and light blue areas are
water bodies. a ERS stacked interferogram of 17/08/1992-28/06/1993
and 28/06/1993-30/08/1995, b ERS interferogram of 19/09/1996-28/
09/2000, ¢ ERS interferogram of 20/07/2000-29/07/2004, d ENVI-
SAT interferogram of 22/09/2004-19/07/2006, ¢ ENVISAT interfero-
gram of 23/08/2006—18/06/2008, and f ENVISAT interferogram of 27/
08/2008-08/07/2009. The dotted black lines marked with X-X" and Y-
Y" indicate the location of deformation profiles presented in Fig. 3

in the case of Yellowstone the signal-to-noise ratio is not
sufficient for the azimuth offsets to be meaningful during
2005-2006, when interferogram pairs from ascending and
descending ENVISAT orbits are available. The maximum
lateral displacement calculated during this period is about
7 cm, but the accuracy of the interferogram azimuth offsets
is supposed to be ~12.5 cm (assuming that we can calculate

a b
X XY Y’
T T T T T T T T T T T T T T
g NGB Sc ML sc
(Y]
b [ N\

2004-2006 2006-2008

2000-2004
f
\
L

1996-2000
g

wn

[}

[}

ok

S| |5cm .

- e
]500m

o

Q.

o

0 20 40 60 0 20 40 60
Distance [km] Distance [km]

Fig. 3 Displacement profiles. a Profile X-X' through all interfero-
grams presented in Fig. 2 and b profile Y-Y' through all interfero-
grams presented in Fig. 2. Topography associated with the
deformation profiles is shown in the bottom panels of (a) and (b)—
note the topography scale starts at 2,000 m

pixel offsets between the amplitude images to the accuracy
of 1/32 pixel).

We solve for the three orthogonal components of the
surface velocity field from the two line-of-sight compo-
nents by assuming that velocity vectors radiate from two
central axes centered on the two structural domes in the
Yellowstone caldera. Similar assumptions have been ap-
plied by Sandwell et al. (2002) and Yun et al. (2005) to
resolve the vertical and lateral components of surface
displacements. The line-of-sight vector, /d\LOSs acquired in
the right-looking direction can be expressed in terms of
displacements as follows:

PLOS} = [cosO —sinOcosg  sinBsing] (1)

N e

where c?v, c?e, and a?n are the vertical, easting, and northing
displacement vectors, respectively; 6 is the incidence angle
(~23°); and ¢ is the azimuth of the ENVISAT heading
vector (positive clockwise from north). The azimuth of the
satellite-heading vector (¢) is —8.55° and 188.55° for
ascending and descending orbits, respectively, as the orbit
inclination (the angle between the heading vector of the
ascending ENVISAT orbit and the easting vector at the
equator) of the ENVISAT satellite is 98.55°. The derived
three-dimensional velocity field is shown in Fig. 4.

The InSAR measurements are sensitive to surface
displacements in the radar line-of-sight; this sensitivity
decreases in all other directions because of the viewing
geometry of the current radar sensors. As a result, vertical
displacements can be measured using InSAR at a much
better accuracy than lateral displacements. The northing
displacement is always the least accurately resolved
component due to lack of diversity in the viewing geometry
of near-polar orbiting satellites such as ERS and ENVISAT.
Wright et al. (2004) created several interferograms from
images acquired from ascending and descending orbits with
different look angles to improve the three-component
calculations and assess the errors; unfortunately, only one
pair of ENVISAT interferograms of the same look angle is
available for the current study.

In contrast to sill-like bodies that produce little lateral
displacements, equidimensional magma bodies produce
more lateral displacements than vertical displacements
(Fialko et al. 2001a; Segall 2010). Therefore, we can better
deduce a range of non-unique shapes for the magma
chamber beneath the Yellowstone caldera by measuring
both lateral and vertical displacements. Two displacement
profiles (Fig. 5) are created using the maximum vertical and
casting components across the Sour Creek and Mallard

@ Springer
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Fig. 4 InSAR three-dimensional velocity field of Yellowstone
deformation between 2005 and 2006 assuming deformation results
from two magma bodies underneath the Sour Creek and Mallard Lake
resurgent domes. a Vertical velocity, b easting velocity, and (c)
northing velocity. The S-S" and M-M' profiles are presented in Fig. 5a,
b. The red and blue arrows indicate the vertical and horizontal GPS
velocity vectors, respectively, during 2005-2006
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Fig. 5 Displacement profiles of the vertical and easting components.
a Profile S-S’ across the Sour Creek resurgent dome and b profile M-
M’ across the Mallard Lake resurgent dome. Values in both profiles
are normalized by the maximum vertical displacement and three lines
are averaged to smooth each profile. Locations of the S-S’ and M-M'
profiles are marked with dashed black lines in Fig. 4a

Lake resurgent domes, where large displacements are
recorded. Then, the ratio of the maximum horizontal
displacement to the maximum vertical displacement is
calculated to determine the shape of magma chamber
beneath the Yellowstone caldera.

GPS time-series analysis

To provide additional constraints on the timing of each
episode of the Yellowstone deformation, we use Plate
Boundary Observatory (PBO) GPS measurements from six
continuous stations. Locations of the GPS stations are
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shown in Fig. 1, where four stations (OFW2, WLWY,
HVWY, and LKWY) are located inside the caldera and two
stations (NRWY and MAWY) are located north of the
caldera. Continuous GPS stations are separated by distances
of ~12-50 km from each other. These stations were
installed between 1996 and 2003 by the University of Utah
(Puskas et al. 2007) and have been operated in collabora-
tion with the EarthScope PBO since 2005. GPS data prior
to 2004 from stations LKWY and MAWY are obtained
from the Scripps Orbit and Permanent Array Center
(SOPAC) (http://sopac.ucsd.edu/dataArchive).

Precise satellite orbits from the International Global
Navigation Satellite System Service are used to solve for
the daily coordinate solution, and station positions are
calculated relative to the base sites located in the ITRF2000
reference frame (e.g., Hofmann-Wellenhof et al. 1992). The
vertical, easting, and northing motions of each of the six
stations are calculated with respect to the Stable North
America Reference Frame (SNARF) using least squares
estimations and are shown in Fig. 6. SNARF includes a
network of GPS stations in the Rocky Mountain tectonic
province and its adjacent areas to the east.
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Fig. 6 GPS time series showing the three-component velocities of six
continuous GPS stations (OFW2, WLWY, HVWY, NRWY, LKWY,
and MAWY). Geographic locations of the GPS stations are marked
with small blue triangles in Fig. 1. a Vertical motion, b easting
motion, and ¢ northing motion. This figure has been created using the
Generic Mapping Tools (Wessel and Smith 1995)

Kinematic and geodetic modeling

We use a joint inversion of InNSAR and GPS measurements
to model ground displacements (Fig. 7) at Yellowstone. The
interferogram of 2005-2006 is sub-sampled using quad-tree
(e.g., Simons et al. 2002) to reduce the number of
redundant points in the InSAR data, and a weighting
scheme similar to that used by Fialko (2004) is applied to
prevent the large number of InSAR data points from
dominating the few GPS points in the model. However,
because the GPS vertical components are redundant to
and less accurate than the InNSAR measurements, only the
GPS horizontal components are included in the joint
inversion. The sub-sampled InSAR points and GPS
horizontal components are independent measurements,
thus we apply the standard F tests of statistical signifi-
cance to estimate the confidence intervals of the model
parameters.

We model the deformation signals in an elastic, isotropic
half-space with a Poisson’s ratio of 0.25 and a rigidity of
30 GPa. The relationship between surface displacements
and source parameters can be expressed as:

d=g(m)+e (2)

where d is the observed surface displacement, m is the
model source parameter, g is the Green’s function that
connects d to m, and e is the observation error.

The best-fitting source geometry that minimizes the
differences between the geodetic measurements and model
predictions is calculated using a nonlinear optimization
method (Monte-Carlo inversion) and the point source
strengths are calculated using a linear inversion. Our model
includes three pressure-point sources (Mogi 1958) beneath
the two resurgent domes and NGB, plus a rectangular
dislocation source (Okada 1985, 1992) that connects the
two Mogi sources beneath the resurgent domes (Fig. 7).
Four parameters are specified for each point source:
longitude, latitude, centroid depth, and strength and eight
parameters for the dislocation source: longitude, latitude,
along-strike length, downdip width, strike, dip, centroid
depth, and opening. Finally, a conceptual model (Fig. 8) is
created based on the calculated source parameters and
geodetic measurements.

Results

Episodes of subsidence and uplift during 1992-2009

Our differential interferograms (Fig. 2) and continuous GPS
measurements (Fig. 6) show that the Yellowstone caldera

experienced four explicit episodes of subsidence and uplift
between 1992 and 2009. During this time, no measurable

@ Springer


http://sopac.ucsd.edu/dataArchive

Bull Volcanol

44.7°

Data

44,50
44.40

44,30

4480 -

4470

Model

4450 |||

44.40

4430

44.8°

44.7°

Residual

LOS Velocity [cm/yr]
-8 -4 0 4 8

Fig. 7 The InSAR data of 2005-2006, model, and residual are
represented in (a), (b), and (c¢), respectively. The small blue arrows in
(b) represent the GPS data while the small red arrows represent the
GPS model. The red rectangle in (b) is the projection of the planar
source; the along-strike edge is marked with a solid red line. Projections
of the Mogi sources are marked with three black stars in (b)
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differential surface movements were recorded along the
major faults within, or adjacent to, the caldera (Fig. 2). We
next detail the four deformation episodes.

Episode 1: 1992—-1995

During 1992-1995, broad subsidence centered on the
Yellowstone caldera is observed with a maximum
magnitude of ~8 cm (Fig. 2a); limited local uplift is
detected near NGB (Figs. 2a and 3a). The regional-scale
subsidence, marked by elongated fringes, is not restricted
to the boundary of the Yellowstone caldera. During this
period, the Yellowstone caldera floor subsided more
rapidly, at a rate of 2.7 cm/year, than the adjacent
regions that subsided at an average rate of ~0.8 cm/year
(Fig. 2a).

Episode 2: 1996-2000

Uplift of ~6.8 cm is observed at the northwestern rim of
the Yellowstone caldera near NGB during 1996-2000
(Figs. 2b and 3a). Slight regional subsidence by about
2 cm is measured across the caldera floor and limited
deformation is detected around Hebgen Lake ~20 km
west of the caldera margin. The spatial deformation
pattern of uplift near NGB during 1996-2000 is distinct
from the spatial deformation patterns observed during
any other period in this study. Also, the magnitude of
uplift is larger during the 1996-2000 period than
during the previous periods of observation (Figs. 2b
and 3).

Episode 3: 2000-2004

The interferogram spanning 2000-2004 shows renewed
regional subsidence (~2.8 cm) across the Yellowstone
caldera (Figs. 2c and 3). Measurements from the LKWY
GPS station (Fig. 6a) show that this location was relatively
stable between 2000 and 2001, but steady subsidence
occurred between 2001 and mid-2004. However, these are
point measurements and LKWY is located at the margin of
Yellowstone Lake (Fig. 1), away from the center of
deformation, and thus might have not detected the onset
of deformation at the far-distant resurgent domes. Unfor-
tunately, the records of WLWY and OFW?2 (Fig. 6), which
are located near the two resurgent domes (Fig. 1), are
available only after 2004. The average rate of deformation
is faster at the Sour Creek dome (~0.7 cm/year) than at the
Mallard Lake dome (~0.5 cm/year; Figs. 2c, 3b, and 6a). As
during the 1992-1995 period, the deformation fringes of
2000-2004 are not restricted to the Yellowstone caldera
boundary, and local uplift (~2.6 cm) is observed also near
NGB (Figs. 2¢ and 3a).
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Fig. 8 Conceptual model for
the Yellowstone deformation.
The white lines, on the surface
displacement map at the top of
the model, represent the Quater-
nary faults and the black areas
are water bodies. YL indicates
Yellowstone Lake, SC Sour
Creek resurgent dome, ML
Mallard Lake resurgent dome,
YC Yellowstone caldera, NGB
Norris Geyser Basin

Depth [km]

44.8°

Episode 4: 2004-2009

A new episode of rapid uplift of the caldera floor began in
mid-2004, as indicated by differential interferograms and
continuous GPS measurements (Figs. 2d—f and 6a). We
show three interferograms during this period to detail the
evolution of rapid deformation across the region. The
2004-2006 interferogram shows uplift centered on the
Yellowstone caldera, with deformation occurring primarily
within the main caldera boundary (Figs. 2d and 6a). The
Sour Creek dome experienced a higher rate of uplift
(~7 cm/year) than the Mallard Lake dome (~5 cm/year).
Over the same period, the central area of the caldera
inflated at a rate of ~4 cm/year (Figs. 2d and 3b). These
measured rates are approximately three times faster than
historical inflation rates reported for Yellowstone by Pelton
and Smith (1982) and Meertens and Smith (1991).

The rapid, caldera-wide, uplift was accompanied by
considerable deflation (at a rate of ~4 cm/year) at the
northwestern rim of the caldera near NGB (Figs. 2d, 3a,
and 6a) between 2004 and 2006. The vertical motion
components of WLWY, LKWY, HVWY, FOW2, and
NRWY (Fig. 6a) indicate that the rapid uplift across the
caldera started in mid-2004, and the deflation at NGB
began in late 2004. About 1.5 cm/year of uplift also
occurred around Hebgen Lake during this period (Fig. 2d).
During 2004-2006, the deformation rates around NGB and
Hebgen Lake increased notably compared with the detected
rates in the two regions in the previous episodes.

As between 2004 and 2006, deformation during 2006—
2008 was centered on the caldera but proceeded at a slower
rate. Approximately 5 and 4 cm/year of uplift occurred at
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Latitude

the Sour Creek and Mallard Lake resurgent domes,
respectively (Figs. 2e, 3b, and 6a). The rate of subsidence
near NGB was less than 1 cm/year, which was also
significantly slower than the rate during 2004-2006. In
addition, slight regional subsidence (at a rate of ~1 cm/year)
occurred in the region to the north of NGB during 2006—
2008 (Figs. 2e and 3a). This subsidence is aligned with the
Gallatin Ridge and appears to be bordered to the east by the
East Gallatin-Reese Creek (EGRC) fault zone (Fig. 1).
During 2008-2009, the rate of uplift across the Yellowstone
caldera slowed to approximately 3 cm/year and subsidence
virtually ceased at NGB (Figs. 2f, 3a-b, and 6a). It is notable
that the deformation pattern during this period was accom-
panied by swarms of small earthquakes beneath Yellowstone
Lake in late 2008 to early 2009, and slight regional
subsidence occurred around the caldera (Figs. 2f and 3a-b).

Three-dimensional velocity field

The three-dimensional velocity field calculated for 2005—
2006 indicates that the majority of observed deformation
across the Yellowstone caldera and near NGB occurred in
the vertical direction at rates of 6—8 and 4-5 cm/year at the
two locations, respectively (Fig. 4a). Significant lateral
displacements, by 5—7 cm/year in the east—west direction
(Fig. 4b), occurred at the southeastern and western rims of
the caldera and in the area between Hebgen Lake and NGB.
Slight lateral displacements, at rates of about 0.2 cm/year in
the north-south direction (Fig. 4c), also occurred in the
southwestern sector of the caldera and near Yellowstone Lake.

Although the three GPS components (Fig. 6) can help in
resolving the timing of deformation episodes, they lack the
detailed spatial information that we can recover using
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InSAR measurements. The InSAR-derived vectors for the
three-dimensional velocity field of 2005-2006 match well
with the three components of motion determined from GPS.
The calculated ratios of the InSAR maximum horizontal
displacement to the maximum vertical displacement are
0.65 and 0.75 for the Sour Creek and Mallard Lake
resurgent domes, respectively.

Model source parameters

The best-fit Mogi sources for deformation at the Sour Creek
and Mallard Lake resurgent domes and NGB are located at
depths of 10.36, 17.27, and 16.62 km, respectively. The best-
fit planar source linking the two Mogi sources beneath the
resurgent domes is 10.5-km long and 33.1-km wide. It is
located at depth of 13.1 km and dips by about 5° to the SW,
with an opening of 0.09 m during 2005-2006. The model fits
the geodetic InNSAR and GPS data reasonably well with 90%
confidence and the weighted and normalized root mean
squares are 3.8 mm/year and 1.6, respectively. The conceptual
model presented in Fig. 8 shows the modeled deformation
sources with the inferred source parameters described above.

Discussion

Our differential interferograms and continuous GPS meas-
urements during 1992-2009 imply episodic deformation
across the Yellowstone caldera accompanied by deforma-
tion in an opposing direction at NGB. The observed
caldera-wide subsidence of 1992—-1995 might have resulted
from one of two processes: (1) magma crystallization to
release energy through heat of crystallization to enhance the
heat flow at Yellowstone or (2) magma chamber depres-
surization beneath the caldera. We do not have sufficient
evidence to rule out either one of these possibilities, and it
is likely that both mechanisms contributed to the observed
pattern of deformation. The associated uplift at Norris
might have occurred due to pressurization of the Norris
hydrothermal system. Dzurisin et al. (1990) and Wicks et
al. (2006) reported that the widespread distribution of
hydrothermal and volcanic features across the northern
Yellowstone caldera boundary could indicate the presence
of highly fractured and permeable crustal rocks, which
might have served as pathways for migration of magmatic
and hydrothermal fluids into the active caldera.

During 19962000, the spatial pattern and magnitude of
deformation indicate a rapid rate of mass redistribution to
cause a significant volume change in the magma chamber
underneath the Yellowstone caldera (Vasco et al. 2007).
Wicks et al. (2006) proposed migration of magmatic fluids
from the caldera into NGB as a possible cause of the 1996—
2000 inflation. According to Meertens et al. (2000),
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campaign GPS measurements between 1995 and 2000
revealed that Norris uplift began in 1995 and was followed
by caldera floor subsidence between late 1997 and early
1998. During 2000-2004, the rate of uplift at Norris slowed
to about 0.6 cm/year. However, the subsidence rate at the
Sour Creek dome increased from 0.5 cm/year during 1996—
2000 to 0.7 cm/year during 2000-2004. This probably
resulted from an increased rate of crystallization or
depressurization beneath the caldera, as explained above.

Between 2004 and 2009, a reversed spatial pattern of
crustal deformation, with a large extent and magnitude,
occurred across the entire caldera. We believe that the
previous inference that inflation was caused by magma
migration from NGB into the Yellowstone caldera (e.g.,
Wicks et al. 2006; Vasco et al. 2007) cannot be supposed
for this period for two reasons. First, the small areal extent
(~15x15 km) and the nature of local deflation at NGB
compared to the extensive caldera-wide (60%x40 km)
inflation of the Yellowstone caldera are difficult to
reconcile if the volume loss at NGB is to balance the
volume gain in the caldera (Fig. 2d). Second, the GPS
measurements show a clear delay between the onset of
caldera inflation and NGB deflation. The caldera-wide
uplift began in mid-2004, prior to NGB subsidence that
began in late October 2004 (Fig. 6a). Therefore, direct
migration of magma from NGB into the caldera is unlikely
to be the mechanism responsible for inflating the entire
caldera. A more likely scenario is aseismic magma injection
from a deeper source beneath the Yellowstone caldera, plus
magma crystallization associated with depressurization and/
or fluid loss from the deep hydrothermal system beneath
NGB.

The inflation of 2004-2009 started at the Sour Creek
resurgent dome, which was followed by inflation (at a
lower rate) at the Mallard Lake resurgent dome, as
indicated by our InSAR and GPS measurements (Figs. 2d
and 6a). Hence, we propose that a pulse of magma was
injected from a deep mantle plume to a shallow magma
reservoir beneath the Sour Creek resurgent dome through a
vertical conduit. When the magma chamber reached a
critical pressure, the trapped magma migrated to another
shallow reservoir beneath the Mallard Lake resurgent dome
via a lateral conduit (Fig. 8).

The GPS-based measurements of Meertens et al. (2000)
showed that inflation was detected at NGB during the
1996-2000 episode a few months before deflation was
observed across the caldera. Likewise, the caldera-wide
inflation that began in mid-2004 at Yellowstone was
followed a few months later by deflation at NGB
(Fig. 6a). This might indicate that deflation at NGB
occurred as a consequence of the Yellowstone caldera
inflation. The inflation of both episodes resulted in
extensive dilatational strain and likely led to an increase
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in permeability, and a decrease in pore pressure, through
opening fractures (Wicks et al. 2006; Chang et al. 2007).
This would mean that the dilated zone around the area of
inflation might have experienced lower pore pressures
relative to the hydrothermal systems beneath the caldera
and NGB during 1996-2000 and 2004-2009, respectively.
The enhanced pressure gradient might have consequently
depressurized the hydrothermal systems in both episodes,
encouraging flow away from the hydrothermal systems,
which might have caused the observed subsidence (or at
least contributed to it partially).

The rate of deformation increased significantly near Norris
and around Hebgen Lake during 2004-2006. Post-seismic
viscoelastic relaxation of the M7.5 1959 Hebgen Lake
earthquake was suggested previously as the main contributor
to the deformation rate around Hebgen fault (e.g., Puskas et al.
2007), but such a contribution should decay over time.
According to our three-dimensional velocity field, accelerat-
ed deformation of an extensional nature (in the lateral
direction, S-E) occurred near Hebgen Lake during 2005-
2006. This nonlinear deformation in association with the
episodic crustal extensions and contractions across Yellow-
stone suggests that the recent surface displacements around
Hebgen Lake are not likely related to the 1959 earthquake.

The deformation fringes of 1992—-1995 and 2000-2004
(Fig. 2) extend beyond the Yellowstone caldera boundary.
Aly et al. (2009) reported an inverse relation between the
recorded deformation signals in the Yellowstone caldera
and the Henrys Fork caldera during 1997-2000 and 2004—
2006. They interpreted the deformation across the Henrys
Fork caldera as a flexural response to magmatic processes
underneath Yellowstone, or as a result of migration of
hydrothermal fluids. They excluded magma migration as a
possible mechanism for their observed deformation rela-
tions because magma is not expected to migrate over the
lateral distance that separates the two calderas (about
30 km). However, our new interferograms that cover
both calderas do not show such an inverse relation
(Fig. 2). This suggests that the phenomenon reported by
Aly et al. (2009) might be caused by short-term deforma-
tion, which is common in the complex Yellowstone
volcanic system.

Hydrothermal convective systems are common around
active magmatic centers (Aubert et al. 2005; Blatt et al.
2006; Guilbert and Park 2007). Aly et al. (2009) suggested
the existence of a widespread hydrothermal convection
system in the greater Yellowstone region. In this convective
system, while deep groundwater is proposed to migrate
toward the active caldera, shallow groundwater moves
upward and away from the caldera causing regional-scale
subsidence around the caldera. This explains the observed
regional subsidence around the Yellowstone caldera during
2008-2009.

The seismicity record of 1992-2009 showed low-to-no
spatial correlation with the InSAR observed deformation
patterns (Fig. 2). The record is obtained from the University
of Utah Seismographic Stations’ Yellowstone National Park
Earthquake Catalogs for 1983-2010. Between 1992 and
2009, seismicity was concentrated in the region between
Hebgen Lake and the northwestern rim of Yellowstone
caldera. This region coincides with the northern boundary of
the oldest (2.05-Ma) caldera boundary and contains several
north-trending young volcanic vents and active hydrothermal
basins associated with the East Gallatin-Reese Creek fault
zone (Puskas et al. 2007). The concentration of seismicity in
this region might be related to these volcanic and hydro-
thermal features. Extensive seismic activity surrounding
Norris occurred during 1996-2000 and showed some
correlation with the deformation pattern, as shown in
Fig. 2b; this seismicity might be triggered by changes in
the local stress field caused by the local uplift of the region.

The association of major fissure and fault zones, such as
the Elephant Back fissure and the Mirror Plateau fault zones,
with the deformation patterns across the Yellowstone caldera
might indicate that these structures resulted from similar
episodic inflation and deflation in the past. Vasco et al. (2007)
suggested that major faults in Yellowstone caldera played a
significant role in controlling crustal volume increases and
decreases associated with migration of volcanic and hydro-
thermal fluids. Our differential interferograms, however,
indicate that these structures were not active during 1992—
2009, as no differential movements or seismicity occurred
along any fault zone during the periods of observation.
Immediately adjacent to the Yellowstone caldera, we do
observe regional subsidence aligned with the Gallatin Ridge
and the Norris area during 2006-2008 (Fig. 2e). The observed
deformation might be related to depressurization of the Norris
hydrothermal system, and the EGRC fault zone might have
acted as a barrier to fluids. There is no clear evidence of
tectonic activity along the EGRC fault system and more data
and analysis are still needed to better understand the observed
pattern of deformation in this region.

Contemporary lateral extension at a rate of 5-7 cm/year
across the southeastern and western rims of the Yellowstone
caldera and in the area between Hebgen Lake and NGB
(Fig. 4b) occurred in concert with rapid uplift across the
caldera, and significant subsidence at Norris, during 2005—
2006 (Fig. 4a). Savage et al. (1993) measured extension at
5.3 mm/year for a 20-km baseline across the Hebgen Lake
fault between 1973 and 1987 using electronic distance
measurement. Puskas et al. (2007) also reported extension
across the Hebgen Lake fault with average rates varying
between 3.1 mm/year (1987-1995), 5.3 mm/year (1995—
2000), and 4.2 mm/year (2000-2003). The accelerated rate
of lateral displacements during 2005-2006 indicated by our
analysis is coincident with the caldera rapid uplift (Fig. 4a)
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and, therefore, is most likely related to substantial changes
in regional stress fields associated magmatic activity
beneath the caldera.

Vertical displacements at the Earth’s surface are very
similar for various source models of different shapes if
source depth is scaled appropriately (e.g., Dieterich and
Decker 1975). Because the depth of deformation source is
usually not known, the shape (and hence the depth) of
deformation source cannot be determined based on vertical
displacements alone. On the other hand, horizontal
displacements are quite different for deformation sources
of different shapes (Segall 2010). For this reason, we used
the full three-dimensional velocity field of Fig. 4, as
calculated from ascending and descending ENVISAT
orbits, to constrain the shape of deformation sources
beneath the Yellowstone caldera. The calculated ratios of
the maximum horizontal displacement to the maximum
vertical displacement for the Sour Creek and Mallard Lake
resurgent domes during 2005-2006 are 0.65 and 0.75
(Fig. 5a, b). A Mogi source requires a ratio of about 0.40
between the maximum horizontal displacement and the
maximum vertical displacement (e.g., Fialko et al. 2001a).
The calculated values are thus consistent with two Mogi
sources beneath each of the resurgent domes, as shown in
Figs. 7 and 8, rather than a single sill-like body beneath
the entire caldera.

Conclusions

The Yellowstone caldera experienced four discrete episodes
of subsidence and uplift between 1992 and 2009. The 1992—
1995 episode was characterized by regional subsidence across
the caldera with local uplift near NGB. During 1996-2000,
substantial uplift occurred at Norris with slight subsidence
across the caldera floor. Renewed regional subsidence across
the caldera, with local uplift near NGB, was recorded during
2000-2004; finally, extensive caldera-wide uplift accompa-
nied by considerable subsidence at NGB characterized 2004—
2009. Over the entire period of observation (1992-2009), no
differential surface movements were detected along the major
fissures and fault zones across, or adjacent to, the caldera.

We infer that magmatic and hydrothermal processes
beneath the Yellowstone caldera were the main causes of
deformation. Aseismic magma intrusion from a deep source
beneath the Yellowstone caldera and magma crystallization,
accompanied by depressurization of (and/or fluid loss from)
the deep hydrothermal system beneath NGB, were the most
likely causes of our observed patterns of deformation
between 2004 and 2009.

The three-dimensional velocity field created from InSAR
data for the 2005-2006 period implies a relation between
uplift across the Yellowstone caldera floor and subsidence
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at NGB, with substantial lateral crustal extensions in the
east—west direction at the southeastern and western rims of
the caldera, as well as in the area between Hebgen Lake and
NGB. Results also show lateral displacements in the north—
south direction on the southwestern part of the caldera and
near Yellowstone Lake.

Our models, based on the full three-dimensional defor-
mation field calculated from InSAR measurements between
2005 and 2006, provide a new constraint on the shape of
magma chamber beneath the Yellowstone caldera. The
study demonstrates that a new model that considers
multiple sources of deformation is an appropriate fit for
the complex Yellowstone volcanic system.
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