JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 77?7, XXXX, DOI:10.1029/,

. Geodetic evidence for en echelon dike emplacement
. and concurrent slow-slip at Kilauea volcano,

. Hawaii,17 June 2007.
E.K. Mon’cgomery—Brovvn,1 D.K. Sinnet‘c,1 M. Polamd,2 P. Segall,1 T. Orr,2 H.

Zebker,1 A. Miklius,2

94305, USA.(dsinnett@stanford.ed
M. Poland, USGS, Hawaii Volca
T. Orr, USGS, Hawaii Volcano Obge 7, H itional Park, HI, 86718, USA
P. Segall, Department of Geophysics, Stanford
H. Zebker, Department of Geophysics, Stanford

A. Miklius, USGS, Hawaii Volcano Observatory,

Department of Geophysics, Stanford
University, Stanford, CA, 94305, USA.

2 U.S.G.S., Hawaiian Volcano
Observatory, Hawaii National Park, HI

96718 United States

DRAFT May 31, 2009, 11:29am DRAFT



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

X-2 MONTGOMERY-BROWN ET AL.: KILAUEA INTRUSION, 17 JUNE 2007

Abstract.  An intrusion at Kilauea Volcano, Hawaii, 17 June — 19 June
2007, began with an intrusion in the upper east rift zone (ERZ) and culmi-
nated with a small eruption (1500 m?). Surface deformation due to the in-
trusion was recorded in unprecedented detail by Global Positioning System
(GPS) and tilt networks as well as Interferometric Synthetic Aperture Radar

(InSAR) data acqui the ENVISAT and ALOS satellites. A joint non-

imum opening occurred on the eastern segment bene
Although this model is the best fit to the ERZ data, it fails to explain data
from a coastal tiltmeter and GPS sites on Kilauea’s southwestern flank,
exhibit displacements consistent with previous slow-slip events benea
south flank. Tilt at the coastal tiltmeter is also consistent with predictions

based on previous slow-slip events but inconsistent with intrusion-only mod-

els. An inversion including slip on a basal décollement improves fit to these
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» data and suggests ~15 cm of fault motion, comparable to previous slow-slip

»  events.
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X-4 MONTGOMERY-BROWN ET AL.: KILAUEA INTRUSION, 17 JUNE 2007

1. Introduction

An intrusion in Kilauea Volcano’s east rift zone (Fig. 1) began in the early morning
of June 17, 2007, Hawaiian Standard Time (HST=UTC-10). This event, the fourth in a
series of small intrusions [Heliker and Mattoz, 2003] since the installation of continuous

GPS at Kilauea in 1996, was observed in unprecedented detail by GPS, tiltmeters, and

et al., 2008]. Eruptive activity resume u‘u ‘O'6 on July 1. For simplicity, we refer

to this event as the intrusion thro

event, including magma chamber deflation and dike opening, as well as slip on a

décollement beneath Kilauea, to better constrain the deformation sources.

1.1. Geologic Setting
The major structural features of Kilauea include a summit caldera and two radial rift
zones extending to the southwest (SWRZ) and east (ERZ) (Fig. 1). Deformation at the

summit caldera can be characterized by inflation and deflation cycles associated with a
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shallow magma chamber [Dvorak and Dzurisin, 1997]. With the exception of three brief
inflationary periods associated with changes in vent geometry at Pu‘u ‘O‘6, the summit
subsided continuously between 1983 and 2003, after which it began uplifting [Miklius,
2005; Poland et al., 2008]. The ERZ undergoes persistent extension due to intermittent

magmatic events and southward motion of the volcano’s south flank [Owen et al., 2000a].

Motion of the south nk is likely accommodated by slip along a basal décollement,

Recent upper ERZ intrusions (e.

1999, Cervelli et al. [2002a]) may

The south flank also hosts aseismic slip events, first noted by Cervelli et al. [2002b].

Since then a total of 8 slow-slip events have been identified between 1998 and 2007; the

most recent prior to 2007 occurred in January 2005 [Brooks et al., 2006; Segall et al., 2006].
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Past slow-slip events released equivalent strain to regular earthquakes ranging from M,, 5
to M,, 6 over the course of 36-48 hours [Montgomery-Brown et al., 2009]. The four most
similar slow-slip events appear to exhibit a 2.1 yr periodicity [Brooks et al., 2006]. At the
time, this observation led to the anticipation of an event in March 2007 and prompted
the joint deployment of additional seismic instruments, two south flank tiltmeters, and an

augmented GPS arra early 2007 by the University of Hawai’i, University of Wisconsin,

the Hawaiian atory (HVO), and Stanford University.

1.2. Chronology

The June

tilt at ERZ site ESC began simultaneously with tt
later by tilt changes at Pu‘u ‘O‘6. Over the next 5
(Fig. 2) accumulated ~70 urad of southward tilt.
coinciding with an increase in summit tilt rates (17:40 UTC, B in
rift zone extension between GPS stations KTPM and NUPM (which span th
Makaopuhi crater), and slowing of tilt at ESC.

Seismicity propagated down-rift between June 17 19:00 (C in Fig. 2) and June 19
01:15 UTC (D in Fig. 2), although seismicity rates had slowed to 3 locatable events per
hour after June 17 24:00. During this time, the tiltmeter at Pu‘u ‘O‘6 (tiltmeter POC)

recorded steady tilt toward the crater. The summit and Pu‘u ‘O‘6 continued to subside
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at a diminishing rate up to June 19 01:15 (D in Fig. 2) when summit and Pu‘u ‘O‘%
tilt rates increased slightly coinciding with the final down-rift concentration of seismicity.
The same pattern is observed in the baseline length between KTPM and NUPM. Summit
subsidence and rift zone extension continued at diminishing rates until June 19 20:30 (E

in Fig. 2), when the summit returned to inflation. Tiltmeter POC continued to record

deflation at Pu‘u ‘O owever, until June 27.

geologists from
‘O°0, a lack of lava at the cated a pause in the eruption that lasted
until July 2. The pause was likely sed by the interruption of the magma supply to the

vent.

2. Data

instruments provide detailed temporal information on magmatic and te deformation
at Kilauea but are spatially sparse. Temporally sparse, but spatially dense, coverage of
deformation is provided by InSAR data from multiple satellites. All data sets have been

transformed into a local cartesian coordinate system with an origin at GPS site MANE

(-155.273, 19.339). We analyze these various data sets sets together: three components
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of displacement from 40 GPS sites, line of site (LOS) displacements from three InSAR

images, and two perpendicular components of tilt from nine tiltmeters.

2.1. GPS
Daily GPS solutions are computed at HVO using the GIPSY /OASIS II software package

developed at the Jet Propulsion Laboratory (JPL) in precise point positioning mode

with non-fiducial @ egorius, 1996; Zumberge et al., 1997]. The daily non-fiducial

with a

N - 0.002 m, U - 0.015 m, comput
period).

Outliers, daily reference frame realization erro

in this study. An estimated velocity of the Mauna Kea permanent GPS station is also
subtracted from all stations to put the displacements in a local (island-fixed) reference

frame.
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X-9

We then use a Kalman filter to estimate and remove an average velocity and daily errors

in the reference frame realization using a variation of the observation equation proposed

by Miyazaki et al. [2003]:

X(t) =Xo + L(x,t —t,) + v(t — t,) + Ff(t) + ¢,

where X is the daily

intrusion. Most of the campaign measurements spanning the intrusion contain li
ular deformation, since the 2007 Kilauea GPS campaign had just been co

time of the intrusion. HVO staff were able to quickly re-occupy ma

(1)

position of each station, X, is initial station position at time ¢,, L

the

es in the days

immediately following the intrusion. Campaign data between 2002 and 2007 are used,

with data before 2007 used to constrain site velocities at sites not measured immediately

before the June 17 intrusion.
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We invert for the GPS displacements spanning the intrusion using a least squares algo-
rithm. Estimated parameters include the pre-intrusion station position X,, any residual
deviations from the previously computed average velocity, vt, and the co-eruptive dis-
placements. Residual velocities are usually very small (<1 cm/yr). Data from June

16-20, 2007, while the intrusion was in progress, are removed in this analysis, as we es-

timate only the cum ive deformation. The displacement is modeled as a Heaviside

function, H, sce agnitude of the displacement vector on June 20, 2007:

=X, + vt + dH(tJungo).

(2)

mit subsidence. Third, a large sig associated with collapse of the

Pu‘u ‘O‘0 cone.

2.2. Tilt
HVO operates a network of electronic borehole ti
the ERZ, and on the south flank (Fig. 4). We use data only from tiltmeters
demonstrated good ground coupling. Because the instruments are empl
depths, nearly every tiltmeter exhibits strong diurnal tilts. The magnitude and structure
of the diurnal variations depend on local installation conditions.
Tiltmeters are installed in boreholes ~3 m deep and covered, though not sealed, at the

surface. The tiltmeter installations record two components of tilt, surface temperature,
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down-hole temperature, and rainfall once per minute. No rainfall was recorded during the
intrusion, simplifying the interpretation of the data.

Daily variations in tilt depend on temperature variations and solid earth tides. Local
geology at the site determines the response at each station to temperature and tidal

forces. To better discern the magnitude of tilt offsets during the intrusion, we tested

several different me of filtering the diurnal variations before selecting a notch filter

shown in Figure 5.

Cumulative tilts analyzed in the
pre-event (June 10 - 13) average fro
The same time period for each station is used to tions from the
means for tilt sites. Several features are immediat
inward tilt at the summit indicates caldera subsidence’ A large tilt
at ESC (~80 prad of SSW tilt). Near Pu‘u ‘O‘6, PUO and POO both tilt t

collapsed cone. Lastly, a small, but notable, northwestward tilt occurre

tiltmeter KAE.

2.3. InSAR
Radar interferograms constructed from data acquired by the ENVISAT ASAR and

ALOS PALSAR instruments provide excellent spatial resolution of the deformation field
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associated with the June 17-19, 2007 intrusion and eruption at Kilauea. An ascending
ENVISAT interferogram (Fig. 6, a) (12 April - 22 June, 2007) and an ascending ALOS
interferogram (Fig. 6, b) (5 May - 20 June 2007) span the intrusion and eruption. GPS

results suggest little deformation between 12 April and the onset of intrusive activity on 17

June; therefore, the displacements in the interferograms can be almost totally ascribed to

therefore, we use a diagonal covariance matrix with va
box within the quadtree algorithm | Welstead, 1999].
Displacements in the ascending interferograms include LOS lengtheni
centered near Halemaumau Crater in Kilauea’s caldera, as well as lobes of LOS
shortening (uplift), with LOS lengthening in the center along the ERZ near Makaopuhi
Crater (Fig. 6, b). The descending image is dominated by LOS shortening (upward and

southward motion) on the south side of the ERZ (Fig. 6, c).
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2.4. Ground cracks and lava flow

After the eruptive episode, cracks in the east rift zone above the presumed intrusion
were mapped on foot by geologists from the Hawaiian Volcano Observatory (Fig. 7).
The main crack system associated with the intrusion was mapped on June 18, 2007, but

subsequent visits to the area after the intrusion found additional cracking. Most cracks

occur in a zone ~600 m,wide and are oriented ~65° as measured by Brunton compass.

Both right- and acks were mapped. The crack zone extends down-rift over

a distancgff 3 km, beginning 1.3 km east of the summit of Mauna Ulu, crossing the north

flank of ¢ as far as the eruption site. The western end of

the cracked area“was"e i more de confirming its broad, blunt character. No

to the June 2007 event, extending a few hundred m
(Fig. 7). The crack orientations ranged from 90° to 115° and appeared to trend
into a north-facing normal fault in the Koa‘e fault zone that is buried by a
Slip on this fault occurred during the September 1999 intrusion [Ce 1 et al., 2002a).
The largest of the new cracks in this zone had 2 cm of separation, with a suggestion of

south-side-up motion. Measurements of the distance between pins spanning a 5-10 m wide

crack at crack station 98-10 (Fig. 7) indicate 3.940.4 cm of opening between April 30,
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2003 and July 12, 2007. Opening at crack station 98-11 was within errors at 0.2+0.4 cm
during the same time period. Although this is a long time interval, past measurements
at this site have shown little movement except during intrusions, suggesting that much
of this measured opening could be attributed to the June 2007 intrusion (D. Swanson,
pers. comm. April 2009). A campaign GPS site (69FL) and a discontinuity in the

ascending ALOS intefferogram (Fig. 6, b) are located nearby and may be affected by this

is normal faulting on the inversions are presented following

Observed GPS displacem are similar to previous dike intrusions on

zone (length, width, depth, dip, strike, east position, north position, opening) and
a deflating Mogi source at the summit (east position, north position, depth, and volume

change). The a priori distribution of model parameters is assumed to be uniform between

broadly chosen bounds. Since lava was erupted at the surface, we constrain the top of the
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dike to lie within half a kilometer of the surface. We also apply a maximum excess-dike
pressure constraint, which discourages models with unrealistic aspect ratios. We use the
optimum model from a short MCMC search (1 million samples) to initiate a thorough
search of 10 million samples of the model space. We save every 10th model to avoid
correlation between model steps [Fukuda and Johnson, 2008].

The optimal uniformepening dike is sub-vertical (dipping 81° to the south), ~4 km in

ascending ALO

observed GPS displacem

Single dislocation models of the dike, while simplistic, do allow us to con
range of possible parameters that fit the data. Certain parameters are w nstrained,
such as the position and length of the dike, which are limited by the n-rift extent of
deformation recorded by InSAR, and the westward displacements at campaign GPS sites

KANE and PKMN. Somewhat less well constrained are the strike, dip and amount of

opening. Ninety-five percent of the models have strikes that range from 55 — 80°, while
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acceptable dips can range from about 70 — 107° to the south (Fig. 9). The amount of
opening ranges from ~1.3 to 7.8 m, and is correlated with the size of the dike (i.e., smaller
dikes have more opening), such that dike volume is well-constrained (Fig. 9). While useful
in constraining dike parameters in a statistical sense, these overly-simplistic models are

unable to sufficiently fit near-field data. We thus turn to distributed opening models.

3.2. Distributed ing Dike Models

es are tested in linear, distributed opening inversions. Mogi
the summit and Pu‘u ‘O‘c at depths of 2.5 km and 100
was determined from the MCMC inversions,

to be consistent with the depth of open-

system degassing [Edmi . The three different dike models (Fig.

(3) is a pair of en echelon dikes aligned with mapped areas of surface cracking (Fig. 7).
En echelon dikes and fissures are commonly observed during rift zone eruptions; examples
can be found in Iceland [e.g., Gudmundsson, 2003] and in previous eruptions of Kilauea

le.g., Fiske and Koyanagi, 1968]. A small right step (~100 m) in the crack zone was also
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observed near the small pad of lava at Kane Nui o Hamo at the far eastern end cracked
zone. Because geodetic data are unable to resolve such a small separation, and the InSAR
images decorrelate over the dike, none of the models address this level of detail.

The distributed opening inversions are accomplished with a non-negative least squares

algorithm that minimizes the L2-norm of the weighted residuals. Spatial smoothing is

applied with a Lap n operator for each dike segment, with one smoothing parame-

tween Makaopuhi and Napau

Pauahi Crater. The

cracking, and opening tapers sharply to zero do
Nui O Hamo (Fig. 12).

We use the percentage of data variance (1-||d — d||/||d||, where d is the d
and d is the model prediction) explained by the model as a measure of The total
percentage of data variance explained by the distributed opening mo ranges from 44
to 89%, but individual subsets of the data are better fit than others (Tab. 1). Particular

models, however, also have disqualifying features. Both the model that follows the rift

zone and the model that follows the axis of INSAR deformation are unable to reproduce
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the ~110° difference in the GPS (PULU) and tilt (ESC) directions at the west end of the
dike. In fact, neither curving dike produces southward tilts at ESC; both predict northwest
tilt. The en echelon model, while not perfectly fitting these two stations, provides a much
better fit than either of the curving dike models (Fig. 13).

We note that the western en echelon segment is very near the September 1999 dike, but

strikes 67° as opposed te, 85° [Cervelli et al., 2002a]. We tested models with the western

interferogram near site 69FL (Fig. 13) and by crac
road (Fig. 7). To test how the data near the crack zone may have influenced our i
we remove GPS site 69FL and InSAR pixels in a 2 km by 1 km box arou Chain of
Craters road cracks, and re-invert for the distributed dike opening. Ov percentages of

the data variance fit by the models remain the same, but a small volume increase and ~1

km eastward shift of the maximum opening on the western dike segment predict tilts at
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ESC that are ~30° westward of the observed. The predicted tilt at ESC is still southward
and close to the observed magnitude, which neither of the curving dikes can produce.

If we include a steeply north-dipping normal fault at the location of cracks and InSAR
phase discontinuity extending from the surface to 1 km deep, inversions estimate ~10

cm of slip on the normal fault. This amount of slip does not significantly influence the

predicted tilt at ESE] Since it only contributes ~1 urad while the total observed tilt at

f estimated slip to ~20 ¢cm and provides a
e the normal fault.

estern segment is still required
AR to the north and south of

ence of the normal

fault in the Koa‘e fault system above the western segment slipped du the intrusion.
While the en echelon dike model is the best fit to the near-field observations, there are

some notable local misfits to all of the dike models: 1) the direction and magnitude of the

southwestern flank GPS stations (PGF1, PGF5 and PGF6) (also noted by Brooks et al.
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[2008]), 2) opposite sign of tilt at coastal site KAE, and 3) over-prediction of GPS sites
north of the east rift zone. These particular misfits, further detailed in the next section,

lead us to believe that a dike-only model may not be sufficient to model these data.

3.3. Evidence for concurrent slow-slip

The tiltmeter KAE, installed at the coast in early 2007 to record an anticipated slow-

slip event [Brooks 2006], tilted down to the north during the June 2007 intrusive

however, produces subsidence on
14, insets).

The displacements in the far western part of t

part of this study. In addition, previous slow-slip events are associate a distinct
pattern of microearthquakes [Segall et al., 2006; Wolfe et al., 2007]. A similar cluster of
microearthquakes was observed during the 2007 intrusion, but not during the 1997 and

1999 intrusions [Brooks et al., 2008]. Although the slouth flank earthquake swarm is sug-

gestive, the south flank is known to be highly active following rift zone intrusions [Dvorak
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et al., 1986], and this particular cluster of earthquakes is often active without an appar-
ent trigger [Montgomery-Brown et al., 2009]. Nevertheless, together these observations

compel us to test models including dike opening and décollement slip.

3.4. Dike Intrusion and Décollement Slip

Here we examine inversions that include slip on a décollement structure beneath

Kilauea’s south fla ddition to the same dike-only models presented in Section 3.2.
is located at a depth of 8 km coinciding with the planar
[Got and Okubo, 2003; Hansen et al., 2004] and
egall et al., 2006; Montgomery-Brown et al.,
2009]. For our models, the . s divided into a twenty-by-twenty grid of
fault patches 2 km squé ing operator is applied to the dislocation
models of the décollement as well as the dikes, and t ights are again determined by
the L-curve criteria.

While including the décollement produces min i ike opening distri-
bution, the major features remain the same with
under the mapped surface cracks. The total estimated
ern segment: 0.79 x 10° m3, eastern segment: 15.8 x 10° m3). The summit’s volu
is 1.8 x 10° m?, while Pu‘u ‘O‘6’s volume loss is 0.02 x 10 m?.

As in the 1997 [Owen et al., 2000b] and 1999 [Cervelli et al., 2002a] i ons, volume
loss from the summit does not account for volume gain from the dike. The pair of en
echelon dikes constitute a total volume increase of 1.66 x 107 m®, while deflation at the

summit and Pu‘u ‘O‘6 magma chambers account for a total volume loss 1.82 x 10 m?.

We can estimate the volume of magma drained from the cone of Pu‘u ‘O‘6 from the length
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of time it took for lava to re-appear at Pu‘u ‘O‘6 (12 days) and the magma supply rate
to Kilauea. During the first twenty years of eruption the magma supply rate was 0.12
km?/yr [Heliker and Mattox, 2003], which is probably a minimum since Poland et al.
[2008] suggested the magma supply rate had increased between 2003 and 2006. This

minimum rate implies that at least 3.65 x 10°m? of lava drained from Pu‘u ‘O‘6, giving a

ratio of dike volume L to magma chamber loss, r,, of 3.03.

aftershocks is far fewer than similarly sized slow-slip e
intrusions [Montgomery-Brown et al., 2009]. Slip is concentrated south of the Hij
system and close to the coast, as was seen in previous slow-slip events [Mon,
et al., 2009].

In general, models including slip on the décollement result in misfits similar to dike-only
models. The total percentage of the data variance explained by models that include the

décollement shows slight improvements relative to the dike-only models, but we have also
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increased the number of free model parameters. Independently, the GPS and InSAR data
are each better fit by a few percent (Tab. 1). As in dike-only models, the en echelon
segments are a significantly better fit for the InSAR data.

The fits to particular stations, however, are much improved by including décollement

slip. Displacements at stations north of the rift zone are not over-predicted as much as

they are with dike- models (Fig. 14, a). The modeled tilt at KAE is down to the

4. Discussion

We draw two major conclusions odeling of the June 17-19, 2007 Kilauea
intrusion and eruption: 1) two en i ide & much better fit to local surface
displacements than curved dike mode ) t slip is required to fit the far-
field displacements resulting from this intrusion.
observed locations of surface cracking, steaming a
to surface deformation near the dikes, while includi < i ts to
the GPS sites north of the rift and on the western flank as well as coastal tilt.

While the seismic response of Kilauea’s south flank to rift zone intrusions i
le.g., Dvorak et al., 1986], this event is the first observed concurrent atic intrusion
and slow-slip event on Kilauea [Brooks et al., 2008]. Whether flank sliding is driven by
magmatic intrusions or whether intrusions are driven by extensional stress from flank

slip is an ongoing discussion. Both processes are likely significant in all intrusions, and

many models include interactions between magmatic activity and flank motion. Dieterich
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[1988] for example, used numerical models to show that a feedback arises between the
maximum height that magma can rise within the rift zone, fault friction, and fault width,
thereby allowing fault friction to control flank slope. The interaction of the rift zone and
décollement during this event suggest that these processes can take place on short time

scales. Indeed, Brooks et al. [2008] showed the intrusion caused an increase of Coulomb

failure stress on the ollement, suggesting that the stress change led to the slow-slip
event.
While ofir preferred model includes two en echelon dikes, two Mogi sources, and slip

along the b

While the January 1997, September 1999, and Jun
we argue that the change from deflation to inflation at Kilauea’s summit in 2
increased magma pressure [Miklius, 2005] and hence a more forcible intrusi
compare observations of this intrusion to the January 1997 (Episod [Owen et al.,

2000b] and September 1999 intrusions/eruptions [Cervelli et al., 2002a], which were also

observed by the continuous GPS network and modeled as dikes using similar methods.
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We conceptualize Kilauea’s shallow plumbing since 1983 as an open magmatic system
consisting of a shallow summit magma chamber connected via a conduit to the ERZ
vents similar to Swanson et al.’s [1976] model for earlier eruptions. Near simultaneous tilt
observations at the summit and Pu‘u ‘O‘6 imply that there must be a hydraulic connection

between the two [Cervelli and Miklius, 2003]. Although this intrusion shares the geometric

similarities noted ab this intrusion occurred under different circumstances than the

lenses remaining 't i om previeu$,eruptions [ Thornber et al., 2003]. Further,

Episode 54 was accompanied ed seigmicity localized about the eruptive vent at

Napau Crater. Based on these observations, Owen et al. [2000b] and Cervelli et al. [2002a)]

suggest that the January 1997 ang ons/eruptions were “passive,”
driven by accumulating rift extension:

In contrast, the 2007 intrusion occurred during a began in 2003
and has been interpreted as resulting from an i
[Poland et al., 2008]. The June 2007 event was acco
M>2 earthquakes. While the seismicity pattern of the 1999 intrusion is similar
the 2007 intrusion, the 1999 intrusion had fewer total earthquakes and di reach the
surface. Erupted 2007 lava is also more primitive and 30 — 50°C hotterhan that erupted
in 1997, and ~15°C hotter than Episode 55 lava (erupted between 1997 and 2007 from

Pu‘u ‘O‘6) [ Thornber et al., 2007]. We therefore classify this event as an “active” intrusion,

as suggested by Poland et al. [2008], implying that it was not entirely driven by passive
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opening of the ERZ, but was also driven by some component of magma overpressure in
the summit reservoir (Fig. 15).

In conclusion, the June 2007 dike event can be well modeled by ~2 m of opening on a
pair of en echelon dikes. The concurrent slow-slip event is similar to previous events, and

produced ~15 cm of southward offshore décollement slip. The shallow magmatic system

was pressurized duri is event, leading to forcible intrusion of the en echelon dikes.

ould like to acknowledge our collaborators at the University
of Hawai ii olcano Observatory. We would like to thank D. Swanson
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Figure 1. Combined bathymetry aa Kilauea volcano from NOAA data.
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Table 1. Percentage of the da

Model

Rift InSAR En

Zone Axis Eche

% Var. Total| 0.44  0.88 0.89
% Var. GPS | 0.82 0.91 0.89
% Var. Tilt | 0.62 0.61 0.85

% Var. SAR | 0.42  0.88 0.90 |0.57 0.78 0.89
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