Journal of Volcanology and Geothermal Research 397 (2020) 106832

Contents lists available at ScienceDirect

'AND GEOTHERMAL RESEARCH

Journal of Volcanology and Geothermal Research

journal homepage: www.elsevier.com/locate/jvolgeores

Implications of deflation-inflation event models on Kilauea L))
Volcano, Hawai‘i

updates

Alyssa N. Anderson *>*, James H. Foster ?, Neil Frazer”

2 Hawai‘i Institute of Geophysics and Planetology, University of Hawai‘i at Manoa, Honolulu, HI, USA
b Department of Earth Sciences, University of Hawai‘i at Manoa, Honolulu, HI, USA

ARTICLE INFO ABSTRACT

Article history:

Received 25 July 2019

Received in revised form 26 February 2020
Accepted 27 February 2020

Available online 5 March 2020

Surface deformation of volcanic areas can reveal information about subsurface magma reservoirs and how
magma is transported between them, which is an important part of volcano monitoring for hazard mitigation.
One prominent style of deformation observed at Kilauea volcano, Hawai, is episodic deflation-inflation (DI)
events, which are recorded in surface deformation data and characterized by deflation of the summit region
over hours to days followed by rapid re-inflation. The exact cause of DI events is unknown, however, a commonly
proposed explanation is that a temporary blockage occurs in the conduit connecting the south caldera magma
reservoir to the shallower Halema‘uma‘u reservoir, thus interrupting the influx of magma. This model is investi-
gated by testing the hypothesis that during the deflationary phase of a DI event, the volume of magma blocked
from reaching the Halema‘uma‘u reservoir is added to the south caldera reservoir. Using a mass balance approach
and deformation modeling, the expected deformation (tilt) pattern was predicted for the reservoirs and com-
pared to tilt observations from 16 large (>4 prad magnitude) DI events between 2010 and 2012. While the pre-
dicted tilts due to inflation from the south caldera reservoir are strong enough to be detected, this signal is not
seen in the tilt observations. We also explore the possibility that the blockage occurs below the south caldera res-
ervoir, as well as alternative configurations that include a direct connection between the south caldera reservoir
and the eruption site. None of the simple two-reservoir models we test are able to adequately satisfy the obser-
vations. Selected DI events show that tilt vectors change in both magnitude and azimuthal direction over the
course of deflation. We conclude that the portion of the summit storage and plumbing system active during
these DI events is more complicated than two connected chambers, and that it is more likely that these summit
reservoirs have their own source conduits connecting in some complex way to the deep magma source.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Episodic deformation caused by pressure perturbations within a
volcano's magmatic system can reveal important information about
magma storage and transport necessary to volcano monitoring for haz-
ard mitigation (e.g., Voight et al., 1998; Yamashina et al., 1999 Cervelli
and Miklius, 2003; Anderson et al., 2010, 2015; Genco and Ripepe,
2010; Poland et al., 2014). At Kilauea volcano, Hawai, episodic defor-
mation has been related to eruptive activity (Swanson et al., 1979;
Wolfe et al., 1987), and investigated through modeling of geodetic de-
formation sources in order to make interpretations about the shallow
magmatic system configuration (Dvorak and Okamura, 1987; Dvorak
and Dzurisin, 1997). In the 1990s a new type of episodic deformation,
deflation-inflation (DI) events, was observed (Heliker and Mattox,
2003) and has since been a frequent signal associated with the summit
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region, recorded especially well by the summit tiltmeter network. A
common explanation for these events is that a blockage occurs within
the magmatic plumbing system, temporarily cutting off the supply of
magma into the shallow summit reservoir while magma continues to
exit through a conduit to the eruption site (Cervelli and Miklius, 2003;
Anderson et al., 2015). DI events are most commonly associated with
activity in the shallow Halema‘uma‘u reservoir (HMMR), but their rela-
tionship with the deeper south caldera reservoir (SCR) is not often
discussed in detail. The SCR is thought to be directly connected to the
HMMR, which implies that the SCR should also be affected by these
events. In a comprehensive study on DI events, Anderson et al. (2015)
note that while DI events have not previously been known to manifest
in the SCR, potential deformation related to the SCR during the events
could go undetected, and that certain types of events could be caused
by blockages deeper within the magmatic system.

The work presented here investigates the role of the SCR during DI
events, which provides insight to the cause of DI events and therefore
the magmatic plumbing system dynamics of Kilauea. We explore the
implications of the model for DI events proposed by Cervelli and
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Miklius (2003). Under these assumptions, we use a geodetic model to
determine the expected extent of SCR related tilt deformation during
DI events, and test if that deformation is detectable over the contribu-
tion from the HMMR. We compare model predictions with tilt observa-
tions for 16 large (>4 prad magnitude) DI events that occurred between
January 9, 2010 and January 5, 2012.

2. Background
2.1. Existing model of Kilauea summit

Kilauea volcano (Fig. 1) is located on the island of Hawai‘i on the
south flank of Mauna Loa volcano, and is characterized by a main sum-
mit caldera, the Southwest Rift Zone (SWRZ), and East Rift Zone (ERZ)
(Holcomb, 1987; Fiske et al., 1993). Magma is supplied from depth
and rises to the summit where it is stored and transported (Eaton and
Murata, 1960; Tilling and Dvorak, 1993). Previous studies have used a
variety of datasets to model the location, size, and depth of the main
summit magma reservoirs (Cervelli and Miklius, 2003; Baker and
Amelung, 2012; Poland et al., 2012). The SCR is generally considered
to be the main storage area and location of long-term deformation, sit-
ting at a depth of ~3 km below the southern caldera region (Delaney
et al., 1990, 1993; Cervelli and Miklius, 2003; Baker and Amelung,
2012; Poland et al., 2012; Poland et al., 2014). The Halema‘uma‘u
magma reservoir (HMMR) is a shallower and smaller storage area lo-
cated in the region east to southeast of Halema‘uma‘u crater at 1-2 km
depth, as suggested by studies of deformation (Fiske and Kinoshita,
1969; Dvorak and Okamura, 1987; Johnson, 1992; Cervelli and
Miklius, 2003; Poland et al,, 2014), gravity, (Dzurisin et al., 1980;
Johnson et al., 2010) and seismicity (Ohminato et al., 1998; Almendros
et al., 2002; Chouet et al., 2010; Dawson et al., 1999; Battaglia et al.,
2003; Okubo et al., 2014). Because extensive work has already been
done to model these reservoirs, we use previously estimated reservoir
parameters for our models.

A third recognized storage area is beneath the Keanakako‘i crater
zone. This region has been found to be periodically active in the last
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few decades (Dvorak and Okamura, 1987; Klein et al., 1987; Yang
et al.,, 1992; Poland et al., 2014), but its connection to the other zones
is unclear. Storage areas have also been proposed in the SWRZ with a
connection to the summit (Holcomb, 1987; Fiske et al., 1993; Myer
et al., 2008; Baker and Amelung, 2012; Poland et al., 2012). A magmatic
connection exists from the summit to the ERZ based on the correlation
of summit draining to eruptive activity along the ERZ, where Kilauea
had been erupting almost continuously since 1983 mainly from the
Pu‘u ‘06 vent until May 2018 (Swanson et al., 1979; Wolfe et al.,
1987; Owen et al., 2000; Heliker and Mattox, 2003; Poland et al.,
2009b; Montgomery-Brown et al., 2010; Baker and Amelung, 2012;
Lundgren et al., 2013). The exact nature and location of the connection
between the summit and the ERZ is uncertain. The correlation of pres-
sure perturbations at the HMMR and slightly later at Pu‘u ‘0 (Cervelli
and Miklius, 2003) indicates a relatively direct connection between
the HMMR and ERZ, while seismic observations indicate a deeper con-
nection (Klein et al., 1987).

2.2. Deflation-inflation events

DI events are characterized by radial deflation of the summit area
lasting hours to days, followed by a nearly instantaneous transition to
rapid inflation, with deformation appearing radially outwards from a
point within the caldera region east and southeast of Halema‘uma‘u cra-
ter. While the exact processes responsible for DI events are unclear, it is
assumed that the signals are caused by outflux from the summit tempo-
rarily exceeding magma input (Anderson et al., 2015). Pressure pertur-
bations have been attributed to a temporary blockage that interrupts
the influx of magma within the shallow magmatic system (Cervelli
and Miklius, 2003; Anderson et al., 2015). Poland et al. (2009a) pro-
posed a convective overturn model for the cause of the events, which in-
volves gas-rich magma replacing degassed magma. DI events can
propagate down the ERZ after occurring at the summit, and have been
recorded as matching, time-delayed signals at a tiltmeter located at
Pu‘u ‘00, implying a connection between the summit and ERZ vent
(Cervelli and Miklius, 2003).
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Fig. 1. Kilauea volcano with locations of instruments and geologic features discussed in this study. Size and location of reservoirs are approximate.
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DI pressure changes measured by tiltmeters were also found to be 1992; Denlinger, 1997; Segall et al., 2001). Anderson et al. (2015)
correlated with the height of the level of the summit lava lake open be- used the tilt and lava lake level relationship to estimate the relationship
tween 2008 and 2018 within Halema‘uma‘u crater (Orr et al., 2013; between volume and pressure changes, and refine the geometry of the
Patrick et al., 2013; Patrick and Orr, 2013). Lava lake surface heights at summit magma reservoir. Seismic tremor has also been associated
Kilauea have been related to deformation and used as a pressure with DI events (Cervelli and Miklius, 2003; Dawson et al., 2004) and

gauge for the associated magma reservoir (Tilling, 1987; Johnson, other tilt signals (Ohminato et al.,, 1998).
Blockage between HMMR and SCR Blockage between SCR and deep magma supply
A B
N ¥
& >.‘_
= > A
£ ERZ
=
‘T > N /
S ‘ B 4
oc
2 - - - -
=
T . N , -
Blockage —>» ’
* HMMR deflates as magma drains directly to ERZ * HMMR deflates as magma drains directly to ERZ
and is no longer supplied from SCR. and is no longer supplied from depth.
* SCRinflates as magma cannot exit and continues * SCR deflates as magma is no longer supplied from
to be supplied from depth. depth.
C D
N ¥ N ¥
N ” AN ,‘,
&
o Blockage —>» ’ ERZ ERZ
(%]
-‘E“ \ ’
-oc: __) " 5= _}
o]
wv 4 A
Blockage —>» ‘
* HMMR deflates as magma drains and is no longer * HMMR deflates as magma drains and is no longer
supplied from SCR. supplied from depth.
* SCRis not significantly affected as magma drains to | ® SCR deflates as magma drains and is no longer
ERZ and continues to be supplied from depth. supplied from depth.

Fig. 2. Schematic cross sections of Kilauea's magmatic plumbing system showing locations of magma pathways and blockages and their implications on reservoir volumes during DI events.
Relative sizes and distances are not to scale. HMMR = Halema‘uma‘u reservoir, SCR = south caldera reservoir, ERZ = east rift zone.
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3. Motivation: implications of DI model scenarios

During DI events, the location of the temporary blockage and the
configuration of magma pathways will influence the resulting pressure
changes in the magma reservoirs. Fig. 2 illustrates four such scenarios
and their implications for the system. In all the configurations, magma
is supplied from depth to the SCR where it is then transported through
a conduit to the HMMR. Magma can drain to the ERZ from either the
HMMR (Fig. 2A and B) or from the SCR (Fig. 2C and D). For each of
these cases, the blockage can occur between the conduit connecting
the SCR and the HMMR (Fig. 2A and C), or between the SCR and its
magma supply from depth (Fig. 2B and D).

The summit configuration proposed by Poland et al. (2014) does not
include a conduit directly connecting the HMMR to the ERZ, and instead,
based on seismic data, favors a connection from the SCR to the ERZ
(Fig. 2Cand D). In this scenario, if the blockage occurs in the conduit be-
tween the reservoirs, then magma in the HMMR must be able to rapidly
drain somewhere other than the ERZ when its supply is cut off, in order
to produce the observed the deflationary signal. It is not clear where or
what this storage zone might be. If the blockage occurs deeper below
the SCR, then pressure changes during DI events would be expected to
be the same in both reservoirs for both scenarios shown in Fig. 2B and D.

The two options for the ERZ connection (Fig. 2A and C) were
discussed by Cervelli and Miklius (2003) in relation to DI events caused
by a blockage between the reservoirs. They support a direct connection
from the HMMR to the ERZ (Fig. 2A and B) because of the correlation be-
tween pressure changes in the HMMR and slightly later at Pu‘u ‘O‘6. In
this scenario, the pressure head in the HMMR continues to drive
magma outflux, causing rapid deflation of the HMMR as its volume de-
creases. The deflation is expected to follow an exponential-like decline
as the falling pressure differential drives a proportionately lower flux
rate (e.g. Lengliné et al., 2008). The removal of magma continues until
the HMMR pressure head is too low to overcome the resistance to

flow. At some point the blockage is breached or removed, and the influx
of magma from the SCR resumes. As the HMMR is now at a lower pres-
sure than the SCR there is a rapid re-inflation until the pressure levels
reach an equilibrium (e.g. Haney et al., 2016). The extremely rapid re-
inflation stage indicates that the conduit supplying magma to the
HMMR is wide, supporting the high flux rate. The source of the
magma during this phase maintains a high pressure-differential to
drive the flux, suggesting that the reservoir is relatively large.

One key and relatively unexplored corollary for the model shown by
Fig. 2A is the impact “upstream” of the blockage. The motivation for this
work comes from the implications of this particular scenario. We test
the model that DI events are caused by a blockage between the SCR
and the HMMR under the conditions that magma supply is constant
from depth to the SCR over DI time-scales and magma must flow from
the SCR to the HMMR without leaving the system by any other means
(i.e., magma does not flow directly to the ERZ, SWRZ or deep storage).
We follow the assumption of Cervelli and Miklius (2003) and
Anderson et al. (2015) that magma is lost from the HMMR to the ERZ
or some part of the summit magma system, while acknowledging that
this connection is not fully understood. We neglect magma compress-
ibility and the relationship between magma and reservoir compressibil-
ity as it is low within the reservoirs (Anderson et al., 2015; Rivalta and
Segall, 2008). If this blockage model is correct and the above conditions
are met, then a volume of magma similar in magnitude to that lost from
the HMMR during a DI event is expected to be added to the SCR. Thus
we test the hypothesis that a volume increase in the SCR during the de-
flationary phase of a DI event produces detectable tilt deformation at
the surface.

4. Data

DI events are best recorded by the summit tiltmeter network (Fig. 1),
operated by the U.S. Geological Survey (USGS) Hawaiian Volcano
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Fig. 3. North (black) and east (gray) tilt recorded on four tiltmeters (note variation in signals at each instrument). Examples of three DI events described in text showing differing
characteristic patterns. Note the change in rate of deflation at various sites, indicated by vertical lines delineating Parts 1 (P1) and Parts 2 (P2) as defined in this study. P1 = onset of
initial deflation through end of initial deflation rate, P2 = end of initial deflation rate to onset of rapid inflation.
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Observatory (HVO) (Cervelli and Miklius, 2003; Anderson et al., 2015),
but other, generally larger, events are also recorded in global positioning
system (GPS), interferometric synthetic aperture radar (InSAR), and
strain-meter data (Cervelli and Miklius, 2003; Dawson et al., 2004;
Baker and Amelung, 2012; Poland et al., 2012). HVO tiltmeters record
at a 1 min sampling rate and telemeter data back to the observatory.
We use data from four summit tiltmeter sites surrounding the caldera
that record DI events: UWE, SDH, SMC, and IKI. A fifth tiltmeter, ESC,
is located along the ERZ but as it is ~5 km away from the summit it
does not record DI events as clearly as the other sites, and is excluded
from our analysis. The IKI site records events less clearly than the others.
A rotational offset at the SMC tiltmeter has been suggested because tilt
azimuths from this site are slightly discordant with those recorded at
the other sites (Cervelli and Miklius, 2003; Anderson et al., 2015;
Johnson et al., 2019). Although this tilt network is relatively small, it
has a very favorable geometric distribution with respect to the active
magma storage areas for resolving and distinguishing pressure changes
in the different storage areas.

HVO maintains a catalogue of ~500 hand-picked DI events between
the period January 1, 2000 to December 31, 2013 that identify the times
of the onset of deflation, onset of inflation, and the end of rapid inflation.
We analyzed the 16 largest (>4 prad magnitude) DI events from the cat-
alogue between 2010 and 2012 to test if tilt vectors at the summit sites
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suggested inflation from the SCR region. Outliers in the tilt data were
cleaned using a median filter, and a diurnal signal estimation (Weron,
2010) was applied to reduce periodic noise for each of the selected
time windows. The tilt data were then low-pass filtered and decimated
down to a 5 min sample rate which is sufficient to resolve the temporal
details of the DI events.

The selected events were categorized by HVO as U-type events
based on their decreasing rate of deflation in an exponential-like or
piecewise linear pattern over 1-3 days (Anderson et al., 2015), however
the temporal evolution of the deflationary phase is variable among
events (Fig. 3). Four events were characterized by well-defined expo-
nentially decaying signals, and seven events consisted of two distinctly
separate deflation phases, each exhibiting nearly linear tilt rates. The re-
maining events showed tilt beginning to increase slightly during the
secondary phase before the onset of rapid inflation, which appears as
a parabola-shaped time series.

For all events, the observed deflation signal was divided into two
separate phases: an initial rapid deflationary phase (Part 1) followed
by a secondary phase smaller in magnitude (Part 2) representing a
lower rate of deflation. The onset of rapid inflation marks the end of
the entire deflationary phase of the event. We chose to identify two sep-
arate phases of the deflationary period because the nature of the signals
appears to be distinct and therefore may not be controlled by the same
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Fig. 4. Tilt observations for the 16 largest DI events between 2010 and 2012. Each event is divided into two parts: initial phase (Part 1) and secondary phase (Part 2). Note the decrease in

magnitude, and difference in azimuthal direction of Part 2 compared to Part 1.
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physical processes. Dividing these phases also allowed the tilt vectors
for each phase to be viewed separately (Fig. 4) and provide a more de-
tailed analysis than measuring a single magnitude of deflation over the
entire event. The transition between Part 1 and Part 2 was hand-picked
from the tilt data. Part 1 (initial deflation) is similar for all events, how-
ever, the temporal evolution of Part 2 (secondary phase) is variable.

Large magnitude DI events are also recorded by the network of GPS
receivers on Kilauea, although the signal to noise ratio in GPS data is
much lower than for the tilt data. As it does not contribute significantly
to our solutions, we do not include the GPS data in our modeling, but
note that the distinction between DI parts 1 and 2 is observed at certain
sites. For example, the transition to slower rates of deformation can be
seen in a DI event recorded in GPS line-length changes across sites
UWEYV and CRIM in the north and east components (Fig. 5). GPS data
in the vertical component were too noisy to detect a clear signal over
these short time periods. The kinematic GPS solutions were produced
from 30 s sample data files, cleaned, low-pass filtered, and decimated
down to 30 min for the time windows of the DI event.

5. Predicted tilt from modeling geodetic sources
5.1. Magma reservoir deformation during DI events

We used deformation models to predict the tilt produced by a vol-
ume increase in a spherical (McTigue, 1987) and sill-like (Fialko et al.,
2001) magma reservoir for a range of source depths and radii (Fig. 6).
The goal was to determine if any combination of model parameters
(source depth, radius, and volume change) for the SCR exists that
would result in detectable DI tilt signals. The depth range was set to
500-5000 m depths and the radius range was 400-4000 m. The source
center was set at the approximate horizontal location of the SCR deter-
mined by Poland et al. (2012).

Previous studies have estimated magma reservoir volume changes
necessary to produce a given amount of tilt (Anderson et al., 2015;
Dvorak and Dzurisin, 1993). The volume of blocked magma during DI
events was estimated by Anderson et al. (2015) to be between
3.2 x 10% and 3.2 x 10° m?, with 3.2 x 10° m® = 0.32 Mm”>. Dvorak
and Dzurisin (1993), determined a conversion factor between annual
scale tilt and volume change within the SCR to be 4.5 x 10° m®
(0.00045 km?) = 1 prad of tilt at the UWE tiltmeter. Using the same ap-
proach, but adjusting the conversion factor to reflect that the dominant
source for the DI events is the HMMR (which is closer to the UWE

tiltmeter), we use a value of 0.35 Mm? in our analysis. This value pro-
duces tilts most similar in magnitude to the observations in this study.

For a spherical magma chamber, the pressure change and volume
change can be related directly by AV = mApa>/G, where AV is the change
in volume, Ap is change in pressure, a is radius, and G is the elastic shear
modulus (Segall, 2013). Reorganizing the equation, the pressure change
can be solved for given a radius and change in volume. The conversion
between volume change and pressure change is more complex for a
sill-like magma reservoir and was calculated using the opening of a
penny-shaped crack (Fialko et al., 2001). During analysis volume
changes are converted to pressure changes that are used as inputs to
the deformation models.

The tilts were predicted at each of the four summit tiltmeters for a
0.35 Mm?® volume increase in the SCR (Fig. 6). The results show that
similar tilt magnitudes are produced using spherical and sill-like
sources at each site. For a source at the previously estimated SCR
depth range of 2.5-4 km and a range of radii, predicted tilts at SDH
are between ~1 and 4 prad to the west and <0.2 prad to the north. Tilts
predicted at site SMC were between ~1 and 4 prad to the east and ~1
and 5 prad to the north. Sites UWE and IKI produce smaller tilt magni-
tudes on the order of ~1 prad. The deflation magnitudes of ~500 DI
events cataloged by HVO are between 0.4 prad and 8.5 prad. The lower
bound was set as a subjective estimate of the amplitude of non-
magmatic signals in the data. This implies that DI related perturbations
as small as 0.4 prad can be detected, and that realistic changes in tilt
magnitudes are not likely greater than ~8.5 prad. Comparing these
values with the results suggests that volume changes of the predicted
magnitude range in the SCR alone would produce detectable deforma-
tion at all four tiltmeter sites, and particularly at sites SDH and SMC.

5.2. Deformation for volume increase in SCR and decrease in HMMR

The overall pattern of deformation during DI events implied by the
scenario in Fig. 2A is produced by a volume decrease in the HMMR
and simultaneous volume increase in the SCR. Both summit magma res-
ervoirs were modeled to predict the deformation for a 0.35 Mm? vol-
ume decrease in the HMMR and simultaneous and equivalent volume
increase in the SCR to test if SCR related deformation is detectable
over HMMR deformation. The model configuration consists of two
spherical sources (McTigue, 1987), with the HMMR at 700 m radius
and 1000 m depth, and the SCR at 800 m radius and 3000 m depth.
These parameters were selected based on plausible values (non-
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bright yellow. Only physically plausible reservoir depth and radius combinations are shown (source radius cannot be greater than depth). Box outlines approximate depth range
estimates of SCR from previous studies.
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magnitudes are similar for both spherical and sill-like sources, and
therefore the choice of geodetic model shape does not significantly af-
fect the analysis and interpretation. Each source deformation was pre-
dicted separately while requiring that the equivalent volume of
magma removed from the HMMR is added to the SCR. The overall pre-
dicted deformation pattern was obtained by adding the deformation
produced by both sources (Lisowski, 2007). We recognize that comput-
ing the deformation using two analytical models in close proximity ne-
glects the interaction between the sources and violates the assumption
of homogeneity. However, work investigating the effects of interacting
source bodies by comparing results from analytical and numerical solu-
tions (Pascal et al., 2014) indicates that for our geometry the errors in-
troduced would be <16%.

The effect of the SCR pressure increase on the overall deformation is
evident in the mapped predictions, with SCR related tilt causing a rota-
tion of the tilt vectors (Fig. 7). The combined pattern of deformation
shows ~30° of rotation at SDH and SMC away from the SCR source loca-
tion, such that the predicted vectors no longer point to a single source at
the HMMR as is observed for DI events (Cervelli and Miklius, 2003;
Anderson et al., 2015). The influence of the SCR on the overall deforma-
tion pattern is most extreme in the east-west component of the SDH
tiltmeter, which is located almost directly west of the approximate

-155.3" -155.28°

19.44°

19.42°

19.4°

19.38°
-155.28°

-155.3"

SCR location. Here, the predicted tilt from the HMMR is 2.8 prad to the
east, and the predicted tilt from the SCR is 2.0 prad to the west, resulting
in an overall tilt of 0.9 prad to the east. At UWE the predicted HMMR tilt
is 4.5 prad to the south and 4.6 prad to the east, while the SCR contribu-
tion is 0.7 prad to the north and 0.5 prad to the west. Combining these
gives an overall tilt of 3.8 prad to the south and 4.2 prad to the east.
The SCR contribution is not only greater than the average noise of tilt
meters (0.1 prad), but it is also above the threshold of the smallest DI
event magnitude (0.4 prad), and therefore should be a detectable contri-
bution to the overall tilt signal, although the HMMR signal is greater in
magnitude.

6. Analysis of selected DI events

When viewed spatially, tilt vectors for Part 1 point to a region east to
southeast of Halema‘uma‘u crater within the caldera (Fig. 4), consistent
with previous studies. For Part 2, the magnitude of tilt vectors decreases,
and azimuths tend to rotate away from the orientation of the initial de-
flation phase. At UWE, four of the Part 2 vector azimuths are consistent
with the Part 1 azimuths, but the remaining vectors rotate slightly in the
counterclockwise direction, which is what is predicted for an inflating
SCR. Interestingly, the Part 2 vectors at SDH and SMC tend to rotate to

-155.26° -155.24°

19.44°

19.42°

19.4°

19.38°

-155.26° -155.24°

Fig. 7. Model predictions of tilt at Kilauea summit for spherical sources representing the HMMR decreasing in volume by 0.35 Mm? (pink vectors), SCR increasing in volume by the same
amount (light blue vectors), and total resulting tilt produced by adding both deformation signals (dark blue vectors). Shading around source locations indicates approximate modeled

reservoir size.
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the south, pointing towards the SCR, which is a rotation in the opposite
direction of the predicted tilts for an inflating SCR. The range of Part 2
vector azimuths is most extreme at SDH, where vectors rotate clockwise
up to ~120° from their initial positions. At IKI, although the DI events are
less clear, a difference between Part 1 and 2 azimuths can still be
observed.

6.1. Modeling

We searched for the volume change in the reservoirs that minimized
the misfit between the model solutions and the observations in a least-
squares sense. We used the non-linear optimization algorithm that em-
ploys the Nelder-Mead method (Matlab© fminsearch function) to find
the best-fit parameters. The model configuration consisted of two
spherical sources as described in Section 5.2, with constant source
depth, radius, and horizontal location. Only the pressure change in
each source was allowed to vary. Three models were tested: Model
1) The HMMR allowed to freely increase or decrease in pressure change
with zero contribution from the SCR, Model 2) The HMMR allowed to
freely decrease in pressure change, and the SCR defined as increasing
in an “equivalent” pressure change (obtained using equivalent volume
changes in each reservoir), and Model 3) Both the HMMR and the SCR
allowed to independently increase or decrease in pressure change. The
inputs were the observed steps in magnitude from the beginning and
end of Part 1 and Part 2 for the north-south and east-west components
atall sites, and the associated uncertainties. The model outputs the best-
fitting pressure changes, which are then used to calculate the predicted
deformation.

6.2. Model comparison

Tilts were predicted for each of the modeled pressure change solu-
tions and compared with observed data to find the residuals between
them. The AICc (Akaike Information Criterion with correction for small
sample sizes) was calculated to identify the minimum AICc, indicating
the preferred model. The AICc test absorbs the statistical impact of addi-
tional free parameters in describing the observations, allowing for an
unbiased comparison of models with different degrees of freedom (A
detailed description of the AICc calculations is given in Appendix A.)

Because we are primarily concerned with how our candidate models
compare with each other, we construct the AAICc by subtracting the
minimum AICc from all values. For each time period, the lowest AAICc
is Model 3. Model 1 gives the second lowest AlICc for each period,
which is consistent with previous studies proposing that DI events man-
ifest in the HMMR without observed contribution from the SCR (Cervelli
and Miklius, 2003; Anderson et al., 2015). Model 2, which forces the SCR
to increase by the same volume change as the HMMR decrease, consis-
tently gives the highest AAICc of any model, indicating this model
should be rejected as an explanation for the observed signals. These re-
sults support Model 3, a two-reservoir model with unconstrained pres-
sure changes in the SCR, as the most representative model for the data.
This implies that the SCR volume changes we find are not modeling ran-
dom noise, but are describing a coherent signal.

6.3. Magma reservoir correlation

We calculated the Pearson's r correlation coefficients for the two
data sets of predicted pressure changes in the HMMR and SCR (correla-
tion coefficient calculations and values are given in Appendix B). This
provides a measure of the strength of a linear relationship between
the reservoirs and thus provides insight into how they are connected.
A value of r = 0 implies that there is no linear correlation, and a value
of r =1 or — 1 implies a positive or negative linear correlation, respec-
tively. The calculated r coefficients were compared against the critical
values of Pearson's r coefficient table for a two-tailed test, accounting

for the degrees of freedom. For the relationship to be statistically signif-
icant, the calculated r value must exceed the critical r value.

For Parts 1 and 2, the reservoirs did not exhibit a statistically signif-
icant correlation at the 0.05 level. The lack of correlation between the
HMMR and SCR for the matching time periods (HMMR Part 1 vs SCR
Part 1, and HMMR Part 2 vs SCR Part 2) suggests that the relationship
between the reservoirs is more complex than the simple conduit con-
nection implied by Cervelli and Miklius (2003). A positive, nonzero cor-
relation would be expected given an open conduit, and a negative one
given a blockage between them. Because we are only looking at the
total tilt offsets, the correlation refers to the total pressure changes
only, and does not apply to the step by step temporal evolution of the
DI event. There may be a range of time-varying pressure signals, but
the general relationship between the reservoirs should be the same un-
less flux to the SCR stops immediately when the pressure increases. The
HMMR during Part 1 and SCR during Part 2 were also not significantly
correlated at the 0.05 level. This rules out the case where the reservoirs
have different characteristic response times to changes in flux (Lengliné
et al., 2008). This situation could have been an explanation for the lack
of visible signal during Part 1 at the SCR as, if the SCR is much larger
than the HMMR, it would respond more slowly to a net flux change.
But in this case we would expect to see the signal from the SCR accumu-
lating through the entire period, especially during Part 2, when there is
little masking signal from the HMMR. The uncorrelated pressure signals
during those time periods indicate that reservoir activities in the HMMR
and SCR are unrelated to each other during DI events.

The only significant correlation found at the 0.05 level was between
the SCR during Part 1 and the HMMR during Part 2 (Fig. 8). This negative
correlation implies that for a given SCR pressure increase during Part 1,
the HMMR pressure would decrease during Part 2, and vice versa. The
correlation trend-line for SCR vs HMMR volume changes has a slope of
approximately —2. The average change in volume in the SCR during
Part 1 (0.155 Mm?) and in the HMMR during Part 2 (0.013 Mm?) has
a ratio of 12:1, much larger than would be expected for the observed
correlation trend of ~2. The range in predicted relative volume changes
for each event makes it difficult to hypothesize a single representative
process that characterizes all events. In addition, the correlation is not
significant at the 0.01 level, and therefore, it remains plausible that
this correlation at the 0.05 level may be a result of statistical analysis
and does not represent a physically realistic scenario.
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Fig. 8. Predicted pressure changes in the HMMR versus SCR for Model 3 during Part 1 (P1),
Part 2 (P2) and for SCR P1 versus HMMR P2. Pearson's correlation coefficients are: P1,r =
—0.2029; P2,r = —0.2075; and SCR P1 vs HMMR P2, r = —0.5787. Gray trend-line shown
indicates the best fit least-squares linear correlation between SCR P1 vs HMMR P2
(slope = —1.3).
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7. Discussion

Analysis of deformation implied by the configuration of Fig. 2A dur-
ing DI events provides insight to Kilauea's shallow magmatic system
configuration as well as the processes driving magma reservoir activity.
Our results favor a model with unconstrained pressure changes in both
the HMMR and SCR, although Part 1 of the events are much more
strongly associated with the HMMR than with the SCR. The AICc values
also show that all models we tested describe Part 1 of the DI events bet-
ter than Part 2. The better fit of the models may be because the tilts dur-
ing Part 1 are larger in magnitude, have higher signal to noise ratio, and
are more similar in orientation for all events than the variation exhib-
ited during Part 2. This decrease in magnitude and inconsistency in az-
imuthal rotation suggests changes within the system that are not
sufficiently described by the SCR alone.

The more complex deformation pattern during Part 2 may be a result
of activity within other storage zones. Migrations of deformation cen-
ters at Kilauea's summit have previously been documented, and it is
suggested that they result from the interconnection of magma storage
and transport areas that activate in response to accumulation or with-
drawal of magma over time (Fiske and Kinoshita, 1969; Dieterich and
Decker, 1975; Shimozuru, 1981; Ryan et al., 1981; Yang et al., 1992;
Lockwood et al., 1999). It is possible the signals we observe in Part 2
are associated with small-scale pressure variations within some combi-
nation of these other zones.

The apparent relocation of the main source of deflation from east
of Halema‘uma‘u crater to south of the caldera observed between
Parts 1 and 2 of some of the DI events, could reflect a migration of
magma to another part of the system. Wright and Klein (2014)
note that for many volcanic events at Kilauea, such as those causing
the varying Fiske and Kinoshita (1969) inflation centers from 1966
to 1967, deflation vectors may rotate clockwise from UWE. They in-
terpret this rotation as initial draining of the northern region of the
magmatic system, followed by draining of areas in the south. Al-
though this may partially explain tilt rotations it does not explain
the reduction in tilt rate at the onset of Part 2. At SDH and SMC, the
tilt vector rotations towards the SCR location to the south could re-
flect a similar draining of the eastern Halema‘uma‘u magmatic region
during Part 1, followed by subsequent draining in the south during
Part 2. The slight counterclockwise rotations generally observed at
UWE during Part 2, however, are not consistent with draining of
the SCR, and instead would imply inflation of a nearby source to
the south. If these rotations at UWE were caused by the HMMR inflat-
ing slightly, it could be expected that the inflation would be detected
at the other tiltmeter sites (Mogi, 1958; Lisowski, 2007), but this is
not clearly observed as evidenced by the majority (13 of 16) of pre-
dicted pressures for Model 3 indicating deflation. The UWE tiltmeter
could be detecting localized signals such as smaller magmatic stor-
age zones, hydrological or hydrothermal system changes, stresses
from faulting, or responses to changing rheological properties
around the caldera rim. Because the Part 1 and 2 signals at UWE
are larger than the 0.4 yrad DI event threshold, the observed rota-
tions are outside the expected noise range and are therefore likely
real signals. Similarly, while the tilt signals at site SDH could be influ-
enced by local effects in the south caldera region (Dvorak and
Okamura, 1987; Lockwood et al., 1999), we would expect the magni-
tude of these effects to be considerably smaller than the signals
observed.

The overall deformation pattern may also be influenced by a misfit
that has been suggested for the SMC tiltmeter, which generally points
south of the approximate HMMR location (Anderson et al., 2015;
Johnson et al., 2019). In a study on the effects of topography on tilt
data, Johnson et al. (2019) found that surface geometry at Kilauea can
cause tilt rotations of ~10°, which could also be contributing to the ob-
served signals. This topographic effect, however, only partially explains
the anomalous tilt observed at site SMC. The UWE tiltmeter signals may

also be influenced by topography, but their results suggested that tilt ro-
tations were not impacted (Johnson et al., 2019).

Dvorak and Okamura (1987) suggested that the apparent expo-
nential decay rate of summit tilt signals is controlled by magma
flow rates and other similar properties, and that volcano rheology
and migration of subsidence centers are not controlling factors.
Anderson et al. (2015) suggested that some DI events could be
caused by blockages deeper in the system. We agree that this inter-
pretation is plausible. If the blockage occurs deeper than the SCR,
the HMMR would rapidly deflate when magma exits to the ERZ, as-
suming it is not supplied by the SCR at a faster rate. During rapid
HMMR deflation, magma would still be moving from the SCR to the
HMMR because of the pressure difference between them, but the
HMMR would not necessarily inflate since magma is being output
to the ERZ at a higher rate than the recharge. Baker and Amelung
(2012) proposed a similar top down model configuration. This
model fits tilt observations for the most part, except for the counter-
clockwise rotation at the UWE site.

It is possible that SCR inflation during Part 1 may still be undetected,
but this seems unlikely as the same amount of magma blocked would
theoretically produce a large enough signal to be detected. If the best
fitting model for Part 1 only includes HMMR deflation, the question re-
mains of where the magma blocked from the HMMR is stored if a block-
age occurs between the SCR and HMMR. Tilt observations over the
course of the DI events reflect a more complex deformation pattern
than the transfer of volume through a conduit connecting reservoirs im-
plied by Fig. 2A. With the constraint of only four tiltmeters, a two-source
geodetic model may not be able to accurately predict the complex de-
formation pattern. Further analysis could provide additional insight
into how these events manifest.

The results suggesting a possible correlation between reservoirs
over the two parts imply that for lower pressure changes in the SCR dur-
ing Part 1, pressure changes are higher in the HMMR during Part 2. This
may imply blockages in the system that have partially breached before
completely opening, such that a fraction of the magma is transported
into the HMMR during Part 2 before the blockage is fully breached dur-
ing the rapid inflation. Partial blockages may also help to explain the
variation in magnitude and degree of orientation of the tilt vectors for
each event.

For our modeling we chose to fix the depth and radius for the HMMR
based on values from previous studies (e.g., Cervelli and Miklius, 2003;
Anderson et al., 2015), but a range of other reservoir geometries are
plausible. Changing the geometry of our models, however, would not
have a significant impact on the results of our analysis. If the HMMR
was modeled deeper (Anderson et al., 2019), then the HMMR pressure
change would need to be bigger to produce the same observed signal.
Since we are using a mass balance approach, the SCR signal would
then be larger due to the larger pressure change in the HMMR. This
means even more SCR related tilt rotation would be expected, and the
SCR would contribute more to the overall combined deformation. How-
ever, this SCR contribution is not observed. Changing the HMMR radius
would have similar effects. For a given pressure change and depth, a
larger source radius will result in larger signals, while a smaller radius
will result in smaller signals. Anderson et al. (2019) estimated the
HMMR volume to be between 2.3 and 5.4 km?, which equates to a ra-
dius between ~840 and ~1090 m for a spherical reservoir. Fig. 6A
shows the predicted deformation for a pressure change in a spherical
reservoir at varying depths and radii, illustrating how the deformation
is influenced by changing these parameters.

Finally, we note that although the dramatic events of the 2018 Ki-
lauea summit collapse sequence (Neal et al., 2019) have dramatically
transformed the topography of the summit, the results presented here
remain of current interest as recent deformation measurements indi-
cate that the plumbing and storage system is being reoccupied, and
that DI events have resumed (pers. comm. Ingrid Johanson, February
14, 2020).
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8. Conclusions

Our results are inconsistent with the reservoir configuration pro-
posed by Cervelli and Miklius (2003) and shown in Fig. 2A, suggesting
a direct connection from the HMMR to the eruption site at Pu‘u ‘00,
and a direct connection between the SCR and HMMR which is tempo-
rarily blocked during DI events. Inflation of the SCR that would be ex-
pected during the HMMR deflation was not detected in our analysis. A
blockage occurring below the SCR would imply deflation in both the
HMMR and SCR during a DI event, but our results do not show a corre-
lation between deflation in the reservoirs over the time periods
analyzed.

Our results are also inconsistent with the configuration proposed by
Poland et al. (2012), which consists of a direct connection between the
SCR and HMMR, and the connection to Pu‘u ‘O‘0 coming from the SCR.
This configuration implies that a blockage between the SCR and
HMMR should generate little signal from the HMMR, unless there is a
“sink” for its magma somewhere locally, for which we are unware of
supporting evidence. As with the Cervelli and Miklius (2003) configura-
tion, if the blockage is below the SCR both reservoirs should experience
similar pressure drops, which is not supported by our analysis.

Although our results do not provide a preferred candidate for the
reservoir configuration and DI process, they do suggest that the
HMMR and SCR do not have a simple connection between them, and
that the summit reservoirs are instead perhaps more like the earlier
conceptual models of the system consisting of a number reservoirs
with their own source conduits connecting in some complex way to
the deep magma source.
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Appendix A. Calculating AAICc

To calculate the AAICc values given in Table 1, the RSS (residual sum
of squares) was first calculated using,

2
()'i

A\ 2
RSS=3" (i=1(0)) (A1)
i=1

where y is observed data, f(0) is model predictions for which 6 is the set
of best fit parameters, o is the uncertainty (error), the subscript i

Table 1

AAICc results for three models tested: Model 1) The HMMR allowed to freely increase or
decrease in pressure change; Model 2) The HMMR allowed to freely decrease in pressure
change, and the SCR set to increase in an “equivalent” pressure change (for equivalent vol-
ume changes in each reservoir), and Model 3) Both the HMMR and the SCR allowed to
freely increase or decrease in pressure change.

Period Model 1 Model 2 Model 3
Part 1 94.8 197.5 0.00
Part 2 180.3 205.3 117.5
Entire event 2333 290.2 160.5

indicates the sample index, and n is the number of observations. The
RSS was scaled by the squared error. In this case, n = 4 tilt sites x 2 com-
ponents for each instrument (north and east) x 16 events = 128 obser-
vations. The AIC and AICc were calculated using the formulations,

AIC = 2k + n In(RSS) (A2)
Alce — aic + 2K+ 2k (A3)
N n—k—1

where k is the number of parameters in the model. For Model 1 and
Model 2, k = 1, and for Model 3, k = 2. These steps were done for
Part 1 (AIC;) and Part 2 (AIC,) separately, and combined to give the en-
tire event (AlCgntire event)- These were given by,

AICy =2k +n In(RSSpy)
AICy =2k +n In(RSSp,)
AlCkntire event = 2k +n In(RSSpy + RSSpy)

where RSSp; and RSSp; are the RSS for Part 1 and Part 2, respectively. The
AlCc was then calculated using Eq. (A3). Finally, the AAICc was calcu-
lated by subtracting the minimum AICc value of all the results.

AAICc = AICc—AICCmin (A4)

The AAICc was calculated for each model, and the values then com-
pared. The lowest value indicates the preferred model.

Appendix B. Calculating correlation coefficients

The correlation coefficients were calculated using Pearson's product
moment correlation coefficient r, which measures the linear correlation
between two variables x and y. The formulation is given by,

_Zizln(xi_’_‘)(yi_y) 2
- Vil (=R \/E(Y, y)

where x; and y; are the sample points indexed with i,Xand y are the sam-
ple means, and n is the sample size. A value of r = 0 implies that there is
no linear correlation between the variables, and a value of 1 or —1 im-
plies that data points lie on a line of x and y. We calculated the correla-
tion coefficients for the predicted reservoir pressure changes for 16 DI
events in the following pairs:

* rp; = HMMR Part 1 and SCR Part 1

* pp — HMMR Part 2 and SCR Part 2

* p;+p2 — HMMR Part 1 + Part 2 and SCR Part 1 + Part 2
* THMMRPI 5y, — HMMR Part 1 and SCR Part 2

* T'scrr1_nmmrrz — SCR Part 1 and HMMR Part 2

The calculated Pearson's r correlation coefficients were compared
against the critical values in the Pearson's r coefficient table, taking
into account the degrees of freedom (df), where df = the number of
pairs of scores minus 2. In our case, there were 14 degrees of freedom
(16 events - 2). To be considered a significantly nonzero correlation at
the 0.05 and 0.01 levels, the calculated r statistic must exceed the critical
table value rqscq for 14 degrees of freedom. The results are shown
below:

At the 0.01 level of significance, igjca = 0.623.

rp; = 0.2029 < ryitics = 0.623

Ip2 = 0.2075 < I'griticas = 0.623

I'p14p2 = 0.6011 < rgiticar = 0.623

Tmmiret_screz = | —0.0861| < Ieriticar = 0.623

rscrp1_ummrez = |—0.5787| < Teriticat = 0.623
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At the 0.05 level of significance, r'eitjcqs = 0.497.

rp; = 0.2029 < r'giticas = 0.497

rp2 = 0.2075 < I'gritical = 0.497

I'p14p2 = 0.6011 > reiticas = 0.497

Tammrei_scrrz = |—0.0861| < Teriricat = 0.497

rscrp1_tmmrez = | —0.5787| > T'giticar = 0.497

At the 0.01 level, all results are non-significant (accept null hypoth-
esis). At the 0.05 level, results are non-significant during Part 1 and Part
2 separately, but the result is significant for Part 1 + Part 2 (reject null
hypothesis). This suggests that the HMMR and SCR are not correlated
for Part 1 and Part 2 individually, but that over the course of the DI
event there is a negative correlation between them. To find the source
of the correlation over the entire event, we tested for correlation be-
tween reservoirs over both parts. For Part 1 in the HMMR and Part 2
in the SCR, r = —0.0861 (non-significant result). For Part 1 in the SCR
and Part 2 in the HMMR, r = —0.5787 (significant result at the 0.05
level). This revealed that there was a statistically significant correlation
at the 0.05 level for the pressure changes in the SCR during Part 1 and
the HMMR during Part 2.
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