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Microgravity Change During the 2008-2018 Kilauea Summit
Eruption: Nearly a Decade of Subsurface Mass Accumulation

M. R. Koymans!? (2, E. de Zeeuw-van Dalfsen!? (2, L. G. Evers'? (), and M. P. Poland*

'R&D Seismology and Acoustics, Royal Netherlands Meteorological Institute, De Bilt, The Netherlands, 2Department of
Geoscience and Engineering, Delft University of Technology, Delft, The Netherlands, *Department of Geoscience and
Remote Sensing, Delft University of Technology, Delft, The Netherlands, “U.S. Geological Survey, Vancouver, WA, USA

Abstract Results from nine microgravity campaigns from Kilauea, Hawai‘i, spanning most of the volcano's
2008-2018 summit eruption, indicate persistent mass accumulation at shallow levels. A weighted least squares
approach is used to recover microgravity results from a network of benchmarks around Kilauea's summit,
eliminate instrumental drift, and restore suspected data tares. A total mass of 1.9 x 10'! kg was determined
from these microgravity campaigns to have accumulated below Kilauea Caldera during 2009-2015 at an
estimated depth of 1.3 km below sea level. Only a fraction of this mass is reflected in surface deformation, and
this is consistent with previously reported discrepancies between subsurface mass accumulation and observed
surface deformation. The discrepancy, amongst other independent evidence from gas emissions, seismicity,
and continuous gravimetry, indicate densification of magma in the reservoirs below the volcano summit. This
densification may have been driven by degassing through the summit vent. It is hypothesized that during the
final years of the summit eruption, magma densification resulted in a buildup of pressure in the reservoirs that
may have contributed to the lower East Rift Zone outbreak of 2018. The observed mass accumulation beneath
Kilauea could not have been detected through other techniques and illustrates the importance of microgravity
measurements in volcano monitoring.

Plain Language Summary Kilauea, Hawai‘i, is one of the best known shield volcanoes in the
world. In 2008, a summit eruption began and lasted for over a decade, ending with an outbreak in 2018
from the volcano's lower East Rift Zone (ERZ) that destroyed hundreds of homes. Over the course of the
2008-2018 summit eruption, nine microgravity campaigns were completed around the volcano's caldera.
These campaign measurements provide unique insight into mass changes below the surface of the volcano
that would not have been detected otherwise. The results show that during 2009-2015, mass was steadily
accumulating in the magma reservoirs below Kilauea's summit. Usually, the accumulation of mass below
volcanoes is accompanied by surface inflation, but for Kilauea it was found that the mass increase was much
larger than expected for the observed increase in volume, indicating densification of gas-rich magma in

the reservoir. Magma densification may lead to a mass increase without significantly increasing the source
volume. The subsequent pressure increase may have contributed to the 2015 summit intrusion and the 2018
lower ERZ eruption.

1. Introduction

Kilauea, Hawai‘i (Figure 1), is one of the most active and accessible shield volcanoes in the world. The volcano
provides exceptional opportunities to investigate subsurface magma storage areas and their spatiotemporal evolu-
tion. In 2008, a decade-long summit eruption began, characterized by a lava lake that rose and fell according to
changes in magma pressure. Effusive activity had also been ongoing since 1983 near the Pu‘u‘c‘0 vent, 20 km
down-rift of the summit on the volcano's East Rift Zone (ERZ). Both eruptions ended suddenly in May 2018,
when a dike propagated to the lower ERZ, 40 km down-rift of the summit, erupting over 1 km? of material over
a period of three months. The outbreak in the lower ERZ left multiple neighborhoods destroyed and was accom-

panied by piecemeal collapse of Kilauea's summit (Neal et al., 2019).

The lava lake that was present during Kilauea's 2008-2018 summit eruption was connected to a shallow magma
storage area known as the Halema‘uma‘u Reservoir (HMMR), centered at 0—1 km depth below sea level (b.s.1.).
A second, larger magma reservoir exists beneath the south part of the caldera (Figure 1) centered 2—4 km depth
b.s.l. and is referred to as the South Caldera Reservoir (SCR) (Bemelmans et al., 2021; Jo et al., 2015; Lundgren
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et al., 2013; Poland et al., 2014; Wieser et al., 2020). Volume estimates of the HMMR range from 0.2 to 5.5 km?
(Anderson et al., 2015) and 2.5-7.2 km? (Anderson et al., 2019), and the volume of the SCR is thought to exceed
10 km? (Poland et al., 2014). The level of the lava lake varied synchronously with ground deformation, indicating
a strong—possibly magmastatic (a column of magma that is in equilibrium with the deeper pressure)—connection
with the HMMR (Anderson et al., 2015; Lundgren et al., 2013; Orr et al., 2015; Patrick, Orr, et al., 2019; Patrick,
Swanson, & Orr, 2019; Poland, Carbone, & Patrick, 2021). The connection and interplay between the HMMR and
SCR remains uncertain (Anderson et al., 2020; Poland, 2014; Poland, Miklius, et al., 2021; Wang et al., 2021).

Summit eruptive activity between 2008 and 2018 was captured by a diverse set of geodetic observations, includ-
ing campaign and continuous Global Navigation Satellite System (GNSS), borehole tilt, InNSAR, and campaign
and continuous microgravity (Poland, Miklius, et al., 2021). Deformation data are an effective tool for investi-
gating changes in subsurface volume and pressure beneath Kilauea (Bemelmans et al., 2021; Jo et al., 2015);
however, only gravity measurements can provide constraints on whether surface deformation is accompanied
by subsurface changes in mass—information that is critical for understanding the source of geodetic change
(Carbone et al., 2017; Nikkhoo & Rivalta, 2021). Mass accumulation may be a precursor to volcanic activity
(Rymer, 1994), making the technique valuable and widely adopted in volcano monitoring to produce quantitative
estimates of source characteristics at volcanoes worldwide (Carbone & Greco, 2007; Miller et al., 2017).

1.1. Microgravity Observations at Kilauea

Over the course of the 2008-2018 eruption, continuous microgravity monitoring near the summit eruptive vent
yielded constraints on the density of the lava lake and dynamics of subsurface magmatism. These constraints were
based mostly on short-lived signals that spanned minutes to days (Carbone et al., 2013; Carbone & Poland, 2012;
Poland & Carbone, 2016, 2018; Poland, Carbone, & Patrick, 2021). In continuous observations from mechanical
spring gravimeters, the contributions of instrumental drift and long-term mass changes are challenging to sepa-
rate. Furthermore, continuous observations from a single location are insufficient to derive quantitative estimates
of the location and magnitude of subsurface mass variations. Microgravity campaigns completed over the course
of multiple years overcome these limitations by measuring microgravity at a network of benchmarks relative to a
reference benchmark that is outside the area of expected gravity change. These measurements, expressed relative
to this reference, can be corrected for instrumental drift by repeating the measurements in a short period over
which the drift can be quantified and eliminated (Van Camp et al., 2017). Changes in the difference between
the benchmarks and the reference benchmark can then be observed over longer periods of time. The increased
spatial coverage from microgravity campaigns thus allows the source of long-term subsurface mass variations
to be resolved. In campaign gravimetry, however, one challenge is aliasing, meaning that short-duration signals
during the campaign may be mistaken for changes occurring over longer periods. Together, continuous and
campaign microgravity observations provide unique spatio-temporal constraints on subsurface magma dynamics.
It is evident that both types of microgravity data are uniquely valuable in volcano monitoring infrastructure.

Microgravity campaigns began at Kilauea with sporadic measurements in the 1970s (Jachens & Eaton, 1980;
Johnson et al., 2010) and were completed episodically during the 2008—2018 summit eruption using a pair of
Scintrex CG-5 gravimeters (Scintrex Limited, 2012). Interpretations based on campaigns completed between
1975 and 2012 suggest significant subsurface mass accumulation below Kilauea's summit caldera without a
commensurate increase in volume, as indicated by a lack of expected surface inflation (Bagnardi et al., 2014;
Johnson et al., 2010). The gravity increase has been interpreted as filling of subsurface voids prior to the onset of
the summit eruption in 2008 (Johnson et al., 2010), and the densification of gas-rich magma following the start
of summit eruptive activity (Bagnardi et al., 2014).

1.2. Microgravity Campaigns and Analysis

Relative spring gravimeters belong to the class of instruments that are sensitive to pGal (1 uGal = 1 X 1078 m/s?)
variations in the vertical component of gravitational acceleration g, informally referred to as microgravity. In
campaign gravimetry, this measure of microgravity is expressed relative to another observed value at a reference
benchmark called an anchor. Portable gravimeters (e.g., Scintrex CG-5 and CG-6, LaCoste and Romberg Model
D and G, ZLS Burris instrument) are practical for field surveys due to their compact size and limited weight.
Manufacturer specifications for these instruments suggest a resolution of about 1 uGal and standard deviation
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Figure 1. Overview of the summit of Kilauea, Hawai‘i (pre-2018). Each small white circle represents a microgravity
benchmark that is made up of a permanently marked site. An example circuit completed on 2010-07-02, visiting a selection
of benchmarks (inflated white circles) is illustrated (P1 — 25YY — 79-511 — 131YY — 79-515 — 132YY — PI1). After
completing a single loop, the circuit is immediately repeated a second time. A list of benchmark identifiers, coordinates,
and elevations is supplied with the Supporting Information S1 (Data set S1). The approximate projected surface positions of
the Halema‘uma‘u reservoir (HMMR) and South Caldera reservoir (SCR) are shown following the illustration by Poland,
Miklius, et al. (2021).

of 5 pGal for the Scintrex CG-5 (Scintrex Limited, 2012) for repeated measurements. In campaign gravimetry,
the term benchmark describes a persistent and precise geographical location that is occupied during multiple
campaigns. An occupation is a single visit to a benchmark during which multiple microgravity measurements are
made. During a full campaign that may span days to weeks, multiple circuits across a network of benchmarks are
completed. Within a circuit, the first measurement is made at the anchor, after which occupations at a number
of benchmarks are completed. A high spatial density of benchmarks allows for circuits to be closed, meaning
that the anchor is remeasured at the end of each circuit, completing a loop. When the same circuit is completed
twice, it is referred to as a double loop. The double loop procedure offers insight into measurement repeatability
and delivers an important degree of data redundancy. At least one repeated measurement at the network anchor
is required to correct for the effect of instrumental drift that is inherent to mechanical spring gravimeters. Data
tares are sudden and irreversible offsets in gravimeter readings caused by mechanical and/or thermal shocks (e.g.,
jolting of the instrument by rough transport). This constant offset remains in the data for following occupations.
The campaign strategy (Murray & Tracey, 2001) can be chosen based on the network topology with a trade-off
between time and data redundancy.

Microgravity differences between the benchmarks and the network anchor are calculated for each campaign
and compared between campaigns to extract changes in microgravity over time. Many software packages have
been developed to process microgravity data, including for example, GRAVNET (Hwang et al., 2002), MCGravi
(Beilin, 2006), gTOOLS (Battaglia et al., 2012, 2022), GravProcess (Cattin et al., 2015), PyGrav (Hector
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& Hinderer, 2016), Gsolve (McCubbine et al., 2018), pyGABEUR-ITB (Wijaya et al., 2019), and GSadjust
(Kennedy, 2021). The large variety of packages may be a result of lack of standardization in data collection
and analysis, particularly due to different strategies to correct for tidal variations and instrumental drift. In this
paper, a custom joint weighted least squares (WLS) inversion is adopted to simultaneously solve for instrumental
drift and microgravity differences (Hwang et al., 2002; Reilly, 1970). The approach is extended to correct for
microgravity offsets introduced by suspected data tares (Koymans, 2022).

In this manuscript, results from nine microgravity campaigns completed between 2009—2017 are presented.
The results provide additional constraints on the amount and depth of subsurface mass accumulation beneath the
Kilauea Caldera during its summit eruptive activity.

2. Methodology

At Kilauea, relative microgravity observations were made during nine campaigns (Flinders et al., 2022) by
the United States Geological Survey Hawaiian Volano Observatory (USGS—HVO) between 2009 and 2017
(Figure 2). Each campaign was carried out using two Scintrex CG-5 instruments (serial numbers 578 and 579)
for all benchmark occupations. All circuits across the network (Figure 1) were completed as double loops.
The benchmark P1 northwest of Kilauea's summit was used as the network anchor, consistent with previous
campaign microgravity studies (Bagnardi et al., 2014; Johnson et al., 2010). For loops that include benchmarks
inside Kilauea Caldera, benchmark HVO41 was sometimes used as a proxy anchor (Figure 1), because logistical
constraints made it difficult to return to network anchor P1 between loops. Results from these circuits are there-
fore expressed relative to the original anchor through another circuit that captures the difference between network
anchor P1 and proxy anchor HVO41 on a different day of the campaign. During every occupation at a benchmark,
a minimum of five observations were made, where each observation consists of a 60 s measurement sampled at
6 Hz. The resulting 360 samples are averaged to yield a statistical mean and variance per observation.

The microgravity data from all nine campaigns were uniformly analyzed. Initially, clearly erroneous measurements
were manually filtered from the data set, including initial observations during each occupation for which the instru-
ment was recovering from transport and converging toward a stable value (Reudink et al., 2014). The period of
recovery can last up to 20 min, but data recovered during the settling may still be valuable considering the trade-off
between data quality and time. For campaigns where nearby seismic data (HV.NPT.HHZ) (USGS Hawaiian
Volcano Observatory (HVO), 1956) were available, microgravity observations distorted by high amplitude inertial
signals (e.g., earthquakes) were identified and excluded from processing. Observations with tilts beyond 20"’ from
vertical and those that were based on fewer than 60 s of recording were removed. The embedded tidal correction
applied by the Scintrex CG-5 software (Longman, 1959) was restored to all microgravity observations because
of partially erroneous timestamping that propagated to inaccurate tidal corrections in some of the campaigns.
The effect of the solid Earth tide was again removed using a branch of Pygtide (Rau, 2018), a Python wrapper for
ETERNA 3.4 (Wenzel, 1996). The tidal components were estimated using a global theoretical model following
Dehant et al. (1999) as recommended by Van Camp and Vauterin (2005) in the TSOFT manual. The effect of ocean
loading was removed using parameters obtained from the free ocean loading provider (Bos & Scherneck, 2014)
using the TPXO9-atlas (Egbert & Erofeeva, 2002). The tidal constituents returned from the provider were evaluated
using the International Earth Rotation and Reference System Service standard program HARDISP (Agnew, 2010).

During a single circuit spanning a period of hours, instrumental drift of the CG-5 can be characterized by a
monotonic linear function. The instruments implement an automated drift correction, but a residual drift always
remains to be considered. A WLS inversion was used to find a solution for the gravity differences with the anchor
and linear instrumental drift parameters (Hwang et al., 2002), including any offsets introduced by suspected data
tares (Koymans, 2022). An example solution for a single circuit is illustrated in Figure 3. A detailed derivation of
the microgravity analysis and uncertainty estimation is provided with the Supporting Information S1 (Text S1).

2.1. Deformation Correction

InSAR data were acquired by the X-band TerraSAR-X and COSMO-SkyMed satellite systems (Table 1). Data
were processed using the GAMMA software (Werner et al., 2000), with the topographic correction made using
a 5 m digital elevation model (Poland, 2014). Satellite line-of-sight displacement vectors U* were calculated
from unwrapped interferograms U following the same approach as Bagnardi et al. (2014). The satellites are, by
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Relative Gravity Adjustment: Inversion Results
Instrument 578 (2012-11-27)
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Figure 3. Observations from a single campaign day (2012-11-27) for Scintrex CG-5 578 on Kilauea, Hawai‘i. The vertical
error bars illustrate the 95% confidence interval for the recovered gravity differences with the anchor. Proxy anchor HVO41
has no confidence interval because the data are kept fixed during the inversion. Solutions for the gravity differences with the
anchor (subtracted from observations) and linear instrumental drift (corrected) are shown. The magnitude of the recovered
microgravity differences and uncertainties are given in the legend. The residual daily linear drift rate is estimated at —72
uGal/d. An additional degree of freedom that represents a data tare was added to the inversion for the group of data marked in
red. This tare was restored during the inversion with an offset of 131 pGal.

approximation, characterized by north-to-south orbital trajectories, with a heading that is off by a maximum of
a few degrees. By this approximation, the line-of-sight displacement vectors from the ascending and descending
tracks can be decomposed to a horizontal (east to west) and vertical component (Yun et al., 2006):

U~ descending sin (Al ) Cos (il ) UZ (1)
U*ascending —sin (/12) cos (/12) Uh

Where U* represents the vector of line-of-sight displacement for the respective trajectory, and 4, (descending)
and 4, (ascending) the corresponding satellite incidence angles measured from horizontal. Given the line-of-
sight displacements for the ascending and descending trajectory, Equation 1 can be used to find solutions for
the vertical (U,) and horizontal (east to west) (U,) deformation. Despite the occasional mismatch in temporal

Table 1
Satellites and Temporal Coverages Used for InSAR Vertical Deformation Estimates

Descending track Ascending track

Epoch X band satellite Start date End date A () Start date End date Ay (°)
2009-2010 TerraSAR-X 2009-12-04 2010-06-09 31.2 2009-12-05 2010-06-09  33.2
2010-2011 TerraSAR-X 2010-06-09 2011-04-02 31.2 2010-06-10 2011-04-03 332

2011-2012 COSMO-Skymed 2011-03-10 2012-05-15 41.5 2011-03-11 2012-05-28  38.8
2012-2012 COSMO-Skymed 2012-05-15 2012-10-30 41.5 2012-05-20 2012-10-23  38.8
2012-2013 COSMO-Skymed 2012-10-30 2013-12-04 41.5 2012-10-23 2013-11-27  38.8
2013-2014 COSMO-Skymed 2013-11-02 2014-05-29 41.5 2013-10-26 2014-06-20  38.8
2014-2015 COSMO-Skymed 2014-05-29 2015-09-06 41.5 2014-06-20 2015-09-02  38.8
2015-2017 COSMO-Skymed 2015-09-06 2017-04-23 41.5 2015-09-11 2017-04-16  38.8
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coverage, ascending and descending interferograms are acquired within a few days of one another. Furthermore,
the interferograms span months to years and were chosen without overlap with respect to known major defor-
mation events, like the 2011 Kamoamoa fissure eruption (Lundgren et al., 2013) and 2015 summit intrusion
(Bemelmans et al., 2021; Jo et al., 2015). Vertical deformation data were smoothed using a median filter over an
area of roughly 100 m.

Vertical deformation estimates from InSAR data were constrained by continuous GNSS data by minimizing the
squared residual between the InSAR and GNSS data at the GNSS station locations. Estimates of the vertical
position of 12 GNSS stations over the periods that match the InSAR acquisition dates were manually interpolated
from the plotted time-series data (Figure S2 in Supporting Information S1).

The amount of vertical deformation at each benchmark was estimated for the InSAR acquisition dates that closely
match the microgravity campaigns. The recovered change in height for each benchmark relative to network anchor
P1 was converted to gravity assuming a theoretical free-air gradient of —308 pGal/m (Fowler et al., 1990). Meas-
ured local gradients of —327.3 uGal/m (Johnson, 1992) and —330.25 uGal/m (Kauahikaua & Miklius, 2003) are
close to this theoretical estimate and should not significantly influence the results (Bagnardi et al., 2014; Johnson
et al., 2010) when deformation remains limited to a maximum of tens of centimeters.

2.2. Point Source Inversion

Observed microgravity changes that were corrected for vertical deformation can be inverted to recover best-fit
point source parameters. These sources are described by a change in subsurface mass and associated position.
This geometry has proven to be a suitable approximation for microgravity change sources at Kilauea's summit in
previous studies (Bagnardi et al., 2014; Johnson et al., 2010; Poland et al., 2019) and is often used to model the
HMMR (Anderson et al., 2015; Bemelmans et al., 2021; Lundgren et al., 2013; Poland et al., 2014).

For a point source, the vertical change in gravity (dg,) at the ith benchmark in the Kilauea network can be approx-
imated by:
(6z — z;)

73

6gi = Gém — 6gp 2)

Where G = 6.674 x 107! m?® kg~! s~2 is the universal gravitational constant, m the change in mass, and

r= \/ (6x — x:)* 4+ (6y — »)* + (6z — z;)* equals the Euclidean distance between the benchmark position (CH
z;) and the inferred point source location (x, 8y, 6z). The term &gy, accounts for the predicted effect of the point
source felt at the anchor location and can be found by recursive application of Equation 2. The squared residual
between the modeled and observed changes in gravity difference is minimized with respect to the four variable
point source parameters (6m, ox, 8y, 6z) using the Powell method (Powell, 1964) implemented in SciPy (Virtanen
et al., 2020). The point sources and gravity residuals were calculated from the average gravity changes of the
CG-5 instruments in order to maximize the gravity signal-to-noise ratio. Three benchmarks near the summit
eruptive vent (HOVL-G, HVO41, and 205YY) that are strongly influenced by variations in the lava lake level
were excluded from the inversion.

An estimate for confidence intervals on the source inversion results is made through a parametric bootstrap
(n = 5,000) by sampling the standard deviation of the microgravity changes. From this ensemble of point source
solutions, the bottom and top 2.5% parameter estimates are discarded, resulting in discrete 95% confidence inter-
val for the point source parameters (om, ox, 8y, dz), including the median of the ensemble of bootstraps.

3. Results

The results from the full vertical deformation and microgravity analysis are summarized in Figure 4. A tabular
compilation of microgravity analysis results, as well as vertical displacement estimates at each benchmark are
included in the Supporting Information S1 (Data set S1).
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migrated toward the south (Figure 4—row 1, panels 5 and 6). After 2014, uplift occurred across the summit
region but was mainly centered south of the caldera, with uplift rates exceeding 10 cm/yr (Figure 4—row 1,
panels 7 and 8) above the expected position of the SCR. The progression of deformation is consistent with GNSS
time series that illustrate an overall transition from subsidence to uplift over the course of the 2008-2018 summit
eruption, interrupted by occasional transient displacements caused by summit and ERZ intrusions and eruptions
(Poland, Miklius, et al., 2021).

3.2. Microgravity

The panels presented in Figure 4 rows 2 and 3 illustrate microgravity results corrected for vertical deformation at
all benchmarks for instruments 578 and 579 respectively.

Between December 2009 and June 2010 (Figure 4—rows 2 and 3, panel 1), an increase in gravity on the order of
tens of uGals in the center of the caldera is apparent in data from both gravimeters. There is no coherent pattern
from either gravimeter in the subsequent epoch spanning June 2010 to March 2011 (Figure 4—rows 2 and 3,
panel 2). A major decrease of approximately 70 pGal during this epoch occurs at a benchmark on the western
flank of Kilauea. This feature is expressed in both instruments but is not representative of the wider area, indi-
cating a local effect or measurement artifact. An increase of similar magnitude happens at a single benchmark to
the southeast. From March 2011 to June 2012 (Figure 4—rows 2 and 3, panel 3), an increase in gravity (50-200
uGal) appears near the summit eruptive vent and the general region near the center of Kilauea Caldera, stretching
toward Kilauea Iki crater and to the southeast. The increase in microgravity is largest at the benchmark in closest
proximity to the lava lake (HOVL-G), and similarly elevated for two nearby benchmarks (205YY, and HV041). In
data spanning mid to late 2012 (Figure 4—rows 2 and 3, panel 4), the gravity increase near the lava lake persists,
with almost all variation (100-200 pGal) happening in the vicinity of the eruptive vent. No further significant
changes in gravity can be identified during this period for instrument 578, but instrument 579 is characterized
by a large increase (40-60 pGal) inside Kilauea Caldera. Between November 2012 and 2013 (Figure 4—rows 2
and 3, panel 5), a gravity increase occurred in Kilauea Caldera, showing a pattern that is similar in spatial extent
and magnitude as that from December 2009 to June 2010. Very little change in gravity can be observed during
2013-2014 (Figure 4—rows 2 and 3, panel 6). Between June 2014 and September 2015 (Figure 4—rows 2 and 3,
panel 7), the most noteworthy gravity change is a 150 uGal decrease near the summit eruptive vent. The results
from 2015 to 2017 (Figure 4—rows 2 and 3, panel 8) are limited in the number of available benchmarks and
appear inconclusive, but data from instrument 578 indicate an increase in gravity nearest to the summit vent, with
little to no change elsewhere. Row 4 of Figure 4 illustrates the average of both instruments and was used as input
data for the point source inversions.

Results from the entire period spanning December 2009 to April 2017 are mainly characterized by a persistent
increase in gravity that radiates outward from the center of Kilauea Caldera. The gravity variations with the larg-
est amplitude are observed at the benchmarks near the summit eruptive vent (HOVL-G, HVO41, and 205YY) and
closely follow the level of the rising and falling lava lake (Figure 8).

3.2.1. Differences Between Gravity Meters CG-5 578 and 579

The comparison of microgravity results for the two instruments in Figure 4—rows 2 and 3, illustrates that there
is variation in what two different gravimeters record. Even though the instruments have been subjected to the
same conditions and modes of transport. However, when considering the confidence limits on the mean gravity
difference (15-20 pGal) that include operator and environmental noise, the instruments generally occupy the
same range. The gravity residuals from the linear drift model for each circuit are presented in Figure 5. The
residuals approximate a normal distribution, indicating that the applied drift model is appropriate. Uncertainties
on the mean gravity differences are on the order of a few to a few tens of pGal, depending on the instrument,
campaign, and circuit. One implication of the residuals is that gravity changes derived from campaign meas-
urements at Kilauea cannot be resolved with confidence below approximately 20 uGal. Based on merit of its
lower residuals, instrument 578 outperformed instrument 579 (Figure 5). Instrument 579 was in fact found to be
unreliable in campaigns at Yellowstone during 2017 (Poland & de Zeeuw-van Dalfsen, 2019). These campaigns
exposed instrumental problems that may also have been present earlier and could explain the discrepancy between
the two instruments observed in the 2015 and 2017 measurements at Kilauea. This deterioration is not clearly
expressed in the gravity residuals in Figure 5; however, such residuals would not capture constant offsets from
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Figure 5. Microgravity residuals from the estimated linear drift model for instruments 578 (top) and 579 (bottom) for all
campaigns and circuits on Kilauea, Hawai‘i. Each consecutive circuit in a campaign is given a distinctive color and a new
entry on the x-axis. In the ideal case where the model fits the observations the residuals of each circuit should be normally

distributed. Deviations from this behavior may indicate problems with the applied linear drift model, instruments, or the
measurements themselves. The right-most panels show histograms of the residuals, illustrating a tighter distribution on
instrument 578 compared to 579.

for example, calibration errors that affect the mean microgravity results. Furthermore, single loops were more

commonplace in the 2017 campaign, effectively producing lower residuals but definitely not more reliable data.

The instruments were calibrated against absolute measurements on a line at Mount Hamilton, California. The

instrument calibration factors did not change between the 2009-2017 campaigns, but it was apparent from cali-

bration line measurements that instrument 579 needed servicing in late 2017 (Battaglia et al., 2018).

3.3. Recovered Point Source Solutions

Solutions and bootstrapped parameter estimates are summarized in Table 2 and Figure 4—row 5 and Figure 6. In

the following paragraphs the results are discussed by epoch:

December 2009 to June 2010 (Figure 4—row 5, panel 1) shows a shallow source at 500 m depth b.s.1. toward
the northeast of Halema‘uma‘u crater with a mass change on the order of 2.0 X 10'° kg. The parameter esti-
mates in Figure 6 follow Gaussian distributions with tight confidence bounds on the median of the parameter
estimates. The location of the point mass is consistent with the observed radial pattern of gravity changes
presented in Figure 4.

June 2010 to March 2011 (Figure 4—row 5, panel 2) resolves to a very shallow depth, with an order of magni-
tude less mass addition compared to the previous epoch. The distribution of bootstrapped parameters appears
skewed and may be attributed to the absence of large and coherent gravity changes during this period.
March 2011 to June 2012 (Figure 4—row 5, panel 3) initially resolved to a greater depth and mass addition
than preceding epochs. Its resolved location is toward the northeast of Kilauea Caldera at a location where no
large mass change is expected (illustrated in Figure 4). Therefore the horizontal position of the point source
was kept fixed at the approximated surface location of the center of the HMMR (261000, 2147500) and the
change in mass for this source becomes 1.1 to 1.6 x 10! kg at 2.4-2.9 km depth b.s.1. The fixed point source
is not illustrated in Figure 4 but its resolved parameters are provided in Table 2.
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Table 2

Median of the Point Source Inversion Parameters for all Periods Between Microgravity Campaigns at Kilauea, Hawai‘i

Inverted source parameters

Campaign period Mass (kg) UTM easting (m) UTM Northing (m) Depth b.s.l. (m)
December 2009—June 2010 2.0x 1010 261,000 2,147,400 0.5 x 103
June 2010-March 2011 1.3 x10° 261,500 2,148,000 —-0.6 x 103
March 2011-June 2012 2.2 x 10" 264,500 2,148,500 9.1 x10°
March 2011-June 2012* 1.3x 10!t 261,000 2,147,500 2.6 x 10°
June 2012—November 2012 5.6 x 10° 261,200 2,148,000 -0.2 x 10°
November 2012—November 2013 7.8 x 1010 261,200 2,147,000 2.5%x10°
November 2013-June 2014 1.2 x 1010 260,100 2,136,400 1.0 x 103
June 2014-September 2015 9.5x 1010 260,900 2,145,800 3.5%x 103
September 2015—April 2017 1.2 x 10" 260,400 2,147,300 -0.2 x 103
Overall Period

December 2009—September 2015 1.9 x 10" 261,200 2,147,400 1.3 x 10°

Note. The discrete 95% confidence intervals are illustrated in Figure 6. The entry marked by an asterisk (*) had its surface location kept fixed. The given depths are
expressed relative to sea level (b.s.l. = below sea level). The surface elevation of the Kilauea Caldera floor is approximately 1,100 m.

e June 2012 to November 2012 (Figure 4—row 5, panel 4) shows a modeled source located toward the center
of Kilauea Caldera. This result is mostly influenced by the data from instrument 579. The ensemble of point
sources resolve with Gaussian bootstrapped confidence intervals at shallow depth with little mass change.

e November 2012 to November 2013 (Figure 4—row 5, panel 5) resolves below Kilauea Caldera, with a mass
change of approximately 7.8 x 10'° kg at 2.5 km depth b.s.1. The gravity increase for this period appears to
decrease with distance from the source, and the inversion provides a robust point source solution.

e November 2013 to June 2014 (Figure 4—row 5, panel 6) shows multiple peaks in the parameter distributions.
The optimization thus recovers multiple stable point sources (bi-modality in Figure 6), particularly with a
depth and mass trade-off. Surface microgravity observations cannot distinguish between an increase in depth
or decrease in mass. This may result in multiple distributions of point sources representing greater depth and
mass versus shallower depth and smaller mass.

e June 2014 to September 2015 (Figure 4—row 5, panel 7) indicates a point source at greater depth and larger
increase in mass than preceding epochs.

e September 2015 to April 2017 (Figure 4—row 5, panel 8) expressed bi-modal behavior in terms of mass and
depth and cannot be reliably resolved. The poor quality of the 2017 campaign and lack of coherent gravity
changes for this period make the result unsurprisingly inconclusive.

All modeled point sources indicate mass increase beneath Kilauea Caldera. Because of the low signal-to-noise
ratio of the microgravity observations, results from changes between adjacent campaigns are often inconclusive.
To provide a more robust estimate, the gravity changes are integrated over the period spanning December 2009
to September 2015 (omitting the poor 2017 campaign). This point source solution is represented by a mass
increase of 1.6-2.4 x 10'! kg at a depth of 1.0-1.7 km b.s.1. beneath the center of the caldera, with Gaussian and
narrow confidence intervals (Figure 7). The recovered horizontal location is consistent with that of the shallow
HMMR, but at slightly greater depth, indicating that perhaps the base of the reservoir is a dominant region of
mass accumulation beneath Kilauea Caldera—a result similar to previous studies (Bagnardi et al., 2014; Johnson
et al., 2010; Poland et al., 2019). The additional results presented here demonstrate that mass accumulation
proceeded even during the later stages of the 2008—-2018 eruption.

4. Discussion

The analysis of multiple microgravity campaigns at the summit of Kilauea spanning 2009-2017 provides
a foundation for understanding the dynamics of subsurface magmatism, as well as strategies for optimiz-
ing the quality and utility of campaign gravimetry. One of the current challenges in terrestrial microgravity
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Figure 6. Histograms showing the parameter distributions of 5,000 bootstrapped inverted point sources for microgravity campaigns on Kilauea, Hawai‘i for the
indicated time periods in Table 2. The lower 2.5% and upper 97.5% discrete percentiles are given as confidence bounds on the median value and define the boundary of
the histograms. The median (med) value is represented by the vertical orange bar.

exists in increasing the spatio-temporal resolution of data. It is evident that campaign gravimetry is mainly
limited by its temporal resolution and high uncertainties caused by often unquantified external effects. This
limitation is not inherent to the technique but mainly imposed by high instrumental cost and the time and
personnel needs of microgravity campaigns. Projects that aim to surmount these challenges are currently being
undertaken (Carbone et al., 2020) by utilizing arrays of low-cost Microelectromechanical System gravimeters
(Middlemiss et al., 2016).
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Figure 7. Maps showing the observed gravity changes (left) and inferred point source location and remaining gravity residuals (right) between December 2009 and
September 2015 on Kilauea, Hawai‘i. The yellow triangle represents network anchor P1, and benchmarks for which data is missing are marked by a white cross. The
location of the inverted point source is illustrated by a star, with an annotation for the associated mass and depth at the bottom. The bootstrapped parameter estimates
are shown in the bottom row of panels. The spatial coverage and surface reservoir projections are equivalent to Figure 1.

4.1. Campaign Strategy and Network Adjustment Method

This work demonstrates the effectiveness of a WLS inversion (Hwang et al., 2002) to recover relative gravity
differences from double-looped circuits. By utilizing this approach, data tares can be automatically restored when
the group of data affected by the tare is known (Koymans, 2022). Furthermore, instead of using the mean of an
occupation, individual measurements are used in the WLS inversion. As a result, the observed drift during a
single occupation (which can be up to 1 pGal/min) contributes information to the solution. Finally, an inaccuracy
in the solid Earth tide or ocean loading models may not entirely prevent residual higher-order harmonic signals
from being present in the measurements. In a circuit that spans up to 12 hr, a second- or third-order polynomial
may help eliminate any residual (harmonic) components. The linear drift correction in the WLS can be trivially
extended to correct for higher-order trends (Koymans, 2022). Higher-order trends could be identified in a prelim-
inary attempt with a linear drift and subsequently assessing the residuals from this linear model. When the gravity
residuals from a linear drift model are large, a higher-order polynomial can be tried instead. However, with an
insufficient number of occupations a high-order trend may tend to over-fit the data and be detrimental to the
results. For this reason, all circuits presented in this manuscript were fitted with a linear drift model.
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Figure 8. (Top) Absolute Kilauea lava lake levels from sea level between 2010 and 2018 on Kilauea, Hawai‘i (Patrick,
Swanson, & Orr, 2019). The time spans of the microgravity campaigns from Figure 2 are marked by vertical gray bars.
Bottom) Observed changes in gravity difference of three benchmarks closest to the lava lake (HOVL-G, 205YY and HVO41)
with confidence ranges. The data have been corrected for the contribution of the recovered point source solutions (Table 2).
Since 2011, the level has been steadily rising outside of a major disruptive event at Kamoamoa in the beginning of 2011.
Beyond 2013 the level of the lake remained stable besides the 2015 summit intrusion, until ultimately draining completely
after the outbreak in the lower East Rift Zone (ERZ) in 2018. a.s.l. = above sea level.

4.1.1. Single Versus Double Closed Loops

A single occupation (composed of multiple observations) from a benchmark, as during a single-loop circuit,
when presented with a degree of freedom, will always align itself with the imposed drift model. When at least
two occupations of a benchmark (taken with hours in between) align with the drift model, confidence in the
result increases significantly. This means that multiple occupations of a benchmark provide important insight into
measurement repeatability. A single loop is always insufficient because a tare in the data may be misinterpreted
as instrumental drift. The presence of tares (listed in the Supporting Information S1) appears relatively common,
with a total of 14 suspected tares observed (offsets between 20 and 130 pGal) over all the Kilauea campaigns
for both instruments combined. The effect of occasionally completed single loops becomes most apparent in the
campaigns from 2017, which have low coherence between instruments and relatively poor data quality. Due to the
inherently low repeatability of microgravity measurements, a certain degree of data redundancy is always recom-
mended. Double loops are clearly favorable in environments that are characterized by significant ambient noise
and where rough transport of the instruments cannot be avoided. A key challenge is finding the right balance in
the trade-off between effort and data quality, but a minimum of two occupations at each benchmark is needed for
reliable results.

The advantage of repeating occupations with multiple instruments is evident from the results and can also assist
with the detection of data tares. The presented discrepancies between instruments 578 and 579 emphasize that
is it especially valuable when the instruments can be cross-calibrated against an absolute reference before being
used in the field (Miller et al., 2017).

4.1.2. Pitfalls of (Proxy) Anchors

Besides instrumental calibration errors, a systemic bias is introduced to the results when microgravity changes
occur at the network anchor. An absolute measurement of microgravity may be used to rule out such changes
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(Van Camp et al., 2017), but was not available for the presented Kilauea microgravity campaigns. Because the
network anchor P1 is located at a site away from volcanic activity, no significant microgravity change or bias
in the results is expected, nor observed in Figure 4 that would appear as a consistent increase or decrease in all
benchmarks.

An important recommendation based on the microgravity results from Kilauea is to consistently measure all
benchmarks in a direct circuit with the network anchor. Each measurement in a circuit has an associated uncer-
tainty and when expressed through a proxy anchor, as was done for some occupations at benchmarks inside
Kilauea Caldera, the uncertainties of both measurements are compounded. More importantly, transient gravity
changes caused by variations in the lava lake level affect proxy anchor HVO41. Because the lava level can vary
over time scales of hours to days (Patrick, Swanson, & Orr, 2019), it is possible that the lava lake level will
induce significant differences in gravity at HVO41 on the day that it is used as a proxy anchor for caldera-floor
benchmarks compared to the day that it is tied to network anchor P1. In this situation, a bias is introduced when
benchmarks originally measured relative to proxy anchor HVO41 are expressed relative to network anchor P1.
This complication may explain some of the microgravity-change results between 2010 and 2011, where the
observed gravity increase in Kilauea Caldera (Figure 4—rows 2—4, panel 2) may be attributed to the sudden rise
in the lava lake level in 2011 over two days. Similarly, a single poor measurement between network anchor P1 and
proxy anchor HVO41 may also explain the anomalous increase in Kilauea Caldera for instrument 579 between
June and November 2012 (Figure 4—row 3, panel 4). These artifacts of the campaign strategy may explain
why measurements on the caldera floor appear consistently higher during this period, and those data should be
interpreted with caution in terms of the modeled source mechanisms. It naturally follows that an overestimation
in one campaign would result in an underestimation in the next. Proxy anchors that are subject to high noise and
transient microgravity effects should be avoided whenever possible.

4.2. Uncertainties in Campaign Gravimetry

Relative microgravity measurements are subject to many sources of uncertainty (Giniaux et al., 2017; Poland
& de Zeeuw-van Dalfsen, 2019; Van Camp et al., 2017) and are notoriously difficult to interpret. Microgravity
campaigns should ideally be completed at regular intervals (e.g., monthly or yearly) and not just in response to
disruptive and transient events. All sources of microgravity change between two campaigns are integrated into a
single estimate, making it challenging to isolate individual contributions and processes. This is especially prob-
lematic when the measurement is integrated over multiple years, and includes nearby disruptive events such as
the 2015 summit intrusion that change the gravity field through the emplacement of mass and associated defor-
mation. Seasonal and hydrological effects, such as rain and snow melting, may induce significant subsurface
mass changes (Carbone et al., 2019; Miller et al., 2017; Poland & de Zeeuw-van Dalfsen, 2019) that are usually
difficult to estimate accurately. At Kilauea, the water table is situated roughly half a kilometer below the surface
and experiences minor fluctuations (Johnson et al., 2010; Kauahikaua, 1993). The local gravity change from
transient hydrological effects is therefore expected to be minor and not considered here.

Uncertainties in vertical deformation estimates are estimated to be about 2 cm (6 uGal), representing the maxi-
mum mismatch between the GNSS and InSAR observations. Deviations from the theoretical free-air gradient
impose additional uncertainties that are not easily quantified. The local free-air gradient depends significantly
on the source of deformation and may be different for, for example, post-glacial rebound (Olsson et al., 2015)
compared to volcano deformation involving subsurface fluid redistribution, where the free-air gradient or
Bouguer corrected free-air gradient (Vajda et al., 2020, 2021) may be more suitable. Free-body geometry inver-
sions (Camacho et al., 2021) or coupled inversions of surface deformation and gravity (Nikkhoo & Rivalta, 2021)
may provide an alternative to recover source parameters; however, mass accumulation without commensurate
surface deformation that involves non-elastic behavior, for example, density changes through degassing or the
compressibility of gas-rich magma (Rivalta & Segall, 2008), makes joint inversions of gravity and deforma-
tion nontrivial. Furthermore, because multiple processes and sources may have been active over the 2009-2015
period, we adopted a classical approach, applying a (theoretical) correction for the observed vertical surface
deformation before completing point source gravity inversions.
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4.3. Microgravity Changes During 2009-2017 at Kilauea
4.3.1. Shallow Mass Accumulation Without Commensurate Surface Deformation

Campaign microgravity results indicate that over the course of the 2008-2018 summit eruption, mass accumu-
lated at shallow depth beneath Kilauea Caldera (Figure 4 and Table 2). The point source solution is the most
robust when the microgravity observations are integrated over eight campaigns between 2009 and 2015, indicat-
ing mass accumulation on the order of 1.9 x 10'! kg at a depth of roughly 1.3 km below sea level. The source
inversion from the April 2017 campaign yielded unrealistic results because of its sparse measurements and low
data quality. The recovered depth and position of mass accumulation is slightly below the expected level of the
HMMR at approximately 0—1 km below sea level (Bemelmans et al., 2021; Poland et al., 2014). The discrepancy
between the expected depth of the HMMR and the recovered center of mass accumulation may be explained by
the trade-off in gravity between depth and mass, and the added challenge of recovering accurate depth estimates
from surface measurements. Another probable cause is that the observed gravitational effect is a combination
of mass accumulation in both the HMMR and SCR, integrated in a single estimate. Furthermore, the recovered
depth represents a point source, and the real spheroid reservoir boundaries may overlap with geodetic sources
presented in the literature (Bemelmans et al., 2021; Jo et al., 2015). Alternatively, geodetic and gravity changes
may be sensitive to other distinct parts of the plumbing system.

The relatively continuous subsurface mass accumulation occurred even during periods characterized by subsid-
ence (Figure 4; Poland, Miklius, et al. (2021)). Deformation at Kilauea during the 2008-2018 eruption began as
subsidence between 2009—2010, progressed toward minor uplift inside Kilauea Caldera during 2011-2012, and
turned into significant uplift at the estimated surface position of the SCR following May 2014. The rapid rate
of uplift that occurred after May 2014 in the south part of Kilauea Caldera marked a new phase in the eruption,
with increased pressurization eventually leading to a magmatic intrusion in the summit area during May 2015
(Bemelmans et al., 2021; Jo et al., 2015). Even during this period of intense inflation above the SCR, micrograv-
ity observations indicate that mass continued to accumulate mainly near the HMMR. This discrepancy may arise
from the fact that mass accumulation in the SCR was too distant from the dense network of benchmarks to be
fully characterized. Any such deep variations in mass may also be obscured by shallower mass accumulation near
the HMMR. In case half of the observed mass accumulates near the HMMR at a reference depth of 500 m b.s.1L.
and the other half occurs in the SCR at 3,000 m b.s.1. (Poland, Miklius, et al., 2021) the felt gravity change at the
surface above the reservoirs would be 280 and 40 pGal respectively. The individual contributions are difficult to
estimate because only the integrated amount of gravity change is observed at the surface.

The apparent discrepancy between microgravity observations and surface deformation has been recognized by all
previous investigations that compared microgravity campaigns and surface displacements at Kilauea (Bagnardi
et al., 2014; Dzurisin et al., 1980; Johnson et al., 2010). The discrepancy between gravity changes and deformation
is also commonly observed worldwide (e.g., Miller et al., 2017; 2018). Assuming a simple Mogi point source
(Mogi, 1958) located at the recovered 1.3 km depth b.s.1., with a total volume change of 9.5 X 107 m? (§V = 6M/p),
calculated from the recovered 1.9 x 10'! source mass (6M), and an assumed magma density of 2000 kg m~ (p).
With these parameters, the expected vertical deformation at the surface above the source would exceed 4 m, while
the observed vertical deformation (%20 cm) explains only about 5% of the predicted deformation. This simple esti-
mate suggests that a process is required that accommodates mass increase without corresponding volume increase.

Dzurisin et al. (1980) and Johnson et al. (2010) proposed that the driving process may be the filling of voids below
the surface of Kilauea in a network of interconnected cracks. The existence of such void space is indicated by the
difference between the volume of the summit eruptive vent and that of the associated ejecta following its forma-
tion in March 2008—the ejecta accounted for only 1% of the volume of the source crater (Houghton et al., 2011).
However, part of the material may have been assimilated in the plumbing system and flowed toward the ERZ.
Likewise, gravity changes measured during 2018-2019, following the summit collapse and lower ERZ eruption,
suggested the presence and filling of voids beneath Kilauea Caldera (Poland et al., 2019). Complementary to the
idea of void space, Bagnardi et al. (2014) offered an alternative explanation that invoked densification of magma
in the reservoir through degassing or the compressibility of gas-rich magma (Rivalta & Segall, 2008)—in which
the void space is effectively contained within the magma itself.
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4.3.2. Lava Lake and Reservoir Density Changes

The gravity response to the summit lava level was greatest at three benchmarks: HOVL-G, HVO41, and 204YY,
in order of proximity from the summit vent (HVO41 is illustrated Figure 1 and the benchmarks nearest to the lava
lake are HOVL-G and 204YY respectively). Bagnardi et al. (2014) removed the effect of changes in the lava lake
on these benchmarks using a geometric model of the conduit before completing point source inversions and found
comparable point source estimates to the results presented here. Here, the point source inversions are completed
excluding the observed changes at these benchmarks. Excluding these benchmarks reduces the biasing of the
point source inversion results toward the eruptive vent, in case such a geometric forward model fails to capture the
observed disruptive vent changes between campaigns. As an added benefit, the recovered point sources (Table 2)
can be used to isolate the gravity effect of the lava lake at these benchmarks (Figure 8, bottom). Comparison of
results between the forward model used by Bagnardi et al. (2014) and that from Figure 8 (bottom) shows that the
gravity effect of the lava lake appears similar. The isolated effect between March 2011—November 2012 shows a
similar increase for benchmarks HVO41 and 205YY (100 uGal) as calculated by the forward model of Bagnardi
et al. (2014). The isolated effect on benchmark HOVL-G however, is about 50-100 puGal higher, presumably
because it is closer to the source and more sensitive to inaccuracies.

The period stretching from March 2011 to June 2012 spans the most variation in the lava lake level (Figure 8).
The nearest benchmarks show an increase in gravity that is small compared to the much steeper increase in gravity
between June 2012 and November 2012, despite a smaller rise in the level of the lava lake. This difference may
imply that the density of the lava lake was higher in 2012 compared to 2011, producing larger gravity change for
smaller lava lake level change. In the period between November 2012 and September 2015, the level of the lava
lake remained relatively stable at an elevated level, except during the May 2015 summit intrusion (Bemelmans
et al., 2021). The decrease in gravity at the benchmarks nearest to the summit eruptive vent between November
2012 and November 2013 may be a result of the rim collapse that occurred in January 2013 and the loss of
21,000 m? of material (Patrick, Swanson, & Orr, 2019), effectively replacing solid rock with air. After 2014,
InSAR data (Figure 4—row 1) show consistent inflation without commensurate changes to the level of the lava
lake. In the case that the lava lake is in magmastatic equilibrium with the deeper magmatic system, an increase in
subsurface pressure that leads to surface deformation would also probably lead to an increased lava level inside the
summit vent. Such rise in the lava lake level is not observed, and the stability of the lava lake level over this period
may instead be explained by an increase in magmastatic pressure inside the summit vent. The density increase
may occur in the reservoir or at the top of the conduit and be recycled into the deeper reservoir after degassing.
Such magmastatic increase in pressure as a result of higher magma density (pgh) would counteract the increased
deeper pressurization in order to keep the lava level stable, while the surrounding region continued to inflate.
Alternatively, Patrick, Swanson, and Orr (2019) suggest that after 2014 the lava lake level does not change propor-
tionally with deformation because the pressurization occurs within the SCR instead of the HMMR (Figure 4).
This hypothesis requires that the SCR and HMMR are not strongly connected. With a direct connection between
the reservoirs, deep pressurization would be felt throughout the entire plumbing system, including the HMMR,
and be expressed in the lava lake level. The suggested hypothesis for the stability of the lava lake during this
period thus appears contingent on the assumed configuration of the plumbing system. After September 2015, the
level of the lava lake rose steadily, but changes in microgravity for this period were only available for benchmark
HVO41. At that time, it may be that the density of the magma was reaching its bubble-free limit—forcing pressure
increases coming from the deeper magmatic system to be accommodated by rising lava lake level once more.

A quantitative analysis of microgravity results from the summit vent benchmarks is challenging because of the
long interval between campaigns, and the fact that major disruptive events modified the vent geometry. Contin-
uous gravity observations from the rim of the summit eruptive vent support that lava lake density did increase
over time, from roughly 950 + 300 kg m~ in 2011 (Carbone et al., 2013), climbing toward 1,000-1,500 kg m~3
between 2011 and 2015 (Poland & Carbone, 2016), and up to 1,700 kg m~3 by the time of the 2018 lower ERZ
eruption (Poland, Carbone, & Patrick, 2021).

An increase in magma density in the lava lake inside the summit eruptive vent may indicate, when considering
the observation of subsurface mass accumulation without commensurate surface deformation, that densification
also took place throughout the subsurface magma reservoirs. Significant variations in magma density in the shal-
low reservoir have also been detected through seismic techniques (Crozier & Karlstrom, 2021), and significant
degassing took place based on the increased rate of SO, emissions coming from the summit (Elias et al., 2018;
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Sutton & Elias, 2014) after the opening of the vent. Similarly, the frequency of gas pistoning events—sudden
changes in lava level driven by gas accumulation and release in the upper part of the lava lake—decreased from
2010—2015 (Patrick et al., 2016), indicating that less gas-rich, denser magma was becoming more prevalent in
the reservoir. Multiple independent observations, including the campaign microgravity results presented here,
thus support the hypothesis of densification of magma within the magmatic system.

4.3.3. Implications of Density Changes for Magma Supply Rates

The magma supply rate at Kilauea has a fundamental impact on the character (e.g., rate, volume, and duration)
of its eruptions (Dvorak & Dzurisin, 1993; Poland et al., 2012; Swanson, 1972). Variations in the supply rate of
Kilauea's magmatic system have previously been estimated directly from outflow volumes, or through proxy meas-
urements such as ground deformation or gas emissions. These estimates indicated an above average supply rate
between 2003—2006 before the summit eruption began, and a potential lull in magma supply rate between 2011
and 2012 (Anderson & Poland, 2016), likely returning to pre-eruption levels by 2016 (Dzurisin & Poland, 2019).
The magma-supply models are often based on mass-balance equations that assume incompressible magma and
thus do not account for the potential influence of magma density changes inside the magma storage reservoirs.
One consequence of this approach is that the inferred decrease in supply during 2011-2012 may potentially be
overestimated because (some portion of) the supply was accommodated by the compression and densification of
gas-rich magma. The presented estimate of the amount of subsurface mass accumulated beneath Kilauea Caldera
from microgravity campaigns may provide additional constraints that might improve magma supply rate estimates.

4.3.4. Potential Effects of Densification on Eruption Behavior

Another implication of magma densification is that a column of high density magma may increase pressure in other
parts of the magmatic system. One possible example is the summit intrusion in May 2015, which was preceded
by arise in lava level overflowing the summit vent in Halema‘uma‘u crater. The sudden rise in lava lake level was
followed by a drop of similar magnitude, as an intrusion was emplaced below the southern part of Kilauea Caldera
(Bemelmans et al., 2021; Patrick, Swanson, & Orr, 2019), providing an alternative outlet for the excess pressure. A
similar mechanism may have contributed to expediting the lower ERZ eruption in 2018. Increased (magmastatic)
pressure from Kilauea's summit area was probably felt throughout the volcano's magmatic system, as indicated by
inflation that was especially strong along the ERZ and at the summit in the weeks prior to the 2018 lower ERZ
outbreak (Patrick et al., 2020; Poland et al., 2022). The increased magmastatic pressure of the magma filling Kilau-
ea's summit reservoirs may thus have contributed to the breaking of a barrier toward the ERZ on April 30, which
allowed the summit reservoir and lower-elevation plumbing system of dense accumulated magma to feed the LERZ
eruption, as is expected from microstructural constraints of the erupted magma (Wieser et al., 2020). Microgravity
results can provide no additional information on the configuration of the plumbing system below Kilauea Caldera.
Whether the ERZ is sourced by the HMMR (Wang et al., 2021) or the SCR (Wieser et al., 2020) is unknown.

5. Conclusion

Nine microgravity campaigns were completed at Kilauea between 2009—2017. The data were reduced using a
weighted least-squares approach (Hwang et al., 2002), which proved especially effective in short double-loop
circuits. Derived microgravity changes over time illustrate that subsurface mass on the order of 1.9 x 10! kg
accumulated beneath Kilauea Caldera during 2009-2015. The mass increase was identified at an average depth
of 1.3 km below sea level, slightly below the expected position of the shallow Halema‘uma‘u reservoir from
alternative geodetic observations. The accumulation of mass had probably been occurring since 1975 (Bagnardi
et al., 2014; Johnson et al., 2010) and continued until the 2018 eruptive outbreak in the lower ERZ. The accumu-
lation of subsurface mass beneath Kilauea Caldera was not commensurate with the observed surface deformation.
This discrepancy may be caused by densification of magma inside the Halema‘uma‘u reservoir through a combi-
nation of degassing through the summit eruptive vent and the densification and compression of gas-rich magma
(Rivalta & Segall, 2008)—a conclusion that might impact apparent changes in magma supply over time and that
argues for the inclusion of microgravity data in modeling of magma supply rates. When magma compressibility
and densification continue to counteract increasing pressure from the deeper plumbing system, excess pressure
may be relieved through alternative means. Such transfer of pressure accommodation mechanisms in Kilauea's
summit area might explain activity like the 2015 summit intrusion and may have even expedited the devastating
lower ERZ outbreak in 2018.
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(Van Rossum & Drake, 2009) using SciPy (Virtanen et al., 2020) and NumPy (Harris et al., 2020). Figures were
made with Matplotlib (Hunter, 2007), version 3.2.1 (Caswell et al., 2020) and a pre-release version of PyGMT
(Uieda et al., 2021) using Generic Mapping Tools version 6 (Wessel et al., 2019a, 2019b). A web application
that implements the applied weighted least-squares approach is available online at: https://jollyfant.github.io/g-
campaign-solve-js/ (Koymans, 2022).
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