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Abstract

During the last few decades, 4D volcano gravimetry has shown great potential for illuminating
subsurface processes at active volcanoes (including some that might otherwise remain ‘“hidden”),
especially when combined with other methods (e.g., ground deformation, seismicity, and gas
emissions). By supplying information on changes in the distribution of bulk mass over time, gravimetry
can provide unique information regarding such processes as magma accumulation in void space, gas
segregation at shallow depths, and mechanisms driving volcanic uplift and subsidence.

Despite its potential, 4D volcano gravimetry is an underexploited method, not widely adopted by
volcano researchers or observatories. The cost of instrumentation and the difficulty in using it under
harsh environmental conditions is a significant impediment to the exploitation of gravity at many
volcanoes. In addition, retrieving useful information from gravity changes in noisy volcanic
environments is a major challenge. While these difficulties are not trivial, neither are they
insurmountable; indeed, creative efforts in a variety of volcanic settings highlight the value of 4D
gravimetry for understanding hazards as well as revealing fundamental insights into how volcanoes
work.

Building on previous work, we provide a comprehensive review of 4D volcano gravimetry, including
discussions of instrumentation, modeling and analysis techniques, and case studies that emphasize what
can be learned from, campaign, continuous, and hybrid gravity observations. We are hopeful that this
exploration of 4D volcano gravimetry will excite more scientists about the potential of the method,

spurring further application, development, and innovation.



1. Introduction

The dynamics of active volcanic systems are governed by complex coupled phenomena that are
manifested at the surface in different ways, both as unrest and eruptive activity. The assessment and
mitigation of volcanic hazards rely upon interpreting these manifestations, which requires a thorough
understanding of the physical and chemical processes that drive volcanism—particularly those
associated with magma ascent and transport. Over the past few decades, volcanology has undergone a
substantial transformation in this respect, with limited, often qualitative, discipline-bounded
observations giving way to multidisciplinary, high-spatiotemporal-resolution datasets that are
quantitatively analyzed using principles from thermodynamics, fluid dynamics, rock mechanics, and
other fields. This transformation has occurred largely as a result of two developments: (1)
improvements in volcano monitoring systems due to increasing numbers of observation techniques,
technological advancements in geophysical and geochemical sensors, and growth in areas such as
computer science, telecommunications, and information technology; and (2) development of analytical,
semi-analytical and numerical methods aimed at modelling the effect of multiphase dynamics triggered
by a wide range of processes within magmatic plumbing systems.

The field of volcano gravimetry has benefitted substantially from these advances, with improvements
in instrumentation coupled with new modelling approaches allowing for novel insights into subsurface
mass changes. During the past few decades, many studies have shown that volcano gravimetry can
supply information of exceptional value regarding the source mechanisms of volcanic unrest (Battaglia
et al., 2008; Williams-Jones et al., 2008; and references therein). As an example, the accumulation of
magma and the exsolution of gas within an existing magma chamber both induce a pressure increase
resulting in a similar pattern of ground deformation at the surface. The key parameter needed to
discriminate between these sources is mass, which will increase in the case of intrusion but show much
less variation in the case of vesiculation. Under some circumstances, mass change may represent the
only factor that can be used to constrain processes occurring in the subsurface. For instance, magma
accumulation in pre-existing void space (such as a network of fractures) may not trigger changes in
pressure that would result in measureable seismicity or ground deformation, but the mass signature of
the intrusion can be recognized by measuring gravity changes at the surface (e.g., Rymer et al. 1993).
Microgravity monitoring can also shed light on the causes of unrest—for example, are seismicity and
surface inflation caused by the buildup and expansion of hydrothermal fluids, or is magma
accumulation the source of the observed changes (e.g., Battaglia et al., 1999, 2003, 2006)? The answers
to this and similar questions are critical for assessing the hazards posed by the unrest and represent



information that civil defense organizations require to design and implement appropriate response
plans. Indeed, past studies have shown that microgravity changes are detectable before, during, and
after volcanic crises (Rymer at al., 1993; Battaglia et al., 1999; Carbone et al., 2003a; Jousset et al.,
2000, 2003; Bonvalot et al., 2008; Bagnardi et al., 2014), with signal strengths varying from a few to
several hundred puGal (1 uGal = 10® ms™).

Despite its promise in revealing potentially “hidden” magmatic activity and elucidating the cause-effect
relations between complex subsurface processes and their geophysical manifestations at the surface
(e.g., Battaglia et al., 2006; Carbone et al., 2014), time-variable gravity monitoring has not been widely
adopted by volcano researchers and observatories. This is likely a result of several factors, including:
(i) the cost of instrumentation (the most common gravimeters are about an order of magnitude more
expensive than, for example, broadband seismometers), (ii) problems that are inherent with the use and
deployment of instruments intended for laboratory conditions in the harsh environments that
characterize the summit zones of most active volcanoes, and (iii) difficulty in interpreting gravity
changes that are a function of not only magmatic, volcanic, and tectonic activity, but also hydrological
effects, environmental conditions, and instrumental artifacts. Nevertheless, microgravity surveys aimed
at detecting subsurface mass changes have been completed at several dozen volcanoes worldwide (Fig.
1), and results from many of these studies have provided valuable constraints on magma dynamics and
eruptive activity.

Here, we review the instrumentation and methodologies used to characterize gravity change at
volcanoes, and we describe many case studies that highlight the results achieved by coupling other,
more established methods (like deformation, seismicity, and gas geochemistry) with gravity
observations to better understand volcanic processes. Our intent is to provide a comprehensive review
of volcano gravimetry, building on discussions in Battaglia et al. (2008) and Williams-Jones et al.
(2008). First, we introduce instruments and techniques used to perform gravity measurements at active
volcanoes (section 2). We then describe the most commonly used models to interpret gravity data from
volcanoes (section 3). Next, we discuss the results of past studies focused on (i) long-term gravity
changes from time-lapse (campaign) measurements (section 4), (ii) short-term gravity changes revealed
by continuous measurements (section 5), and (iii) the joint use of discrete and continuous methods, as
well as coupled relative and absolute measurements (section 6). We conclude by reviewing the inherent
challenges in volcano gravimetry and suggesting how these challenges can be overcome, with a view

toward expanding future exploitation of the capability (section 7).



2. Instrumentation and measurement techniques

Gravity measurements at active volcanoes are performed to fulfil two main purposes: (i) to understand
volcanic processes that induce bulk mass/density changes, and thus gravity changes over time (time-
varying gravimetry; e.g., Battaglia et al., 2008; Williams-Jones et al., 2008), and (ii) to image the
subsurface density structure of a volcanic edifice (static gravimetry; e.g., Schiavone and Loddo, 2007).
To achieve (i), gravity measurements must be repeated over time, in either campaign or continuous
mode (see sections 4 and 5), to estimate how the gravity field has changed at a single point or along an
array of fixed observation points during the interval spanned. To achieve (ii), tens to hundreds of points
over a broad area are measured to attain sufficient spatial resolution for mapping density variations
beneath the surface. When used for the purpose of static gravimetry, data must be made consistent with
each-other, i.e. reflective only of the density structure beneath the ground. Corrections are thus applied
(Deroussi et al., 2009) to account for the different elevation of the observation points (free-air
correction) and the different distribution of above-ground masses around each measurement point
(Bouguer and terrain corrections).

As our focus is on time-varying gravimetry at volcanoes, we do not discuss static gravimetry and we
refer readers to Schiavone and Loddo (2007) and to Gailler et al. (2009) for more information on the

topic.
2.1. Instrumentation

The magnitude of time-varying gravity changes associated with active volcanic systems is between a
few and a few hundred uGal (Rymer, 1989)—between one part in 10° and one part in 10® of the
standard gravity on Earth (g = 9.8 m*s™). High-precision instruments are therefore needed to detect
such small signals. These instruments come in two varieties: relative and absolute. Relative gravimeters
measure gravity differences over space, between pairs of stations, or over time, at a single point with
respect to the gravity value at an arbitrary starting time. The absolute gravity value at a given station is
not measurable by relative instruments. Conversely, using absolute gravimeters, it is possible to

measure the actual value of the gravitational acceleration at the observation point.
2.1.1. Relative gravimeters

2.1.1.1. Spring-based gravimeters



Spring gravimeters—the most widely used relative instruments—measure the change in the
equilibrium position of a proof mass suspended from a spring that results from a change in the gravity
field. To achieve the extraordinary precision required for measuring gravity changes due to volcanic
activity (typically on the order of 10 uGal), a number of different strategies have been adopted by
various instrument manufacturing companies. Since 1930, more than 30 types of spring gravimeters
have been introduced (Nabighian et al., 2005), one of the most successful being that developed by
LaCoste & Romberg (L&R) in 1939. The working principle of L&R gravimeters is based on the
concept of a “zero-length” spring (LaCoste, 1988)—a spring that is wound in a pre-stressed condition,
so that, if the force acting on it was zero, the spring would collapse to zero length. In L&R instruments,
an inclined zero-length metal counter-spring holds a horizontal beam supporting the proof mass (Fig.
2c; Torge, 1989). The beam is displaced by a change in gravity, which is compensated for, and thus
measured, by forcing the beam back to the horizontal position. An increase in the mechanical
sensitivity is achieved by designing the system so that the torque characteristics of gravity and spring
forces are very close to each-other (astatization). In early L&R instruments, the horizontal position of
the beam was restored only mechanically, by lifting the top end of the zero-length spring through a
sophisticated system including levers, a high-precision screw, and a gear box (LaCoste & Romberg,
2004). Since the beginning of the 2000s, L&R gravimeters have been optionally fitted with a capacitive
position indicator, to monitor the position of the beam, and an electrostatic feedback system, to keep
the beam in the null position (the Aloid-100 feedback system, featuring a dynamic range of 100 (early
models) to 200 mGal).

The L&R D- and G-models are no longer in production but are still widely utilized. The D-meter (Fig.
2a and d) features a reading resolution of about 5 uGal and, when used to reoccupy networks of
stations, has an accuracy of between 15 to 20 uGal (Rymer, 1989; Torge, 1989). When an electronic
feedback system is used to null the beam, the accuracy of the recordings (1 Hz sampling rate) can be
better than 1 uGal for averages over time-windows of 1 minute. Spring-based gravimeters are affected
by instrumental drift due to changes in the elastic properties of the spring that occur slowly over time.
For L&R gravimeters, the drift is on the order of 1 mGal per month, but decreases as the meter ages
down to less than 0.5 mGal per month. Drift is usually linear over some days, but strong nonliniarities
arise over longer periods because ambient parameters (mainly temperature but also humidity) induce
instrumental effects that modulate the rate of the drift (El Wahabi et al., 2001).

A new generation of relative spring gravimeters has been developed by Scintrex Ltd. since 19809.

Scintrex gravimeters are microprocessor-based, automated instruments with a reading resolution of 1



uGal. They feature a vertically hanging quartz spring and a capacitative displacement
transducer/electrostatic feedback system able to detect movements of the proof mass and to force it
back to a null position. The high-resolution displacement transducer, able to determine changes in the
length of the spring to 0.2 nm, removes the need for astatization, largely eliminating errors arising from
mechanical imperfections in the zeroing system. The quartz spring offers some advantages with respect
to the metal spring in L&R instruments: it is less affected by mechanical shocks, less sensitive to
changes in external magnetic fields, and has limited fatigue and memory effects. However, quartz
springs are more fragile than metal springs, feature a higher temperature coefficient than the special
alloy metal of L&R springs, and have a tendency towards stronger long-term drift. Budetta and
Carbone (1997) studied the performances of the (at the time) newly released Scintrex CG-3M
gravimeter and found that, under the severe field condition encountered on active volcanoes, the more
rugged and automated Scintrex devices provide a better measurement precision than L&R instruments.
Budetta and Carbone (1997) also showed that the strong drift of Scintrex gravimeters (~ 1 mGal d™)
can be reduced to acceptable standards (within about 20 pGal d™) by the real-time automatic
compensation.

For the ten years after their release, Scintrex was the major competitor of L&R. In 2001, however, the
two companies merged to form LaCoste & Romberg - Scintrex, Inc. (LRS), which later became the
parent company of Micro-g. Nowadays, LRS and Micro-g capture most of the market available for land
spring-based relative gravimeters with two products: the Micro-g/LaCoste gPhone and the Scintrex
CG-5 gravimeters (the successor to the CG-3M). With its compact shape, limited size/weight,
insensitivity to shocks, and automated features, the CG-5 (Fig. 3) is well suited for measurements at
active volcanoes and has been the standard for time-lapse observations since the mid-to-late 2000s
(e.g., Bagnardi et al., 2014).

The gPhone (Fig. 2d) is primarily intended for recording gravity time series (continuous observations).
The instrument is based upon the L&R zero-length spring suspension system; however, with respect to
previous L&R models (e.g., the D- and G-meters), it features significant upgrades, including: (i) a
double-oven system, allowing for a higher degree of temperature stabilization; (ii) a fully vacuum-
sealed chamber enclosing the sensor, to eliminate the effect of external pressure changes; and (iii) a
feedback nulling system with 0.1 uGal resolution. The gPhone is also characterized by small
instrumental drift (common to L&R meters), a high precision (1 uGal), and low system noise (3
uGal/\NHz). Some features, however, make it difficult to use the instrument in hostile field

environments. In many cases, measurement sites in the active zones of tall volcanoes must be reached



on foot and do not offer much space for the setup, implying that the weight and size of the
instrumentation are critical issues. A gPhone is nearly 3 times larger (Fig. 2d) and more than 4 times
heavier (13 vs 3.2 kg) than a L&R D- or G-meter, is controlled by a dedicated acquisition system that
includes a laptop computer, and requires a continuous power supply of about 100 Watts (by
comparison, the power supply required by a L&R D- or G-meter with an electronic feedback system is
about 10 W). gPhone installations therefore require sites with AC power (or a very large array of solar
panels and batteries), large footprints, good access, and a hardened vault. Finally, the gPhone is not
fitted with indicators of tilt and beam position (Fig. 2d)—a condition that probably arose from the need
to minimize the number of vents in the chassis of the instrument and better insulate the sensor against
ambient temperature and pressure changes. Nevertheless, it implies that communication between the
meter and the computer must be active during setup operations, including unclamping and leveling the
meter, as well as centering the proof mass in the feedback range. Once again, this is not ideal in hostile
field environments where the operator must deploy tools that are as easy to use as possible.

While companies producing other geophysical instrumentation (e.g., broadband seismometers) tend to
reduce sensor size and power consumption to facilitate use in adverse field conditions (e.g.,
http://www.nanometrics.ca/seismology/products/trillium-compact), LRS/Micro-g seem to favor
continuous gravity observation under laboratory conditions, rather than the field of volcano monitoring.
This explains why most studies of continuous gravity at active volcanoes have been accomplished
using either old L&R meters (e.g., Carbone et al., 2012; 2015; Poland and Carbone, 2016) or the only
competitor to LRS/Micro-g spring gravimeters, namely, the Burris gravity meter, produced by ZLS

Corporation (e.g., Carbone and Poland, 2012; Gottsmann et al., 2011).

2.1.1.2. Superconducting gravimeters

Superconducting gravimeters (SGs) are based on the same principle as spring-based instruments, but
instead of a mechanical spring, the magnetic levitation of a superconducting Niobium sphere in a field
of superconducting persistent coils is exploited. By utilizing the perfect stability of supercurrents, a
completely reliable, non-mechanical spring is created (Goodkind, 1999). The SG was first introduced
by Prothero and Goodkind (1968) as an elegant realization of the principles of superconductivity. The
basic sensor configuration has remained unchanged since that time (Fig. 4); nevertheless,
improvements in many aspects of the original design have transformed the SG from a prototype
experiment into a reliable research tool (Hinderer et al., 2007), now produced and commercialized by
GWR Instruments.



In an SG instrument, both the coils and the sphere become superconducting at very low temperatures (<
9.2 K). The SG sensor is therefore operated inside a dewar filled with liquid helium. Displacements of
the sphere due to gravity changes or inertial accelerations are measured by a capacitance bridge formed
by three aluminum plates. The feedback force needed to hold the sphere in the null position is derived
from the signal of the capacitance bridge, which represents the gravity signal. Thanks to the design of
the magnetic levitation, large displacements of the sphere correspond to small gravity changes,
enabling higher sensitivity. Persistent superconducting currents and operation at cryogenic
temperatures eliminate the sources of noise and drift commonly found in mechanical-spring gravity
meters, allowing higher sensitivity and long-term stability. In early SG models, helium in the dewar
had to be replenished every 3 weeks or so, and each of these refills, besides being expensive and time-
consuming, caused disturbances to the data stream. GWR therefore developed a refrigerated dewar
system for their instrument, where a cryogenic refrigerator (coldhead and compressor) is utilized to
intercept and reduce the flow of heat via radiation and conduction from the outside of the dewar to its
belly, thereby reducing the rate of boil-off and lengthening the ‘hold time” of the liquid helium.
Following earlier reports on the development of a transportable SG to be used in the field of hydrology
(Wilson et al., 2007), GWR released a more portable version of early observatory SGs, the iGrav (Fig.
4), which was first available for widespread use in 2012 and is the most well-suited SG to monitor and
study active volcanoes. Indeed, it is much smaller and lighter than an Observatory SG, needs less
power, and, thanks to an efficient refrigeration system, can operate indefinitely without the need for
refilling with liquid helium. The iGrav features sub-uGal precision (0.05 uGal over 1-minute
averaging), negligible drift (< 0.5 pGal/month), and very low instrumental noise (0.3 uGal/NHz).
Despite its reduced size and weight with respect to a GWR OSG (Observatory Superconducting
Gravimeter), however, the iGrav is still not ideal for installation in the vicinity of active volcanic
structures. Indeed, the refrigeration system consumes more than 1 kW of electricity, and thus AC
power is required at the installation site. Furthermore, some kind of hut or vault is needed to house the
instrumentation, which includes the dewar and base plate, the cryogenic refrigerator (and helium tank),
and the control box with its portable computer. The choice to install (or not) an SG at an active volcano
requires careful study to assess whether the installation site is suitably well located with respect to the
locus of volcanic activity to ensure that signals will be detected.

At Mt. Etna, the installation of a mini-array of three iGrav instruments was begun in September 2014.
To our knowledge, these are the first SGs ever installed on an active volcano. iGrav#16, installed at a

site 6.5 km away from the active craters of Etna, has recorded small (a few upGal) gravity changes



likely related to volcanic processes over periods ranging from a few hours to several days. Such
changes would not be observable by spring gravimeters due to their intrinsic limitations regarding
precision and long-term stability.

2.1.1.3. MEMS devices

One factor that has limited the full development of volcano gravimetry is the relatively high cost of
instrumentation. A spring-based relative gravimeter costs about 100,000 US Dollars (ten times more
than a broadband seismometer, for example), while an SG is nearly three times that amount. Such high
costs have often discouraged institutions in charge of monitoring and researching active volcanoes
from initiating microgravity observation—especially continuous measurements that, ideally, would
require the installation of an array of instruments (Williams-Jones et al., 2008). The future development
of volcano gravimetry, therefore, requires new instrumentation that goes significantly beyond the
current state of the art. The latter, for spring-based meters and SGs, is based on designs that date back
80 and 50 years, respectively.

Middlemiss et al. (2016) showed the potential of microelectromechanical system (MEMS) devices to
measure changes in the gravity field. MEMS are microscopic mechanical devices that are mass-
producible, light-weight and inexpensive. They are made from semiconductor materials and have been
used in both accelerometers (e.g., in smartphones) and seismometers. The MEMS device developed by
Middlemiss et al. (2016) is based on a smart geometrical (“anti-spring”) design and, through the use of
servo control loops able to keep the temperature of the system within 1 mK, it has sufficient stability to
detect low-frequency gravimetric signals, such as Earth tides (around 10 uHz). Indeed, over an interval
of 5 days, the authors found that the signal observed and the theoretical Earth tide had a correlation
coefficient of 0.86, implying a device sensitivity of 40 pGal/NHz. The instrumental drift was found to
be less than 150 puGal/day. MEMS gravimeters are not yet suited to detect changes of a few tens of
uGal in in adverse environmental conditions, and the strategy to stabilize the temperature to a suitable
level seems to be the main limitation (a change in temperature of 1 mK gives an uncertainty in the
gravity reading of about 25 uGal). Nevertheless, these devices represent a promising new opportunity
to advance volcano gravimetry in the near future. If reliable, small-sized MEMS gravimeters can be
produced at low cost, there is the possibility of improving the signal-to-noise ratio by stacking the

signal from many sensors in a cluster configuration.

2.1.2. Absolute gravimeters



2.1.2.1. Free-fall absolute gravimeters

Due to the difficulty in measuring time with sufficient accuracy, the free fall method of absolute
gravity could not be implemented until the wide availability of crystal and atomic clocks. Starting in
1960, a number of free fall interferometric measurements were accomplished at different laboratories.
The first transportable free-fall absolute gravimeter (FFAG), the so-called IMGC, was developed
starting in 1968 at the Istituto di Metrologia “G. Colonnetti” (now Istituto Nazionale di Ricerca
Metrologica, Torino; Cerutti, et al., 1974). Today, the most widely used FFAG in gravimetry and
geophysics is the FG5 (Niebauer et al., 1995; Fig. 5), developed at the Joint Institute for Laboratory
Astrophysics (JILA) and sold commercially by Micro-g/LaCoste. The FG5 operates by monitoring the
descent of a corner-cube reflector, contained in a co-falling servo-controlled chamber at vacuum
pressure. During a drop, the corner cube is in absolute free fall and not in mechanical contact with the
chamber. The free-fall trajectory of the corner cube is monitored very accurately using a laser
interferometer and referenced to the so-called Superspring, which provides seismic-isolation for the
reference optic and improves the performance of the instrument. Drops can be reproduced every two
seconds. The accuracy is 2 pGal, while the system noise is 15 pGal/\NHz at a quiet site (i.e., not a
seismically active volcano). The FG5 is, in general, not well-suited for portable use on active
volcanoes, since it is large and heavy (the system weights about 300 kg and requires a floor space of 3
m?), has a limited operating temperature range (10 to 30 °C) and requires facilities to house the
instrumentation. Nevertheless, it has been used on active volcanoes (Fig. 5; e.g., Kazama and Okubo,
2009; Greco et al., 2012; Kazama et al., 2015). Micro-g/LaCoste also produces the A-10 (Fig. 6), an
absolute gravimeter optimized for fast data acquisition in harsh field conditions. While the A-10 is less
accurate and less precise than the FG5 (accuracy = 10 puGal; precision = 10 pGal after 10 minutes at a
quiet site), it is lighter (total weight = 100 kg), more compact, less power-hungry (average power
consumption is 200W), and can operate under a broad temperature range (-18°C to +38°C). An A-10
has been used, jointly with CG-5 meters, to perform hybrid gravity measurements (see Section 6) at La

Soufriére de Guadeloupe volcano (Fig. 6; Deroussi, pers. Comm.).

2.1.2.2. Absolute gravimeters based on atom interferometry

Atom absolute gravimeters use cold atoms as the test mass, whose free-fall acceleration is measured by
means of a laser interferometer. Contrary to classical free-fall gravimeters that employ macroscopic test
masses, atom gravimeters do not suffer from mechanical wear and thus offer the possibility of

performing continuous and high-rate absolute measurements over long time periods. Since the
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beginning of the 1990s, the principle of atom interferometry has been employed for a variety of
applications, including precise determination of the gravitational constant (G; e.g., Rosi et al., 2014),
testing predictions from the theory of general relativity, and high-precision measurement of the
absolute value of local gravitational acceleration (g; Peters et al., 2001). During its early stages, this
technology remained confined to laboratory environments due to the bulkiness and fragility of the
setup. Over the last two decades, however, research groups based in France, China and the USA have
worked on the development of portable cold atom gravimeters intended (at least in part) for
geophysical applications (Dickerson et al., 2013; Gillot et al., 2014; Zhou et al., 2015). The LNE-
SYRTE cold atom gravimeter, in development since 2009 by a research group based at the
Observatoire de Paris (Le Gouét et al., 2008), supplied the know-how for the first commercially
available gravimeter exploiting laser-cooled atoms—the Absolute Quantum Gravimeter (AQG),
produced by Muquans. The AQG features an accuracy of a few pGal and a sensitivity of 50 uGal/\Hz.
The manufacturer claims that the AQG is stable over the long-term (within about 1 pGal) and can
attain a station-to-station repeatability of 2 uGal. The AQG is the only instrument that allows the
execution of high-rate (2 Hz) absolute measurements on a continuous basis for several years.
Furthermore, the measuring system can be set up in a relatively short time (ready to measure within 1h
from arrival at the observation point), thereby allowing for the execution of campaign measurements
involving several stations within a reasonable amount of time. Using an AQG, an instrument that
records continuously at a given reference site could be occasionally moved between other points to take
time-lapse measurements and then returned to the reference station, where the absolute continuous time
series could be restarted without the need to apply any compensating corrections. A measurement
campaign involving the use of the AQG, however, must take into account several constraints, including
the size of the instrumentation, the required power (300W), and, most importantly, the currently limited

operating temperature range.

2.2. Strategies for reducing measurement uncertainty during campaign observations.

Changes in gravity with time can be assessed by repeated measurements or continuous observations. In
the case of repeated measurements, the time between successive surveys should match the period of the
expected gravity changes, which, on active volcanoes, is a function of the evolution rate of the driving
magmatic processes. Nevertheless, in most cases, the interval at which the surveys are performed is
constrained by logistic factors (e.g., accessibility of the survey area that depends on the eruptive
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activity and/or weather conditions, availability of personnel and funding), rather than scientific
considerations. Precision gravity networks are established for monitoring changes over relatively long
periods (months to years), and measurements can be carried out using both relative and absolute
gravimeters. Very high precision is required to detect the relatively small gravity changes caused by
volcanic activity, implying that sources of error must be understood and minimized. Repeated
measurements on active volcanoes are mostly accomplished through spring-based relative instruments,
which are small and light and thus easily transportable from one station to the other. Spring gravimeters
also do not require much time to set up and record a measurement (a few to a few tens of minutes),
allowing a survey of tens of stations to be completed in a matter of a few days.

Rymer (1989) analyzed sources of errors that can affect gravity measurements acquired by spring
gravimeters. The most important are instrumental effects, namely drift and tares. While instrumental
drift is a gradual change of the zero position due to fading spring tension over time, tares are sudden
and irreversible jumps in meter reading due to mechanical or thermal shocks. In the framework of a
gravity survey, drift coefficients and tare sizes are determined by reoccupying the same point at
different times during the same day, or by repeated connection of adjacent stations. Watermann (1957)
proposed and tested various measurement schedules aimed at monitoring instrumental drift. When a
strict survey procedure is adopted, errors in the gravity differences between adjacent stations can be
restricted to <10 uGal (Rymer, 1989) or better (Budetta and Carbone, 1997). To make gravity data
acquired in the framework of different measurement campaigns comparable with one another, and
thereby recognize changes over time, each campaign must be related to a reference outside the active
area, where it is assumed that the gravity field is stable. Naturally, this contributes to the error budget
of a time-lapse survey, since small variations at the reference station(s) due to man-made, hydrological,
and other effects will be propagated through the entire network. The use of portable absolute
gravimeters would overcome these limitations; however, not all institutions can afford these
instruments (on the order of 500,000 US Dollars) and, due to their characteristics, they are difficult to
use in challenging environmental conditions. Absolute gravity measurements are required in areas
where there is no guarantee of temporally constant gravity at the reference site (e.g., small volcanic

islands where there are no points far enough away from the active structures; Furuya et al., 2003).

3. Models
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The instrumentation described in the previous section is essential for detecting and characterizing
gravity changes at active volcanoes. On its own, however, the technology only provides an indication
of an anomaly. Relating temporal variations in gravity to causative source mechanisms requires the use
of models.

Inverse methods (Tarantola, 1987) are commonly used to investigate spatio-temporal gravity
variations, as they provide a means of estimating, from the observed gravity changes, potential
causative underground mass/density redistributions. The source parameters (position, size, shape, mass
change, etc.) that best fit the measured gravity changes are constrained using a combination of forward
models and optimization algorithms (Tiampo et al. 2000; Jousset et al. 2003, Bonvalot et al., 2008;
Carbone et al., 2008a; Greco et al., 2016). The choice of the most appropriate forward model, however,
is not straightforward—volcanoes are complex systems in which multiphase mass transfer occurs
through a medium that can be porous, viscoelastic and fractured. Simplifying assumptions are therefore
essential. Several closed-form solutions have been derived to calculate the gravity effect of simple-
shaped underground bodies that have a constant density contrast with respect to the embedding
medium. In active volcanic areas, underground mass redistributions are often associated with pressure
changes that cause ground deformation. Therefore, whenever possible, gravity changes must be
analyzed jointly with the corresponding ground deformation (see section 4).

A number of analytical formulations are widely used to interpret gravity changes and ground
deformation from active volcanoes. Perhaps the most common is the “Mogi” model (Mogi, 1958),
which envisages a magma chamber with spherical symmetry undergoing pressure increase/decrease as
magma is injected or withdrawn. The Mogi model involves 6 parameters (Fig. 7a), and gravity and
elevation change are related linearly through the solution (Hagiwara, 1977). In spite of its popularity,
the application of the Mogi model requires some caution. Indeed, the simplification that holds true for a
spherical point source, i.e., that the only deformation effect on gravity is the free-air effect, is not
generally true for nonspherically symmetric sources (Walsh and Rice, 1979; Segall, 2010) and may
lead to bias in the interpretation of the results if applied to, e.g., even slightly elliptical magma
chambers (Battaglia et al., 2003). The “fissure eruption” model, proposed by Okubo and Watanabe
(1989), approximates the opening of cracks in a narrow fracture zone due to the action of tensile
tectonic stress. These cracks may channel the flow of magma to the surface, thus triggering an eruption.
The model involves 9 parameters (Fig. 7b) and does not predict a linear relation between gravity and
elevation changes (Jousset et al., 2003). By combining the analytical expressions derived by Okubo
(1992) and Okada (1985, 1992), it is possible to calculate the gravity changes and corresponding
ground deformation due to a dike-like intrusion (activation of a rectangular tensile dislocation). This
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model is described by 10 parameters (Fig. 7c) and involves a nonlinear relationship between gravity
and ground deformation (Carbone et al., 2008a). Further analytical models have been derived to
calculate gravity change and ground deformation induced by mass/pressure sources featuring other
simple shapes. For example, the sets of equations proposed by Clark et al. (1986) and Yang et al.
(1988) allow calculation of the effect of a pipe-like (prolate spheroid) source that can be used to
approximate a volcanic conduit, and the equations derived by Fialko et al. (2001) can be used to
evaluate the effect of a horizontal penny-shaped body (sill-like intrusions).

Closed-form analytical formulations are computationally tractable and relatively easy to implement;
hence, they are often used as forward models for the inversion of gravity and deformation data from
active volcanoes—especially in the framework of real-time monitoring, where computation time is a
critical issue. Analytical models, however, involve several simplifications and assumptions, for
instance, that the crust surrounding the source is a homogenous, isotropic, elastic, semi-infinite medium
with a flat upper surface (elastic half-space), and that the source has a simple geometry and features a
uniform density contrast with respect to the embedding medium. These assumptions make analytical
models easy to utilize but can result in misleading volcanological interpretations (Ferndndez and
Rundle, 1994; Trasatti and Bonafede, 2008). To take into account the mechanical discontinuities and
heterogeneities of the medium, topography, complex source geometries, and non-uniform density
distributions throughout the source, numerical modelling schemes are necessary.

Numerical modeling of both gravity change and surface deformation is not as widespread a practice as
analytical modeling, but several efforts are worthy of highlight. Charco et al. (2007) used a 3-D indirect
boundary element method and showed that accounting for topography alters both the pattern and
magnitude of surface deformation and gravity changes induced by a magmatic intrusion. Trasatti and
Bonafede (2008) and Currenti (2014) performed numerical computations based on the finite element
method and showed that, during pressurization of an ellipsoidal magma chamber, the deformation of
the medium may make a significant contribution to the gravity changes observable at the surface
through displacement of layer interfaces (density boundaries) and medium compressibility.
Furthermore, the introduction of medium complexities such as layering and plastic rheologies may
change the inferences arising from gravity data in terms of mass gain/loss (Trasatti and Bonafede,
2008).

Numerical solutions can also be utilized to explore the effect of sources with complex geometry.
Camacho et al. (2011) proposed a non-linear inversion scheme for gravity and deformation data that
determines a general geometrical configuration of the source, assuming homogenous elastic conditions

and taking the topography into account. This method is based on the 3D aggregation of density and
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pressure point sources through an automated growth process, and it finds a free 3D geometry of the
anomalous body (or bodies) that matches the observed data as best as possible. While this method is
appropriate for the inversion of spatially dense (e.g., INSAR) data (Camacho et al., 2011), its
application to often-sparse (both spatially and temporally) 4D gravity data from volcanoes may not be
appropriate. Indeed, when applied to gravity data from Montserrat, the inversion scheme by Camacho
et al. (2011) did not furnish results statistically more significant than those obtained through the use of
finite source models (Hautmann et al., 2014).

Another application of numerical solutions is to forward-model the gravity effect of mass sources
whose complex geometry is known from independent information. For example, Carbone et al. (2013)
developed a numerical model (Fig. 8) of the summit eruptive vent at Kilauea that was based on
measurements of vent dimensions and could be used to calculate the gravity effect of changes in lava
level within the vent. Gravity changes estimated using this model were applied to adjust the results of
time-variable gravity surveys to better detect changes associated with shallow magma storage
(Bagnardi et al., 2014) and to investigate the density of the lava within the eruptive vent from a
continuous gravity time series (Carbone et al., 2013; Poland and Carbone, 2016).

Numerical models also offer an opportunity to approximate variable source density on models of
gravity observations. Carbone and Poland (2012) used a numerical model where the density in the
different parts of the source volume could be set independently of each other. This approximation was
utilized to forward-model the gravity effect of convection-driven density inversions within the shallow
magma reservoir at Kilauea.

While numerical schemes are well-suited to perform direct calculations aimed at retrieving the relative
importance that some complexities of the system may have on the budget of the observed gravity
changes, they are, in general, not well suited to data inversions. Furthermore, complex models that
make use of numerical techniques require numerous model parameters. Because gravity and ground
deformation data from active volcanoes are often limited and noisy, there is a risk of over-interpreting
the results of numerical models based on such datasets (Battaglia et al., 2008). The choice of model—
analytical versus numerical—to derive information related to source parameters must therefore be

carefully evaluated, taking into account the constraints relevant to the case under study.

4. Gravity surveys to detect long-term volcanic processes
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Not long after their development, portable gravimeters were put to use for measuring temporal changes
in gravity associated with volcanic activity. Gravity surveys to measure such changes typically occupy
a network of points around a given volcano and are repeated every few months to years; thus, gravity
campaigns are best suited to investigate long-term variations in volcanic processes. An early
application of campaign gravity to track volcanic unrest was the case of 1zu-Oshima, Japan, where lida
et al. (1952) measured a pre-eruptive, several-hundred-microgal gravity increase and subsequent co-
eruptive decrease in 1950-1951, possibly related to magma accumulation before, and withdrawal
during, eruptive activity. In the decades that followed, studies of time-variable gravity at active
volcanoes were rare, perhaps reflecting the inherent uncertainty in the mechanism of gravity change
when coincident deformation measurements are not available. Uplift causes a decrease in gravity, and
subsidence an increase, due to the changing distance between the surface and the center of the Earth,
following a theoretical “free-air” gradient (FAG) of -0.3086 mGal/m. Gravity changes detected at
Izalco, El Salvador (Rose and Stoiber, 1969), Mt. Baker, Washington, USA (Malone, 1979), and
Pacaya, Guatemala (Eggers et al., 1976; Eggers and Chavez, 1979), could not be interpreted
unambiguously because of the lack of elevation control. One of the first studies that measured
coincident and consistent changes in gravity and elevation over time was at Kilauea Volcano, Hawai‘i,
during and following the 1975 M7.7 earthquake (Dzurisin et al., 1980; Jachens and Eaton, 1980).
During the 1980s, surveys of temporally variable gravity and deformation at volcanoes began to
flourish (e.g., Eggers, 1983; Rymer and Brown, 1984, 1987, 1989; Berrino et al., 1984; Johnson, 1987;
Okubo and Watanabe, 1989). It soon became plain that gravity held great potential for elucidating the
source mechanisms of volcanic unrest, perhaps best exemplified at Long Valley caldera, where gravity
change associated with inflation during the 1980s and 1990s was consistent with fluid densities
indicative of magma accumulation and not a hydrothermal source (Battaglia et al., 1999, 2003). The
advent of interferometric synthetic aperture radar (INSAR) in the 1990s further facilitated volcano
gravimetry, as ground-based field campaigns were no longer critical for providing surface displacement
information (e.g., de Zeeuw-van Dalfsen, 2006; Bagnardi et al., 2014).

In many cases, long-term gravity changes are triggered by magmatic processes that also induce
measurable ground deformation. The joint collection of deformation and gravity data is needed not
only to assess the contribution of the FAG to the gravity signal, but also to constrain the driving
mechanism of any measured geodetic changes. Indeed, the nature of the processes at work can result in
different relations between gravity change and ground deformation. When gravity and deformation data
are analyzed jointly, it is possible to recognize, for example, densification of stored magma (Bagnardi
et al., 2014), filling of void space by magma (Carbone et al., 2008a), compression of bubbles (Bonvalot
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et al., 2008), the efficiency of long-term eruptions (Kauahikaua and Miklius, 2003), and magma
drainage (de Zeeuw-van Dalfsen et al., 2004). Furthermore, at volcanoes that host active hydrothermal
systems, gravity studies can distinguish processes involving magma from those driven by water and

volatiles—critical information for characterizing hazards (e.g., Battaglia et al., 2006).

4.1 Ag/Ah as an indicator of subsurface processes

Rymer and Williams-Jones (2002) proposed that, in situations where volcanic activity is regulated by
the dynamics of a pressurized magma chamber whose behavior can be approximated by a point-source
model (Mogi, 1958; see section 3), the ratio between gravity and elevation changes (Ag/Ah) provides a
framework from which to assess the likelihood and type of volcanic processes at work—including
potential future eruptive activity (Gottsmann et al., 2003; Fig. 9). Indeed, from the study of the Ag/Ah
gradients one can tell whether, for example, inflation (volume increase) is associated with a change in
the density of magma within the source reservoir (Williams-Jones and Rymer, 2002). A density
decrease might indicate vigorous interaction between the intruding and resident magmas, causing
convection and cooling of the new magma, leading to volatile oversaturation and vesiculation. The
resulting increase in gas pressure within the reservoir might eventually lead to explosive eruptive
activity. The model of Rymer and Williams-Jones (2002) can therefore be applied to hazards
assessment, provided that the inherent assumptions and limitations are taken into account. Even in the
cases where the Mogi (1958) approximation is not the best model for the actual source of mass and
pressure change, the Ag/Ah framework can provide a useful starting point when the surface patterns of
gravity and elevation changes are in agreement. Evaluating whether or not the change in gravity is
commensurate with the observed deformation provides a window into the processes occurring at depth.
If the increases (or decreases) in gravity that share a common source as surface deformation are due to
a “pure” mechanism of magma accumulation or withdrawal, the Ag/Ah will approximate the Bouguer-
corrected free-air gradient (BCFAG)—in other words, there is no significant change in subsurface
density (Gottsmann et al., 2003). Johnsen et al. (1980) and Torge (1981) both observed a good spatial
correlation between gravity and elevation changes at Krafla VVolcano (Iceland), obtaining a mean value
for Ag/Ah that was consistent with processes involving only magma injected to or withdrawn from a
shallow magma chamber. Similarly, at Usu Volcano (Japan), Jousset et al. (2003) found that, between
July 1998 and November 2000, the displacements and gravity variations—among the largest ever
recorded on an active volcano—were caused by a common source process, namely the intrusion of new

magma along a subvertical fracture zone prior to the March 2000 eruption. The density of the intruding
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material was found to be slightly higher than, but still consistent with, the density of past eruptive
products from Mt. Usu, implying again that a mechanism involving only the intrusion of magma in the
fracture zone could explain the observations.

In other cases, even though the patterns of gravity changes and deformation are well correlated in space
(i.e., deformation and gravity change share the same source), the density of the fluid involved in the
source process, deduced from the analysis of the Ag/Ah gradient, is not in keeping with a “pure”
mechanism of magma intrusion/withdrawal. In other words, explaining the observed gravity change
associated with uplift or subsidence would require a density that is unrealistically higher or lower than
that expected for subsurface magma (Ag/Ah values above or below, respectively, the BCFAG curve in
Fig. 9). It is especially these cases where campaign gravity measurements demonstrate their importance

as a volcano surveillance and research tool.
4.1.1 Ag/Ah within the FAG-BCFAG range

In some cases, the mass gain or loss is less than expected if the mechanism of gravity change and
deformation were driven by magma accumulation or withdrawal alone—in other words, Ag/Ah values
plot between the FAG and the BCFAG curves in Fig. 9. For example, a strong gravity decrease during
the inflation that preceded the 2005 eruption of Sierra Negra volcano (Galapagos) pointed to an overall
density decrease in the magma reservoir. Vigouroux et al. (2008) proposed that pre-eruptive magma
vesiculation might explain the observations, consistent with the model of Gottsmann et al. (2003).

Mass deficits can also indicate that a fluid other than magma is driving observed deformation and
gravity change. Battaglia et al. (2006) analyzed gravity and deformation data collected at Campi
Flegrei and found that the 198084 inflation episode could be explained by a common mass/pressure
source (a penny-shaped crack) with a mass change indicating a low bulk density (about 1000 kg*m™).
Rather than assuming a process involving mixing of resident and new magma and leading to an overall
density decrease of the reservoir by vesiculation, Battaglia et al. (2006) proposed that the unrest was
driven by migration of aqueous fluid to the caldera hydrothermal system. By combining gravity change
and deformation data from Yellowstone caldera, Tizzani et al. (2015) found that both magma and

hydrothermal fluids play a role in driving caldera unrest.

4.1.2 Ag/Ah outside the FAG-BCFAG range: too much mass gained/lost!
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Several examples now exist of scenarios where the amount of mass required to explain a gravity signal
is far more than expected from the deformation signal—in other words, a large gravity change is
associated with minor deformation, yet both have the same source.

At Kilauea Volcano, Bagnardi et al. (2014) measured a gravity changes and inflation centered on a
common source located ~1.5 km beneath the caldera, just east of Halema‘uma‘u Crater, between
March 2011 and November 2012 (Fig. 10). The volume change modeled from deformation data,
however, could explain only a small percentage of the mass change deduced from gravity, assuming a
reasonable magma density. The driving process must therefore cause an increase in bulk mass without
inducing commensurate surface inflation. The authors proposed several possible mechanisms: 1)
substitution of gas-rich magma in the shallow reservoir by denser, degassed magma that had convected
up to the summit eruptive vent and lost its volatile load, 2) filling of subsurface void space by magma,

3) compression of bubbles in the resident magma, and 4) formation of olivine cumulates.

Excess mass during inflation has also been measured at Mt. Etna and Piton de la Fournaise (La
Réunion). Carbone et al. (2008a) found that gravity changes spanning the March 1981 flank eruption of
Mt. Etna were spatially well correlated with the coincident elevation changes. The source model
(tensile cracks) that satisfactorily explained ground deformation, however, implied a volume change
that underestimated the observed gravity changes (assuming a reasonable magma density). To account
for the bulk mass increase without the expected ground deformation, Carbone et al. (2008a) proposed
that, besides opening the tensile crack, the ascending magma also filled a network of preexisting
interconnected microfractures surrounding the crack itself. Bonvalot et al. (2008) showed that gravity
changes associated with the March 1998 major eruption at Piton de la Fournaise could not be fully
explained by the intrusive dike model that had been proposed on the grounds of INSAR and tilt data. A
satisfactory fit to the observed gravity data was obtained through an additional mass increase below the
dike (Fig. 11), suggesting that compression of bubbles in a magma reservoir may have produced the
additional mass change without commensurate surface deformation.

The “excess mass” principle applies not only to periods of inflation, but also deflation. For example,
Dzurisin et al. (1980) found that more mass was lost from beneath Kilauea’s summit as a result of the
1975 M7.7 earthquake than could be accounted for by deformation, indicating the formation of void
space in the subsurface. Similarly, at Askja (de Zeeuw-van Dalfsen et al., 2004) and Krafla (de Zeeuw-
van Dalfsen et al., 2006), Iceland, mass loss in excess of that predicted from deformation modeling was
measured. In both cases, indeed, only a small percent of the volume of magma drained from the
chamber is accommodated by magma chamber reduction measurable as deflation at the surface, while
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most of it is accommodated by decompression of stored reservoir magma (de Zeeuw-van Dalfsen et al.,
2004; 2006). These results indicate that volcano deflation could result from complex coupled processes
that can be fully understood only if gravity studies are performed.

4.2 Gravity change without deformation

4.2.1 Magmatic processes

The study of gravity change is especially important when bulk mass redistribution occurs in the
absence of pressure changes that induce measureable ground deformation. In such cases, gravity may
be the only tool able to recognize the occurrence of magmatic unrest.

Kilauea provides an excellent example of gravity change without associated deformation. Between
November 1975 (after the M7.7 earthquake) and 2008, Johnson et al. (2010) documented a significant
mass increase beneath the east margin of Halema‘uma‘u Crater, within the volcano’s summit caldera.
Deformation during the same time period, however, was focused further south and associated with the
known main magma storage area beneath the summit. The long-term mass increase over that time
period therefore occurred in the absence of a significant collocated bulk pressure change (Fig. 12).
Johnson et al. (2010) thus concluded that the observed gravity changes were induced by magma
accumulation in void space—most likely a network of interconnected cracks that may have formed
when magma withdrew from the summit in response to the November 1975 earthquake.

Rymer et al. (1998) observed a gravity decrease at Masaya volcano, Nicaragua, at stations near the
active crater area but with negligible elevation change (stations outside the area of the summit craters
showed no gravity change). The strong 1993-94 gravity decrease was modeled as due to a mass change
at shallow depth (~500 m) beneath Santiago pit crater, possibly due to convection-driven replacement
of relatively dense, degassed magma by gas-rich material (Rymer et al., 1998. On the grounds of these
data, the authors concluded that the activity phase they observed was not caused by the intrusion fresh
magma, but rather by overturn of resident magma in the chamber.

At Mt. Etna, the stress field on the volcanic edifice leads to the formation of systems of fractures that
can channel the flow of magma, allowing for “passive” magma ascent and transport. Movement of
magma can therefore occur without the development of stress changes able to induce seismicity and/or
ground deformation (Aloisi et al., 2011). Rymer at al. (1993) measured strong gravity changes in the
year preceding the major 1991-93 eruption (Fig. 13), for which the associated surface deformation was
small and had an unexpected pattern (based on elastic modeling of likely deformation sources). They
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proposed that magma transport was not forceful, but instead occurred in a pre-existing fracture system
before reaching the surface (Fig. 13). Budetta et al. (1999) also observed, between 1994 and 1996 (a
period that included the 1995-96 summit explosive activity), gravity changes without significant
variation in ground elevation, reflective of mass redistributions within Etna’s edifice. In particular, it
was proposed that a batch of magma intruded passively to a zone about 2 km beneath the summit
craters (September 1994 — October 1995; gravity increase) and fed the 1995-96 eruptive activity
(October 1995 — July 1996; gravity decrease).

While Etna, Maaya, and Kilauea highlight some of the best examples of gravity change in the absence
of significant deformation, the phenomenon is certainly not restricted to those volcanoes. Similar
observations have been made at: Mayon volcano (Philippines), between 1992 and 1994, suggesting
mass redistribution at depths of 2-5 km below sea level (see Vajda et al., 2012 and references therein);
Askja volcano (Iceland), between 2007 and 2009, possibly reflecting accumulation of magma in void
space beneath the caldera (Rymer et al. 2010; de Zeeuw-van Dalfsen et al., 2012); and at Miyakejima
volcano (Japan) before and after caldera collapse in 2000 (Furuya et al., 2003). In the Miyakejima case,
a gravity decrease, recorded soon before the collapse and for almost 2 months after its start (July to late
August), was interpreted as due to bulk void formation followed by water invasion of the hot conduit
and explosive eruptions. The subsequent (September to November) gravity increase, which exceeded
the effect of collapsed topography, was thought to reflect magma ascent and refilling of the evacuated

conduit.

4.2.2 Hydrothermal processes

Gravity changes not associated with ground deformation can also develop due to shallow processes
involving hydrothermal systems. Jousset et al. (2000a) found that the patterns of gravity change and
ground deformation during the 1996-98 crisis at Komagatake volcano (Japan) did not coincide. Indeed,
elastic models with a common mass and pressure source failed to satisfactorily explain both datasets. A
more complex model involving deeper (5 km below sea level) magma intrusion and shallower (above
sea level) boiling and evaporation of water, however, can fully explain the set of observations (Fig. 14).
Gottsmann et al. (2006) analyzed gravity changes accompanying the reactivation of the central volcanic
complex of Tenerife (Spain) in early 2004. These changes, mostly due to subsurface mass/density
variations (accompanying elevation changes were negligible), were shown to reflect migration of

hydrothermal fluid along a permeable N-S striking zone.
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Gravity measurements at Poas volcano (Costa Rica) also revealed changes over years-long periods
without obvious ground deformation (Rymer et al., 2009) that were thought to be triggered by shallow
mass changes of either magmatic or hydrothermal origin (i.e., a direct effect of shallow magma
intrusion, or an indirect effect through enhanced circulation of hydrothermal fluids). In particular, the
strong gravity changes observed between 1985 and 1990 heralded a catastrophic drop in the level of the
acidic crater lake (Fig. 15) and was associated with intense outgassing and sulphur eruptions that had
serious consequences for local health and environmental conditions (Rymer et al., 2009). The
possibility that mass changes occurred at depth years before the manifestation of enhanced eruptive

activity highlights the potential of time-lapse gravity as an early indicator of volcanic hazards.

4.3 Gravity changes in the absence of magmatic fluids

Besides imaging processes involving magmatic fluids (i.e., the accumulation and transport of magma,
hydrothermal fluids, or volatiles, as well as changes like vesiculation or crystallization in static bodies),
gravity changes can develop in response to the emplacement of volcanic deposits or as a result of
changes in the rate of microfracturing along bulk weakness zones within or below a volcanic edifice
due to modifications in the local or regional stress field.

At Merapi volcano (Indonesia), Jousset et al. (2000b) observed, between 1993 and 1995, strong gravity
changes (nearly 400 pGal) with negligible deformation (less than 5 cm). The gravitational attraction
exerted by the recently extruded lava dome was found to explain most of the observed signal. Residual
gravity changes, after reduction for the effect of dome growth, were interpreted as due to a mass
increase at shallow depth, possibly driven by the arrival of new magma replacing the extruded dome.
Hautmann et al. (2010) performed gravity measurements at Soufriere Hills VVolcano (Montserrat, West
Indies) and observed, between 2006 and 2008, gravity changes not accompanied by significant ground
deformation (Fig. 16). They were centered at stations relatively far from the volcanic center and
thought to be caused by changes in the fracturing rate along a fault zone beneath the central part of the
island, in turn controlled by the stress field imposed by the shallow plumbing system of the volcano.
Using gravity and seismic data acquired at Etna between 1994 and 2001, Carbone et al. (2009a; 2014)
found a marked coupling between mass changes and release of seismic energy, over both time and
space (Fig. 17). Spatial patterns of gravity change and deformation, in contrast, showed little
resemblance to one another, indicating that the sources of mass and pressure variations were different.
These findings lent support to the view that the observed gravity anomalies reflected changes in the rate

of micro-fracturing along the NNW-SSE fracture/weakness zone that crosses the SE slope of Etna
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(Greco et al., 2010). Enhanced fracturing would cause a local density (gravity) decrease and an increase
in the release of seismic energy, thus explaining the observed anticorrelation. A phase of gravity
decrease coupled with an increase in strain release culminated in the 2001 flank eruption, probably
because deeper magma used the inferred zone of increasing microfracturing as a path to the surface
(Carbone et al. 2003a; 2009a).

5. Short-term changes observed through continuous measurements

5.1. Characteristics of continuous gravity time series

The ability of time-lapse gravity to explore volcano-related subsurface mass redistribution is limited by
the repeat time of the campaign measurements, which is generally on the order of 1 year and almost
never shorter than 1 month (Torge, 1989). Gravity surveys are therefore not suitable for investigating
the most dynamic volcanic processes, which typically develop over time-scales of minutes to days (e.g.
Gilbert and Lane, 2008). Instead, continuous measurements of gravity are needed (Williams-Jones et
al., 2008).

Although hardly a mature field, continuous gravity measurements have been carried out at a number of
volcanoes around the world (Fig. 1), with recording rates in the range of 0.01-1 Hz (Jousset et al.,
2000b; Gottsmann et al., 2007; Carbone et al., 2008b; Carbone and Poland, 2012; Poland and Carbone,
2016). Such measurements can be accomplished through either spring or superconducting relative
gravimeters (SGs; section 2). SGs provide higher data quality than spring gravimeters, but are larger
and require AC power, making field deployments in close proximity to volcanic activity problematic
(section 2.1.1.2). SGs are also considerably more expensive than spring gravimeters, and the cost of
installing an array of SGs is beyond the financial means of most institutions that are tasked with
volcano monitoring and research. Continuous gravity measurements at active volcanoes are therefore
usually accomplished using spring gravimeters, which are portable and can be operated on DC power at
remote field locations. Unfortunately, these instruments usually do not provide reliable measurements
when used in continuous mode for weeks or more because they can be influenced by environmental
factors and are subject to instrumental drift.

Ando and Carbone (2004; 2006) studied the effect of environmental parameters on the signal from
continuously recording gravimeters and showed that changes in ambient temperature can induce strong

apparent gravity changes (admittance up to 200 uGal/°C over seasonal variations; EI Wahabi et al.,
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1997). The transfer functions between ambient temperature and the signal from continuously recording
spring gravimeters were shown to be highly nonlinear, instrument-specific, and frequency-dependent
(Carbone et al., 2003b; Ando and Carbone, 2004). Furthermore, using records from the same
instrument operating in different monitoring sites, Ando and Carbone (2006) demonstrated that the
installation setup itself has an important influence on the transfer function. Thus, nonlinear techniques
must be applied to remove the effect of ambient temperature, involving the use of frequency-dependent
and instrument/setup-specific algorithms. These corrections also require the acquisition of a time series
that is much longer than the period of the influencing temperature fluctuations in order to optimize the
compensation schemes (the so-called “training process”).

Past studies (e.g., Ando and Carbone, 2001; Carbone et al., 2003a) demonstrated that, if a suitable
setup is adopted for the field stations, the effect of ambient temperature on continuously recording
spring gravimeters is negligible over short periods (seconds to days; Fig. 18). Given the difficulties in
implementing compensation strategies, most past studies at active volcanoes have focused on the
analysis of continuous gravity observations over time-scales of minutes (e.g. Carbone et al., 2009;
Carbone and Poland, 2012), hours (Branca et al., 2003; Carbone et al., 2006; 2008b; 2012; 2015;
Gottsmann et al., 2007), and days (Sainz-Maza Aparicio et al., 2014; Poland and Carbone, 2016). This
approach also mitigates against instrument drift, which is difficult to assess for spring gravimeters (e.g.,
Berrino et al,, 2006), but can be a minor factor relative to volcanic signals over timescales of hours to
days (e.g., Poland and Carbone, 2016).

Although continuously recording spring gravimeters can detect volcano-related signals over relatively
restricted timescales, a variety of processes can still be studied, assuming that the sensor is located in
close proximity to the source of the process being investigated. Indeed, magmatic fluids are composed
of a multi-phase mixture of liquid, gas and crystals, all with different densities. Changes in the relative
proportion of these components within a magmatic system can induce modifications of the density
profile in the upper plumbing system which, in turn, can lead to local gravity changes that are
measurable at the surface. For example, using a finite element scheme that is able to describe the time-
dependent dynamics of magma and determine the contribution to the gravity field of each mass parcel
during the simulated dynamics, Vassalli et al. (2009) showed that magma mixing processes in a
shallow chamber can induce measurable gravity changes over minutes. These changes are mainly
related to density inversions during convective overturns (Longo et al., 2006), when magmas with
different compositions (and densities) come into contact.
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Simplified calculations based on the model of Wilson and Head (1981) show that, under equilibrium
conditions, even small pressure changes in a shallow magma chamber may lead to important bulk
density changes via diffusion of water (Fig. 19) and compression/decompression of vesicles. Indeed,
water is far more soluble in magma than CO, and dominates gaseous processes at shallow depths (e.g.,
Gerlach, 1986). Pressure changes as small as a few tenths of MPa occurring in a magma body at depths
between 1000 and 2000 m (lithostatic pressure of 20-50 MPa) can induce, through diffusion of water,
density changes on the order of 10 kg*m™ (Fig. 19). If the magma chamber has a size of 1000m, such
density change will induce gravity changes of up to 20-30 pGal at the surface, which would be
detectable using spring gravimeters. Magma chambers featuring the above geometrical characteristics,
in terms of depth and size, are known to exist beneath the summit caldera of Kilauea Volcano (e.g.,
Poland et al., 2009), below the summit craters of Mt. Etna (e.g., Aiuppa et al., 2010), and beneath the
summit cone of Piton de la Fournaise e.g., Peltier et al., 2009).

For relatively large and shallow magma reservoirs, the gravity signal from a mass redistribution can be
significant even if the bulk density of the reservoir remains constant (Carbone and Poland, 2012). As an
example, if bubbles dispersed in such a magma body accumulate as a layer of foam at the top of the
chamber (closest to the observation point at the surface), a gravity decrease may be observed depending
on the amount of gas involved and the position of the gas accumulation zone (Carbone et al., 2006).
Similarly, the mass redistribution that takes place when crystals loosely held together below the roof of
a cooling magma body are dislodged and form a sinking plume (Hill et al., 2002) may result in the
development of short-term gravity changes (Carbone et al., 2009b).

A gravimeter installed in the vicinity of an active crater could also react to the rise of a large gas slug
towards the surface, as gas replaces magma in a position progressively closer to the surface observation
point. For example, Ripepe and Harris (2008) and Allard (2010) estimated that the amount of gas
emitted by the 5 April 2003 paroxysmal explosion of Stromboli, Italy, ranged between 3*10° and 2*10’
kg. Allard (2010) proposed that such explosions are triggered by the collapse and rapid ascent of
bubble foams that accumulate at a depth as great as 10 km beneath the crater vents. Figure 20 shows
simulated gravity changes at a point about 300m from the active vents that would be caused by the
rising of a gas slug. The volume of the slug at each depth is calculated starting from the above amount
of emitted gas and assuming (i) CO, as the main component and (ii) expansion of ideal gas. Results
show that measurable gravity changes are induced when the slug reaches a depth shallower than about
1000m below the crater vents (Fig. 20).

Short-term gravity change can also result from rapid magma transport through shallow parts of the

plumbing system. For example, the migration of magma from a central conduit to a lateral rift zone can
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induce gravity changes over timescales of the order of hours and with positive or negative sign,

depending on the relative position of observation point and conduit-rift system.

5.2. Case studies of processes detected with continuous gravity

Bonvalot et al. (1998) first suggested the possibility that permanent networks of continuously recording
gravity meters could be used to monitor and study active volcanoes. Two years later, Jousset et al.
(2000b) presented the first results from continuous gravity observations at an active volcano. They
analyzed a years-long sequence from a gravimeter installed 4 km from the summit of Merapi volcano
(Indonesia) and found a correlation between gravity changes and volcanic activity, probably driven by
pressure oscillations in the magma chamber. Jousset et al. (2000b) also observed a coupling involving
volcanic activity and admittance between the amplitude of observed gravity and theoretical Earth tides.
This finding suggests that rheological changes in the volcanic edifice may occur due to volcanic

processes at depth.

Despite their obvious potential (Carbone and Greco, 2007), continuous gravity measurements at active
volcanoes are relatively rare. Most past results come from Mount Etna, where stations for continuously
recording gravity where installed in the late 1990s (Carbone et al., 2003b) and have worked
intermittently since then, and from Kilauea, where continuous gravity stations were installed in 2010
(Carbone and Poland, 2012). Nevertheless, some exceptional results have been obtained, demonstrating
that continuous gravity stations have the ability to detect processes associated with volatile
accumulation and release, magma migration, and hydrothermal activity, and resulting in insights that
might not be possible using other types of voclanological data.

5.2.1. Volatile accumulation and release

On several occasions, gravity anomalies observed at Etna over time-scales of minutes to hours
negatively correlated with the amplitude of volcanic tremor (Carbone et al., 2006; 2008b). This anti-
correlation is thought to reflect the activation of a common gravity and seismic source involving the
dynamics of magma and exsolved gas in the uppermost part of Etna’s plumbing system. Carbone et al.
(2006) performed a joint analysis of the data collected by an array of broadband seismometers and a
continuously recording gravity station during the 2002—-2003 eruption of Etna. On three occasions they

observed a strong anti-correlation, involving increases of the tremor amplitude (up to a factor of 4) and
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gravity decreases (up to 30 uGal), over periods of a few hours (Fig. 21). The tremor/gravity anomalies
occurred during periods of temporary eruptive changes from intense lava fountaining to mild
strombolian activity. Carbone et al. (2006) proposed that the accumulation of gas in the conduit feeding
the eruptive vent could have acted as a joint source for gravity and tremor changes. Indeed, the growth
of a bubbly foam layer may act as an efficient radiator of seismic energy and induce a gravity decrease
through substitution of magma by gas.

A marked anti-correlation between tremor amplitude and gravity was also observed at Mt. Etna during
the December 2005 - January 2006 non-eruptive period (Carbone et al., 2008b). Anti-correlation was
found with the gravity signal from one of the two summit stations over 2- to 3-hour periods. Carbone et
al. (2008b) noted that, during the period of marked anti-correlation, the tremor sources coincided with
the volume that was inferred to contain the gravity source, in a region located about 2 km beneath the
surface. Based on this finding, they suggested that the anti-correlation indicated the activation of a joint
source process, possibly related to the arrival of fresh magma in the upper part of the feeding system
and involving a progressive enrichment in volatiles. The inferred gas segregation during December
2005 to January 2006 did not lead to eruptive activity and could be detected only on the grounds of the
joint seismological-gravity studies, demonstrating that, when used in conjunction, they have the ability
to detect “hidden” states of unrest at active volcanoes.

Carbone et al. (2015) also proposed that accumulation of gas bubbles at shallow levels below the
summit craters of Etna may trigger measurable gravity changes. On various occasions during the
summer of 2011, they observed marked gravity decreases over time scales of a few hours, each
occurring during the transition from Strombolian to lava fountaining activity (Fig. 22). Relying on the
relation between the amount of gas trapped in a foam and amount of gas emitted during each eruption,
Carbone et al. (2015) developed a conceptual model of the mechanism controlling the onset of lava
fountaining activity at Etna during the summer of 2011. They proposed the establishment of a feedback
loop involving an increase in the gas volume fraction in the conduit and a decrease in the magma-static
pressure in the trapping zone, resulting in further growth of a foam layer that eventually collapses,
triggering the onset of fountaining activity (Fig. 22).

Short-term changes in the relative proportions of magma and gas within the shallow part of the
plumbing system were also shown to induce measurable gravity changes at Stromboli volcano (Italy).
In the framework of a multiparameter experiment, Carbone et al. (2012) analyzed a continuous time
series of gravity data collected at a point about 350 m from the summit craters. The authors did not
observe, as in the case of Etna, an anti-correlation between gravity and the amplitude of the volcanic
tremor. Rather, they found correlated changes evidenced through wavelet transforms of gravity and
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RMS-tremor. These changes occurred over periods of around 50 and 25 min for gravity and tremor,
respectively, and were inferred to be controlled by the rate of fresh magma supply to the shallowest
part of Stromboli’s feeding system, i.e., no more than 800 m below the crater vents (Carbone et al.,
2012). The changes in the amplitude of the coupled gravity and volcanic tremor oscillations correlate
with changes in the rate of explosions from the summit craters, suggesting that, even if the slug-genesis
process behind the explosions occurs at levels deeper than 800 m (Allard, 2010), it is also controlled by
the rate of gas-rich magma supply from depth (Fig. 23).

5.2.2. Magma dynamics

At Etna, large gravity changes over time-scales of a few hours can also occur due to movement of
magma at shallow levels. Branca et al. (2003) analyzed a continuous gravity sequence from a station on
the upper northern slope of the volcano and detected a marked decrease (about 400 pGal in less than
one hour) 4 hours before the onset of the 2002 NE Rift eruption. A positive gravity change occurred
soon afterward, matching the magnitude of the preceding decrease (Fig. 24). Branca et al. (2003)
interpreted the gravity anomaly as due to (i) the opening of a shallow fracture system only 1 km from
the gravity station (gravity decrease) and (ii) the filling of this fracture system by magma transported
from the central conduit (gravity increase) and that used the fractures as a path to reach lower portions

of the NE Rift, where an eruption occurred (Fig. 24).

Rapid and shallow magma transfer also resulted in major gravity change at Kilauea. Carbone et al.
(2013) observed a gravity decrease of about 150 uGal over less than 10 hours at a station only 150 m
from the center of the volcano’s summit eruptive vent, where a lava lake experienced a coincident drop
in level of over 120 m (Fig. 25). The withdrawal of lava was associated with an intrusion and 4.5-day-
long fissure eruption on Kilauea’s East Rift Zone during March 5-9, 2011 (Orr et al., 2015). The
gravity decrease observed by Carbone et al. (2013) reflects the loss of mass due to the drop of the lava
level in the summit vent and, when combined with measurements of the volume loss from the vent, was
used to calculate the density of the part of the lava lake that drained—about 1,000 kg*m™ (Fig. 25).
This finding further demonstrates the utility of continuous gravity data as a tool for monitoring rapid
mass transfer in the shallow part of the feeding system and also examining physical properties of the

magmatic system that cannot be known using other methods.
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Expanding the study of continuous gravity data from near Kilauea’s summit lava lake, Poland and
Carbone (2016) used a sequence spanning 2011-2015 to show a strong correlation between gravity and
lava level change over intervals of hours to days (Fig. 26)—a rare example of the use of a years-long
continuous gravity time series at an active volcano. By relating lava level and gravity through a
numerical model of the eruptive vent (Carbone et al., 2013; Fig. 8), Poland and Carbone (2016)
determined that the density of the upper few tens to hundreds of meters of the lava lake was
consistently low—between 1,000 to 1,500 kg*m™, suggesting that the lake is gas-rich (40-60%
bubbles). An overall increase in the modeled density over the time spanned by the sequence may be
due to either a real decrease in the proportion of bubbles or a progressive increase in the size and
storage capacity of the vent. A few transient “density spikes” were also modeled during the sequence
(marked with arrows in Figure 26e) and probably indicate mass changes below the summit eruptive
vent (perhaps 500-1,000 m below the surface), possibly due to magma accumulation in, and
withdrawal from, void space. The joint analysis of continuous gravity and lava level in near real-time
would provide a powerful new monitoring tool, as variations in the ratio of gravity to lava level change
could indicate transient phases of disequilibrium in the shallow magmatic system that might not

otherwise be detectable.

The continuous gravity stations that were installed in the summit zone of Kilauea in 2010 also provided
the first geophysical evidence for magma convection over time scales of minutes. Carbone and Poland
(2012) observed gravity oscillations with a period of ~150s at two continuous gravity stations. The
amplitude ratio of changes at these stations suggests a source location that is coincident with the known
shallow magma reservoir about ~1-2 km beneath Kilauea’s summit (Poland et al., 2009). The
oscillations may therefore indicate variations in subsurface mass caused by convection-related density

inversions in the magma reservoir.
5.2.3. Hydrothermal systems

Continuous gravity measurements also have the ability to expose short-term oscillatory signals
associated with the dynamics of hydrothermal systems. Indeed, simulations of multi-phase and multi-
component hydrothermal fluid circulation in active volcanic areas indicate that changes in average fluid
density can generate detectable gravity changes (Todesco and Berrino, 2005). In the framework of a
multiparameter experiment performed at Nisyros caldera (Greece), Gottsmann et al. (2007) observed

non-steady, short-term oscillatory signals with average amplitudes of 20 uGal and a dominant period of
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40-60 min. These variations were probably associated with instabilities in the degassing process.
Microseismic disturbances in continuous gravity records were also recorded at the Upper Geyser Basin
of Yellowstone caldera (Wyoming, USA) where the signals were inferred to be caused by processes
associated with the hydrothermal system (Tikku et al., 2006).

The application of continuous gravity to hydrothermal systems is a fertile ground for additional
research. A better understanding of the nature of hydrothermal sources of gravity change is critical for
strengthening interpretations of magmatic gravity signals, since groundwater changes are a source of
noise in such analyses (e.g., Kazama and Okubo, 2009; Kazama et al., 2015), and hydrothermal
processes play a key role during phases of volcanic unrest (e.g., Tizzani et al., 2015). Gravity also has
the potential to elucidate the nature of geyser plumbing systems, although the problem is clearly not a
straightforward one. Vandemeulebrouck et al. (2014) deployed continuous gravimeters as part of a
multi-parameter 4-day experiment at Lone Star geyser in Yellowstone caldera, but the gravity data
were not helpful in constraining geyser dynamics.

The information supplied by continuous gravity on the dynamics of hydrothermal system would be
especially relevant at volcanoes like La Soufriere de Guadeloupe (Lesser Antilles arc), where
hydrothermal activity weakens the rocks that form the volcanic edifice, increasing the risk of flank
collapse (Voight, 2000), and where hydrothermal processes may play a key role during phases of unrest
(Reid, 2004).

5.3 Guidelines for continuous gravity deployments at active volcanoes

The examples above demonstrate the clear advantage of continuous gravity measurements for
elucidating volcanic processes. Over timescales of minutes to days, the method can detect changes in
magmatic and hydrothermal systems and, when coupled with other geophysical datasets, can be used to
develop models of subsurface processes that might not otherwise be known.

Continuous gravity deployments should be done judiciously, however, since they are not universally
applicable to all volcanoes. For instance, at volcanoes that are dormant, like Vesuvius, continuous
gravity yields results that are mostly related to Earth tides and local or distant earthquakes (Berrino et
al., 2006). These data are important for assessing instrument response, but have limited applicability to
understanding volcanic processes. Similarly, deployments that are too far from the centers of volcanic
activity may not record changes related to magmatic processes. At Soufriére Hills VVolcano, Montserrat,
continuous gravity data collected 7 km from the eruptive vent were most useful for constructing tidal

and ocean loading models, and gravity anomalies that were observed during occasional Vulcanian
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explosions were thought to represent second-order effects, triggered by either the explosion-induced air
pressure wave or by the response of a local aquifer to pressure variations in the magmatic system
(Gottsmann et al., 2011; Hautmann et al., 2014). In our experience, continuous gravity measurements
are best utilized at volcanoes that are restless or actively erupting and where it is possible to install
stations within hundreds of meters, or at most a few km, of the center of activity. Etna, Kilauea and
Stromboli are therefore ideally suited for continuous gravity studies, but they are hardly unique. Other
volcanoes where continuous gravity is likely to yield new insights into volcano activity include Piton
de la Fournaise, Masaya (Nicaragua), Villarica (Chile), and Erebus (Antarctica), to name a few. In
addition, there are ample opportunities to explore hydrothermal systems at active volcanoes, especially
in Yellowstone, Iceland and La Soufriére de Guadeloupe. We anticipate many future developments in
the field of continuous gravimetry from existing and new deployments at active volcanoes and
hydrothermal systems, as well as continued development of instruments and methods that will make

the technique more accessible and impactful.

6. Hybrid gravity measurement

The preceding sections have treated absolute and relative gravity, and campaign and continuous
measurements, independently. However, these techniques are most powerful when combined, to
improve the quality of the data and expand their spatio-temporal resolution. For example, absolute
gravity measurements can be used in tandem with relative measurements in time-lapse surveys to
reduce uncertainty and make the campaign data more robust. Similarly, quasi-annual gravity campaigns
can be combined with continuous measurements to obtain better temporal resolution of gravity change.
Given the high cost of gravimeters, it is unlikely that arrays of continuous instruments (i.e., more than
2-3) can be installed on any single volcano (Williams-Jones et al., 2008), so combining continuous and
campaign measurements is critical for achieving good spatial and temporal resolution of gravity change
(Battaglia et al., 2008).

6.1 Relative and absolute campaign measurements
Absolute gravity measurements can be used in conjunction with relative measurements to improve the

quality of 4D gravity data from volcanoes, while keeping the measurement cost (in terms of person-
time) relatively low. Usually, the absolute measurements are taken at only one of the stations in the
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gravity network (the reference station), while the gravity value at the other benchmarks is measured
through relative instruments using a measurement strategy that includes connections to the reference
site. This type of hybrid measurement has been performed at small volcanic islands, like Vulcano
(ltaly; Berrino, 2000) and Miyakejima (Japan; Furuya et al., 2003). Indeed, at small islands the
reference station could not be sufficiently far from the zone of volcanic activity to be free of volcanic
effects and deep-seated mass/density changes may affect gravity measurements at both the reference
station and other stations in the network, introducing significant ambiguity in interpretation. By
performing absolute measurements at the reference station, this shortcoming can be overcome. This
strategy has also been applied at continental volcanoes, like Vesuvius, where absolute measurements at
the reference station have been performed since 1986 (Berrino et al., 2013) using the IMGC absolute

gravimeter (D’Agostino et al. 2008; see section 2.1.2.1).

A step forward in this hybrid measurement technique was made by Greco et al. (2012), who, rather
than carrying out absolute measurements only at the reference station, established several absolute
stations within a single survey area. Between 2007 and 2009, Greco et al. (2012) integrated the
campaign gravity network at Mt. Etna (71 benchmarks covering an area of about 400 km?; Budetta et
al., 1999) with 12 absolute stations (Fig. 27a), measured using an FG5 instrument (Niebauer et al.,
1995; see section 2.1.2.1) and an IMGC gravimeter. These stations are evenly distributed around the
volcano, with the main constraint on their locations being the presence of a facility to house the
instrumentation. The gravity values at the other benchmarks of the gravity network were determined
using relative instruments by repeated connections with the absolute stations. In most cases, 5 or 6
relative gravity stations were connected to each absolute station (Fig. 27b). The distance between each
absolute reference and nearby relative stations was mostly within 2km, allowing each hybrid loop to be
completed in a few hours and thus minimizing the influence of instrumental drift of the relative
instrument. On a large volcano like Etna, where the reference stations are at distances of 15 to 20km
from the active zone (Budetta et al., 1999), hybrid measurements avoid the risk of propagating errors
due to (i) nonlinear transport drift of the spring gravimeters (Torge, 1989) and (ii) differential gravity
changes of non-volcanic origin possibly occurring at the reference stations. Greco et al. (2012)
estimated the uncertainty on the temporal gravity changes obtained through the hybrid method to be
less than 10 pGal.

Even though absolute measurements are time-consuming (each requires about 6 hours to complete),
there is an overall time savings because of the short distances between the relative measurement sites

and absolute stations, allowing for quick repeated connections between adjacent stations (see section
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2.2). The total time required by the hybrid gravity campaign is comparable to, or slightly less than, that
of a conventional (relative) survey, while the data quality is significantly improved.

Similar hybrid gravity measurements involving the use of an A-10 absolute gravimeter (section
2.1.2.1.) have been performed at Aso Volcano (Japan; Sofyan et al., 2014), La Soufriére de Guadeloupe

(Deroussi, pers. comm.), and Campi Flegrei (Berrino, pers. comm.).

6.2 Discrete and continuous gravity measurements

The time between successive relative (or hybrid) gravity surveys usually ranges from a few months to a
few years, even though gravity changes might be caused by processes occurring over shorter time
scales. Aliasing effects may therefore arise, leading to a misinterpretation of the causative subsurface
dynamics. To avoid this shortcoming, time-lapse observations should be integrated with continuous
measurements at one or more selected sites (Battaglia et al., 2008), in much the same way that
campaign and continuous GPS measurement are collected to maximize both temporal and spatial
resolution of deformation. If spring gravimeters are used as continuously running devices, however, it
is difficult to perform joint analyses of time-lapse and continuous measurements. Indeed, due to
intrinsic limitations of the sensors (see section 5.1), data from continuously recording spring
gravimeters are often not reliable over time scales longer than a few days, implying the existence of a
significant gap between the repetition rate of time-lapse measurements and the maximum period of
changes observable through continuously measuring spring gravimeters. Because of this limitation,
some studies that have had access to both discrete and continuous gravity measurements from the same
volcano (e.g., Bonvalot et al., 2008; Jousset et al., 2000b; Hautmann et al., 2014) could not perform a
joint analysis of the two datasets and only gained insight into different processes, mostly occurring over
different time-scales.

To our knowledge, the only case-study involving the integration of discrete and continuous gravity
observations to obtain a more accurate spatio-temporal picture of an ongoing process was that of
Carbone et al. (2003b). These authors performed 4 time-lapse gravity surveys in the summit zone of
Etna, at a higher than usual (monthly) rate. The time-lapse data were compared with the data from a
continuous gravimeter located 2 km from the active summit craters. After removing the effects of Earth
tide, ground tilt, and meteorological perturbations (the latter through a non-linear model; Ando and
Carbone, 2001), the continuous gravity time series was in good agreement (within uncertainty) with the
time-lapse gravity changes measured at sites very close to the continuous station (Fig. 28). It was thus
possible to obtain insight into the magnitude of the subsurface mass changes and the characteristics of
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the source (discrete measurements) and into the temporal evolution of the source processes (continuous
measurements).

Instead of spring instruments, SGs (section 2.1.1.2.) could be utilized to perform continuous gravity
measurements. SGs feature very high precision and long-term stability (negligible instrumental drift),
thus allowing straightforward comparison with the results of time-lapse measurements. However, as

discussed in section 2.1.1.2., the use of SGs at active volcanoes is limited by logistic constraints.

7. Conclusive remarks

The numerous examples cited in this article, and the wide range of volcanoes over which gravity
change measurements have been made (Fig. 1), should leave little doubt of the value of microgravity
data for elucidating volcanic processes. Microgravity is the only measurement technique that, for
example, can detect magma accumulation in void space (e.g., Rymer et al., 1993; Johnson et al., 2010),
identify vesiculation and gas segregation at shallow depths (e.g., Carbone et al., 2008b; 2015),
distinguish mechanisms for volcanic uplift (Bagnardi et al., 2014) and subsidence (e.g., Dzurisin et al.,
1980; de Zeeuw-van Dalfsen, 2004, 2006), and recognize formation of bulk fractures due to changes in
local stress patterns (e.g., Carbone et al., 2014). Many of these capabilities have direct relevance to
hazards assessment. One of the most obvious demonstrations of application to hazards involves caldera
systems, which are often characterized by fluid-driven seismicity and deformation, but for which the
nature of the driving fluids is uncertain. At Long Valley, microgravity combined with deformation has
indicated that accumulation of magma, and not volatiles or hydrothermal fluids, is driving unrest
(Battaglia et al., 1999; 2003)—information relevant to hazards assessments and that can help to define
future monitoring strategies.

This being the case, why hasn’t microgravity been applied on a more widespread basis at volcanoes
around the world? The most likely reasons are: (1) instrument cost, (2) a lack of equipment especially
designed for field deployment under difficult conditions, and (3) the challenge of retrieving useful
information from gravity changes in noisy volcanic environments.

Instrument cost for spring, superconducting, and absolute gravimeters will probably continue to be
high, which may prevent many institutions from acquiring such technology (at least in terms of
purchasing new equipment); however, a variety of creative solutions can address this problem. L&R D-
and G-model gravimeters are relatively common at universities around the world. For comparatively

little cost (with respect to the price of a new gravimeter), these can be refurbished and even upgraded
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with electrostatic nulling (especially valuable for continuous deployments). New ZLS Burris and
Scintrex CG-5 gravimeters are less than US$100,000, which, although a major investment, can be
supported by grants and institutional funding. Superconducting and absolute gravimeters, with their
price tags of many hundreds of thousands of US$, are beyond the reach of most individual investigators
but can be purchased for shared use by research consortiums. Perhaps the most exciting development,
though, is the potential for very-low-cost MEMS gravimeters (Middlemiss et al., 2016), possibly within
a few years. Such an advance has the potential to revolutionize the field of volcano gravimetry, given
that large arrays of gravimeters could be deployed at low cost, thereby facilitating array and imaging
studies that might resemble methods for extracting small signals from seismic data. While cost is
clearly a barrier to widespread application of microgravity on volcanoes, it is not insurmountable.

The lack of field-appropriate equipment is also a poor excuse for not applying microgravity to active
volcanic environments. Certainly many styles of gravimeter are not suited for field deployments. Many
spring-based instruments, however, are easily transportable, and some can be modified for continuous
use. For example, a L&R G-meter with electrostatic nulling ran continuously at the summit of Kilauea
Volcano for several years, despite the fact that it was located only a few tens of meters from the rim of
an active lava lake in the presence of corrosive gases and in a harsh tropical environment (Poland and
Carbone, 2016). Similarly, L&R D-meters were installed in sites within 1km from the summit craters
of Etna (about 3000m a.s.l.) where they ran continuously for long intervals (Carbone et al., 2008b;
2009b; 2015). Such deployments require an element of creativity to design datalogging and possibly
telemetry systems, but similar efforts are required for other types of instruments, including tiltmeters,
extensometers, strainmeters, and other geodetic equipment (none of which are specifically designed for
use at active volcanoes). Superconducting and absolute gravimeters are much less mobile and require
robust field enclosures and a steady power supply, but their greater accuracy means they can be utilized
farther from the active areas on a given volcano, perhaps in a volcano observatory or instrumentation
vault. Certainly most gravimeters are not intended for use on volcanoes, but volcanology is nothing if
not an inventive field—few off-the-shelf solutions are available for any volcanological application, and
it is common for volcanologists and volcano observatories to adapt instruments and infrastructure for
their specific applications.

Finally, there is the issue of data interpretation. This is not a problem of technology, nor of cost. In fact,
it is not a problem at all, but rather a misconception carried over from times when geodetic data were
scarce, and the interpretation of gravity was ambiguous (e.g., Eggers et al., 1976). A common refrain
from those who are not familiar with recent developments in microgravity studies is that the data reflect
too many processes that cannot be separated—for instance, changes in groundwater level or
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environmental factors (like rain or pressure). While challenging, these issues are far from roadblocks.
For example, to compensate for a lack of water wells that provide information on groundwater levels at
Campi Flegrei and Etna, Battaglia et al. (2006) employed hydrologic models to compute groundwater
recharge from rainfall records, while Carbone at al. (2003c) assumed that the changes in water level
were seasonal and consistent and adjusted the gravity signal using a band-stop filter. Naturally, if
groundwater data are available, the hydrological contributions to the gravity signal can be investigated
in detail, through suitable models (Hemmings et al., 2016) and detailed analyses (Kazama and Okubo,
2009; Kazama et al., 2015). Careful installations of continuous instruments and surveying techniques
during campaign measurements can drastically reduce sources of noise due to instrument setup.
Changes in ambient temperature also affect the gravity signal from continuously recording instruments,
but long-term records of gravity and temperature can be used to define a transfer function for removing
such signals (Ando and Carbone, 2004; 2006). There is even potential for use of continuous gravity as
a near-real-time monitoring tool, since comparisons between gravity and other datasets, like tilt or lava
level, can provide rapid recognition of transient magma accumulation that may not be reflected in other
datasets (Poland and Carbone, 2016). The idea that a “volcanic” gravity signal can never be separated
from environmental or instrumental noise, or that it will only be a research tool, is therefore simply not
true, and it is a poor excuse for dismissing application of microgravity to active volcanoes.

The challenges described above are not trivial; however, they have all been overcome by creative
efforts in a variety of volcanic and environmental settings. The ever-growing list of volcano gravity
success stories detailed in the sections above, the value of the results for understanding hazard potential
and the fundamentals of how volcanoes work, and the large number of volcanoes worldwide that have
been studied using microgravity methods (Fig. 1) repudiate claims that gravity is of little value, or that
data collection is not worth the effort.

Hope for the future of volcano gravimetry comes not only from the development of new technology,
creative solutions to deployment challenges, and better models of the sources of gravity change, but
also potentially from space-based observations. Knowledge of the global gravity field of the Earth has
improved dramatically in recent years thanks to dedicated satellite missions (like the Gravity Recovery
and Climate Experiment (GRACE), and Gravity field and steady-state Ocean Circulation Explorer
(GOCE)). Certainly improved knowledge of the regional gravity field around volcanic edifices based
on satellite measurements, especially in areas that are poorly covered by ground-based data, is a major
aid in assessing the tectonic/geodynamic contexts that may control volcanism. Time-variable satellite
gravity has proven value in detecting changes related to large earthquakes (e.g., Mikhailov et al., 2004,
2014), helping to constrain models of fault rupture and elucidating post-seismic processes. Recent and
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planned satellite gravity missions, however, provide data at spatial resolutions >100 km, which is not
sufficiently sensitive to record changes at an individual volcanic edifice. We expect, however, that
spatial resolution will gradually improve over time, and that, one day, detecting volcano-related gravity
changes from space may be possible.

We are hopeful that the case studies detailed in this paper, as well as the descriptions of
instrumentation, methods, and analysis tools, will excite more volcano scientists around the world
about the potential of volcano microgravity observations, spurring further applications, development,
and innovations. VVolcano gravity appears to be on the cusp of a small-scale revolution, given the surge
in noteworthy results starting especially in the early 2000s. We see no reason that campaign and
continuous microgravity work should not soon become standard tools for volcano research and

monitoring, yielding insights into volcanic processes that would not otherwise be known.
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Figure captions

Figure 1 - Volcanoes where time-lapse gravity studies have been completed. Map was compiled based
on both published reports and personal communications. VVolcanoes with asterisks denote
sites where continuous gravity data have been collected for periods of at least a few

weeks.

Figure 2 - (a) L&R D-model gravimeter installed at Mt. Etna for continuous measurements. The sensor
is protected from ambient temperature changes through a polystyrene box. (b) The semi-
underground concrete box hosting the instrumentation is within 1km from one of the
active craters of Etna. (c) Schematic showing the principle of L&R spring gravimeters. (d)
L&R gPhone (formerly, Portable Earth Tide Gravity Meter, on the left) side-by-side with
an L&R D-model gravimeter (on the right).

Figure 3 - A pair of Scintrex CG-5 gravimeters used to perform campaign measurements at Krafla
volcano. The GPS receiver mounted on the tripod is used for precise positioning of each
measurement point.

Figure 4 - Since September 2014, iGrav SGs have been installed on Etna, where a mini-array of three
iGrav SGs is now in operation. One of the three sensors is installed inside the hut at La
Montagnola (top), ~3 km southeast of the summit craters (2600 m asl), where electricity is
available. Bottom-left: iGrav #020, installed inside La Montagnola hut. Bottom-right:
schematic of the GWR SG.

Figure 5 - Left and top-right: FG5#238 absolute gravimeter in operation in the summit zone of Etna
(2990m a.s.l.; within 1km from the active summit craters). Bottom-right: schematic
showing the main parts of the FG5 gravimeter.

Figure 6 - The A-10 absolute gravimeter. Left: a view of the sensor and a schematic showing its main
parts. Right: an A-10 on operation at La Soufriere de Guadeloupe volcano. The plastic
bin, visible to the right of the sensor, is used to protect it from wind during the

measurement session.
Figure 7 - Forward models used to calculate the gravity effect and deformation induced by simple

geometries. (a) The Mogi model (Mogi, 1958). (b) The dike-like intrusion (Okubo, 1992;
Okada, 1985; 1992). (c) The “fissure eruption” model (Okubo and Watanabe; 1989).
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Figure 8 - (a) Numerical model used by Carbone et al. (2013) and Bagnardi et al. (2014) to simulate the
gravity effect induced by changes in the level of the lava lake within the summit eruptive
vent at Kilauea Volcano. The model geometry consists of 252 vertical square-based
parallelepipeds with changeable height to simulate varying lava levels. (b) Schematic
cross section (redrawn from Orr et al., 2013) through Halema‘uma‘u Crater showing the
shape of the summit eruptive vent. (c) Photo showing the summit eruptive vent of

Kilauea; the ledge in the upper part of the vent can be distinguished in the image.

Figure 9 - Free-air (FAG) and Bouguer-corrected free-air (BCFAG) gradients. Points falling along the
FAG line indicate gravity changes due solely to changes in elevation, while points falling
along the BCFAG indicate gravity changes due to both elevation changes and mass-
related effects (intrusion or withdrawal of magma to/from the reservoir).

Figure 10 - Gravity change and deformation at Kilauea VVolcano, Hawaii. (left) Residual gravity change
(error bars) and vertical deformation (derived from InSAR data; filled circles,
TSX=TerraSAR-X; open circles, CSK=Cosmo-SkyMed) near the SE rim of
Halema‘uma‘u Crater (adjacent to the summit eruptive vent). These sites show the
maximum residual gravity changes during 2009-2012 due to both an increase in the lava
level within the summit eruptive vent and due to a mass increase about 1.5 km beneath the
caldera. Plot colors correspond to station colors on the map to the right. Error bars
indicate 1 standard deviation of uncertainty for the residual gravity measurements. (right)
Two-dimensional scatterplot of the latitude and longitude positions for the sources of
inflation (red) and deflation (blue) in the summit area during 2009-2012 based on INSAR
data. Black ellipse labeled "HMM" marks the area of the summit eruptive vent. Star is
modeled location of gravity increase. Sources of gravity change, inflation, and deflation
are similar, located at about 1.5 km depth beneath the SE margin of Halema‘uma‘u
Crater. Figure adapted from Bagnardi et al. (2014).

Figure 11 - Results obtained by Bonvalot et al. (2008), who analyzed time-lapse gravity data spanning
the March 1998 eruption at Piton de la Fournaise volcano. Top-left graphs: Simulated
gravity effect of the best-fitting composite model: (a) contribution from the shallow dike-
like intrusion (S1 source); (b) contribution from the deeper reservoir (S2 source); (c)
cumulative contribution from sources S1 and S2. Bottom-left graphs: (d) gravity changes
observed between November 1997 and March 1998; (e) computed gravity changes for the
best model deduced from inversion of the data; (f) difference between observed and
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calculated gravity data (RMS = 10 uGal). Note that a different color scale is used to better
present the data in the residual gravity map. Right: position of the best-fitting composite

source involving a shallow dike-like intrusion (S1) and a deeper point source model (S2).

Figure 12 - Vertical deformation (solid lines and boxes) and residual gravity change (dashed lines and

diamonds) at Kilauea Volcano, Hawai‘i. A: Sites located in south caldera. B: Sites located
near east margin of Halema‘uma‘u Crater. Plot colors correspond to station colors on
maps. Error bars indicate one standard deviation of uncertainty and are smaller than
symbols for vertical deformation results. Vertical deformation and residual gravity change
scales are same in both plots to highlight differences in behavior of two areas. Vertical
deformation is from all leveling surveys completed between 1975 and 2008, not just those
completed during gravity surveys. Residual gravity change in the south caldera tracked
deformation, suggesting coincident mass and volume changes. Near Halema‘uma‘u
Crater, however, residual gravity increased throughout 1975-2008, suggesting an increase
in mass in the absence of collocated bulk pressure change. Figure taken from Johnson et
al. (2010).

Figure 13 - Top: gravity and elevation changes (contour intervals: 1 cm and 50 uGal, respectively)

Figure 14 -

observed over the summit and upper eastern flank of Mt. Etna between 1990-1991.
Middle: Cross-section along a profile through the summit and along the SSE fracture zone
of Etna. Bottom: a 2.5D computed model involving (i) a 50 m diameter feeder pipe rising
towards the summit, and (ii) a 4 m wide dyke extending along the fracture zone, which
together can account for the gravity changes observed between June 1990 and June 1991
if the density of the intrusion is assumed to be 2800 kg*m™. Figure taken from Rymer et
al., 1993.

Top: analysis of the gravity changes observed at Mt. Komagatake (Hokkaido, Japan)
between November 1997 and May 1998 revealed that they were induced by two different
source processes, namely, (i) a mass increase at depth of 4-5 km below the surface, and
(i1) a shallower mass decrease within the upper 500-1000m below the surface. Bottom:
Schematic model of volcanic activity at Komagatake. The deeper mass increase was
interpreted as the effect of magma intrusion, while boiling and evaporation of water

caused the shallower mass decrease (after Jousset et al., 2000a).

Figure 15 - (a) Gravity changes from stations in the southern crater of Poas volcano, corrected for earth

tides, deformation and variations in lake level and water table. The coherent 1985-1990
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gravity increases (400-600 pGal) correspond to a fall in lake level (b) and related
temperature increase (c). The sulphate concentration (d), which was constant between
1982 and 1987, rose rapidly in 1988-1989. Hence, the observed gravity changes heralded
the catastrophic drop in the level of the acidic crater lake, which was associated with
intense outgassing and sulphur eruptions.

Figure 16 - (a) Map of Montserrat island (West Indies) showing the position of the benchmarks for
time-lapse gravity measurements (black dots). The solid line indicates the location of the
Belham Valley fault, while the dashed line correspond to the Centre Hills fault (not fully
known), as proposed by Hautmann et al. (2010). Gravity changes observed during
June/July 2006 to Jan/Feb 2007 (7 months; b) and during Jan/Feb 2007 to Aug/Sept 2008
(19 months; c) could have been caused by changes in the fracturing rate along the fault
zone beneath central Montserrat. Figure taken from Hautmann et al. (2010).

Figure 17 - Panels a—h: sketch maps showing gravity changes and earthquake epicenters at Mt. Etna for
different time intervals. Hypocentral depth ranges are indicated by color. Gravity changes
are contoured at 10 pGal intervals. Bottom left panel: map showing the position of the
FM4 gravity station, the surface projection of the NNW-SSE fracture/weakness zone
(yellow box) and the main eruptive fissures (orange lines; black lines indicate fissures that
opened during the 2001 eruption). Bottom right graph: temporal changes in gravity
observed at the FM4 station during the 19942006 period (gray squares). The red curve is
the same sequence corrected for the water-table effect (see Carbone et al., 2009a) and
low-pass filtered with a cut-off period of about 2.5 years. The solid blue curve is the
seismic strain release after removal of a linear trend and multiplication by a negative
coefficient (-5+10*). Figure taken from Carbone et al. (2014).

Figure 18 - Effect of ambient temperature on the signal from a continuously running spring gravimeter.
(a) Raw gravity series recorded at Mt Etna (PDN station; 2820m a.s.l.) during October
1998 to March 2001. (b) Ambient temperature recorded at the same site, inside (black
curve) and outside (red curve) the thermally insulating polystyrene box hosting the
gravimeter (a LaCoste & Romberg D-meter). (¢, d) Joint analyses in the frequency
domain between gravity and ambient temperature. The coherence plot indicates that a
significant correlation appears over the lowest frequency band (T greater than about 10
days), while, moving towards the higher frequencies, after a sharp drop, the coherence

values remain within 0.2, indicating the absence of correlation. The admittance plot
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indicates that, over the lowest frequency band, the maximum admittance value is close to
200 pGal/°C, implying that apparent changes on the order of hundreds of puGal can result
from changes in ambient temperature. (e) If a suitable setup is adopted for the field
stations, the signal from a continuously running spring gravimeter is free from effect
driven by ambient temperature over short periods (seconds to days).

Figure 19 - Left: variation of % weight of exsolved H,O in basalt, as a function of pressure (after
Wilson and Head, 1981). The second x-axis scale is the corresponding depth, assuming
lithostatic pressure. Right: density changes of a magma body induced, through diffusion
of water, by pressure changes. Starting pressures of 20 and 50 MPa are assumed for the
upper and lower curves, respectively, while an initial water content of 2% wt is assumed
in both cases. The calculations are performed using the equations reported in Wilson and
Head (1981).

Figure 20 - Gravity effect of a rising gas slug. The calculation is performed assuming (i) an amount of
gas (mainly CO,) of 2*10" kg (as estimated by Allard (2010) for the 5 April 2003
paroxysmal explosion of Stromboli), (ii) a gas volume at the different depths controlled
by ideal gas expansion, and (iii) a distance between crater and observation point of 300m
(following Carbone et al., 2012).

Figure 21 - Top: gravity sequence observed at Mt. Etna (PDN station; 2820m a.s.l.) after removal of (i)
the best linear fit, (ii) the theoretical Earth Tide and (iii) longer wavelength components
(cut off frequency of the high-pass filter equal to 2.8%10°® Hz, corresponding to a period
of 100 h). In the bottom part of the figure, signals during the intervals marked by I, Il and
Il are shown. In particular, the upper panels show gravity, the middle graphs show
velocity seismograms (vertical component from a station on the E flank of the volcano, at
an elevation of about 1700m), and the lower panels show overall spectral amplitudes of
the vertical velocity component. The overall spectral amplitude of each tremor sequence
was calculated within the 0.02-10 Hz frequency range (0.5-50 s). A 4096-sample sliding
window (about 10% overlap) was used for the FFT calculation (after Carbone et al.,
2006).

Figure 22 - Using the data from a continuous gravity station very close to the summit craters of Etna,
Carbone et al. (2015) observed, during the summer of 2011, marked gravity decreases,
each occurring during the transition from Strombolian (B) to lava fountaining (C) activity.
Two of the above gravity decreases are shown in the top graphs (marked by the yellow

arrows), together with the height of the lava fountains (meters above the vent). Grey
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curves indicate unfiltered data, while black (gravity) and red (fountain height) curves
indicate low-pass filtered data. The cartoons in the lower part of the figure illustrate the
conceptual model proposed by Carbone et al. (2015). (A) The first stages of accumulation
of a foam layer in the shallow reservoir take place during phases of quiescent degassing
from the summit craters. (B) At later stages of foam accumulation, gas leakage occurs
from the foam, and bubbles flow towards the conduit. The flow regime gradually changes
from bubbly to slug flow, leading to the onset of Strombolian activity. A feedback loop
establishes involving an increase in the gas volume fraction in the conduit and a decrease
in the magmastatic pressure in the trapping zone, which results in further growth of a
foam, a local density decrease, and the observed gravity decrease. (C) Eventually, the
foam collapses, and transition from slug to annular flow takes place in the conduit,
marking the passage from Strombolian to lava fountaining activity. Increasingly higher
seismic energy is radiated, and the signal from the gravimeter is severely degraded by
inertial effects (lacking filtered data in the gravity graphs). Modified after Carbone et al.
(2015).

Figure 23 - Left: Sketch map of Stromboli showing the position of gravity (continuous measurements)
and seismic stations. Right: wavelet transforms of gravity (top; after removal of the
instrumental drift and the theoretical Earth tide) and RMS tremor amplitude (middle;
seismic station co-located with the gravity station), both for periods up to 128 min.
Bottom right: time changes in the explosion rate, computed using the seismic signal from
STRA, STR8, STR9 and VANC stations. Figure adapted from Carbone et al. (2012).

Figure 24 - Top: Reduced gravity, after removal of the best linear fit and the theoretical Earth Tide
effect, observed at the Mt. Etna PDN station (2820m a.s.l.) during a 48-hour period
encompassing the start of the 2002 NE-Rift eruption. The solid curve shows low-pass
filtered data (cutoff frequency of 24 cycles/day). Bottom: (1) gravity decrease (about 400
puGal in less than one hour), which was interpreted as due to the opening, by external
forces, of a shallow fracture system 1 km W of the gravity station. The subsequent gravity
increase (2), which matched the magnitude of the preceding decrease within a few hours,
was due to the filling of this fracture system by magma transported from the central
conduit. The magma exploited the fractures as a path to reach lower portions of the NE
Rift, where an eruption occurred. Figure adapted from Branca et al. (2003).

Figure 25 - Gravity change due to a sudden drop in lava level within the summit eruptive vent at

Kilauea Volcano. Top images are from a thermal camera overlooking the eruptive vent
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and showing the drop in lava level that occurred over 5-6 March, 2011. Middle plot shows
lava level over time, with blue shaded area indicating uncertainty. Bottom plot gives
residual gravity change (black line) over time after correction for the free-air effect due to
subsidence and mass removal from the shallow magma reservoir. Red line is calculated
residual gravity change given the lava level change and a numerical model of the vent
based on measured vent dimensions. To fit the observed gravity, the density of that
portion of the lava lake that drained (the upper ~120 m of the lake) must be 950 +/- 300
kg/m3. Figure adapted from Carbone et al. (2013).

Figure 26 - Time series of geophysical data from the summit area of Kilauea Volcano during 2011-
2015. (a) Level of lava within the summit eruptive vent in meters above sea level as
measured by a thermal camera on the rim of Halema‘uma‘u Crater. (b) Radial tilt
measured at a site 2 km NW of the summit eruptive vent. Positive change indicates
inflation and negative, deflation. (c) Gravity change (after correction for Earth tides, a
second-order polynomial adjustment for instrument drift, and high-pass filtering to
remove long-period variations due to change in ambient temperature), with yellow bar
marking period when the instrument was off level and the data unreliable. (d) Wavelet
coherence plot between lava level and gravity signals. Black bars at top of plot indicate
periods of no gravity data. Significant, in-phase coherence (warm colors and arrows
pointing right) occurs across time spans of days to a few weeks at most, indicating good
correlation between lava level and gravity at those time scales. (e) Density of lava within
the summit eruptive vent based on a sliding window analysis (15 day window, 5 day step)
of the gravity and lava level data and assuming the vent model of Carbone et al. (2013).
Red dashed line is 2-month smoothed density value. Correlation coefficient is given by
the blue curve. Calculated densities are shown for correlation coefficients >0.75 (closed
squares) and >0.65 (open and closed squares). An overall density increase, from about
1000 to 1500 kg/m®, is indicated, with some spikes (red arrows) that may be related to
specific volcanic events. Insets in (a), (b) and (c) are from the gray shaded period and
demonstrate the good correspondence between tilt, lava level, and gravity change at
Kilauea's summit. Figure adapted from Poland and Carbone (2016).

Figure 27 - (a) Sketch map of Etna showing the benchmarks for time-lapse relative measurements
(circles) and the sites where Greco et al. (2012) performed absolute gravity measurements
(triangles). (b) Schematic of the hybrid gravity measurements. Crosses represent

benchmarks where only relative measurements are performed, while circled crosses are
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sites where both absolute and relative gravity measurements are carried out. Figure
adapted from Greco et al. (2012).

Figure 28 - (a) Sketch map of Etna showing the benchmarks for time-lapse measurements along the
summit profile (triangles) and PDN continuous gravity station (circle). Gravity changes
observed through time-lapse measurements during (b) the June-July 1999 and (c) June-
September 1999 periods. Analysis of the time-lapse data revealed that the gravity
decrease since June 1999 was due to a mass decrease of up to about 2*10™ kg, which
occurred at shallow depth along the southern side of the NE rift (see Carbone et al., 2003b
for details). In (c), we report the calculated gravity effect (red dots) of the model source,
whose projection onto the surface is shown in (a). (d) Time series of gravity data from
PDN station (black curve) after removal of effects driven by instrumental drift, Earth tide,
ground tilt, ambient temperature, and pressure (see Carbone et al., 2003b, for details). The
blue squares are gravity changes assessed by time-lapse measurements at CO (red triangle
in (a)), a site within 1km from PDN continuous station. Continuous and time lapse data
agree within uncertainty (errors affecting gravity changes along the Summit Profile of

Etna are typically 10-15 pGal). Figure redrawn from Carbone et al. (2003b).
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