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ABSTRACT

Four-dimensional or time-lapse microgravity monitoring has
been used effectively on volcanoes for decades to characterize
the changes in subsurface volcanic systems. With measurements
typically lasting from a few days to weeks and then repeated a
year later, the spatial resolution of theses studies is often at the ex-
pense of temporal resolution and vice versa. Continuous gravity
studies with one to two instruments operating for a short period
of time �weeks to months� have shown enticing evidence of very
rapid changes in the volcanic plumbing system �minutes to
hours� and in one case precursory signals leading to eruptive ac-
tivity were detected. The need for true multi-instrument net-
works is clear if we are to have both the temporal and spatial reso-
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ution needed for effective volcano monitoring. However, the
igh cost of these instruments is currently limiting the implemen-
ation of continuous microgravity networks. An interim ap-
roach to consider is the development of a collaborative network
f researchers able to bring multiple instruments together at key
olcanoes to investigate multitemporal physical changes in a few
ype volcanoes. However, to truly move forward, it is imperative
hat new low-cost instruments are developed to increase the
umber of instruments available at a single site. Only in this way
an both the temporal and spatial integrity of monitoring be
aintained. Integration of these instruments into a multiparame-

er network of continuously recording sensors is essential for ef-
ective volcano monitoring and hazard mitigation.
INTRODUCTION

Since AD 1, at least 270,000 people have been killed by volcanic
ruptions, with 25% of these fatalities caused by starvation, disease,
nd economic hardship resulting from these eruptions �Simkin et al.,
001; Witham, 2005�. Of the 600 or so active volcanoes on Earth, ap-
roximately 60 erupt subaerially each year �Simkin and Siebert,
994; 2002�; however, only a small fraction of these are monitored
n any significant way.

Prior to any volcanic eruption, magma and gases accumulate deep
ithin the volcano and begin to migrate upward. This movement
ill lead to pressurization and fracturing within the volcanic plumb-

ng system, generating characteristic seismic signals �e.g., Chouet,
996; McNutt, 2000; Neuberg et al., 2000�. The intrusion of magma
nd vesiculation of the gas within the magma can also lead to volu-
etric changes of the volcanic edifice as it inflates to accommodate
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he new magma �e.g., Mogi, 1958; Okubo and Watanabe, 1989;
kada, 1992�. Thus, of those few volcanoes that are routinely stud-

ed, seismic and deformation �tiltmeters, EDM, GPS� networks have
een the principal monitoring techniques. In a few of the more acces-
ible volcanoes �e.g., Kilauea, Hawaii; Etna, Italy�, routine volcanic
as monitoring is also carried out �e.g., Caltabiano et al., 1994; Elias
nd Sutton, 2002�. Furthermore, advances in satellite remote-sens-
ng systems are now enabling thermal and ultraviolet monitoring of
olcanoes on a global scale �e.g., Oppenheimer, 1998; Wright et al.,
004; Yang et al., 2007�.

Although routine measurements of seismicity, deformation, gas
ux, and heat loss from active volcanoes have provided insights into

he processes of eruptions, the transfer processes of heat and mass
re still poorly understood and many questions remain unanswered,
uch as what happens to degassed magma that is not erupted and how
as-rich magma is stored until the mixture is erupted �e.g., La Delfa
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WA20 Williams-Jones et al.
t al., 2001; Locke et al., 2003; Stix, 2007�. The large density con-
rast among magma, gas, and the surrounding country rock makes it
ossible to calculate the amount and rate of magma and gas move-
ent. This is possible through the integration of 4D �three dimen-

ions of space and one of time� temporal microgravity and precise
eformation techniques such as precise GPS and synthetic aperture
adar interferometry �InSAR�. Integrated gravity and geodetic stud-
es are able to quantify mass and/or density changes and have been
uccessfully used to model shallow magma movements on temporal
e.g., months to years� and spatial �tens of kilometers� scales within
olcanic systems �Locke et al., 2003�.

DISCRETE 4D MICROGRAVITY ON VOLCANOES

Since the 1950s, microgravity surveys have proven invaluable for
easuring the subsurface mass and/or density changes that take

lace on various temporal scales preceding volcanic eruptions �e.g.,
okoyama and Tajima, 1957�. As with most 4D microgravity sur-
eys, a single instrument can be used to cover the area of interest by
aking a series of measurements at several places and comparing

he value of gravity with the value at a reference point. The whole
urvey is then repeated some time later and any changes in gravity
ifference between the reference point and the places of interest are
oted. The effects of solid earth and ocean-loading tides, instrumen-
al drift and calibration, and atmospheric and elevation changes �up-
ift/subsidence of the ground� are removed and then the residual-
ravity changes can be interpreted in terms of subsurface mass and/
r density changes �e.g., Rymer, 1989; Carbone and Rymer, 1999;
attaglia et al., 2008�.
It is important to note that in most volcano studies, a standard grid

r profile survey is impossible because of terrain restrictions and/or
afety concerns, e.g., significant topography, active craters, lava
ows, etc. Furthermore, given that many of the volcanoes of interest
re in states of unrest, significant seismic noise can be present lead-

igure 1. Gravity changes ��Gal� at Mount Etna observed between
993 and �b� June 1993–June 1994. Modified after Rymer et al. �1995
ng to potentially important uncertainties. Nevertheless, repeated
ravity and geodetic surveys, such as at Pacaya �Guatemala�,
īlauea �Hawaii�, Poás �Costa Rica�, Krafla �Iceland�, Usu �Japan�,

nd Etna �Italy� have shown the power of microgravity monitoring
o detect and interpret subsurface mass changes associated with vol-
anic activity �e.g., Eggers, 1987; Johnson, 1987; Rymer and
rown, 1989; Rymer et al., 1998a; Carbone et al., 2003a; Jousset et
l. 2003; Kauahikaua and Miklius, 2003; Rymer et al., 2005�.

Discrete microgravity surveys have also been fundamental in ad-
ancing our understanding of calderas in a state of unrest. These sys-
ems are characterized by repeated periods of inflation and deflation
ften accompanied by seismic swarms and significant thermal
nomalies with low-level activity lasting many decades to centuries
Newhall and Dzurisin, 1988�. There has been considerable debate
egarding the source of the observed gravity and geodetic changes at
ome of these long-lived systems. Numerous studies have concluded
agma intrusion is dominant �e.g., Dzurisin, 2003; Wicks et al.,

006�, whereas many others have supported changes in the hydro-
hermal system as the primary mechanisms �e.g., Bonafede and

azzanti, 1998; Battaglia et al., 2003; Gottsmann et al., 2007�.
here are also a growing number of studies in which a combination
f these sources is thought to be responsible for the observed defor-
ation and gravity variations �e.g., Jousset et al., 2003; Gottsmann

t al., 2006�.
When these time-lapse studies are integrated with other tech-

iques such as seismicity or remotely sensed volcanic gas fluxes,
ignificant insight can be obtained regarding the processes responsi-
le for these gravity and geodetic changes.

ount Etna, Italy

The largest active volcano in Europe �3326 m above sea level
a.s.l.��, Mount Etna has been active for at least 500,000 years and
as been the center of numerous basaltic effusive and explosive

eruptions. Mount Etna poses a significant hazard
to the surrounding population ��900,000 people;
Andronico and Lodato, 2005� and has thus been
the focus of significant geophysical study includ-
ing routine gravity monitoring since 1986 �e.g.,
Budetta et al., 1989; Budetta and Carbone, 1998;
Budetta et al., 1999; Carbone et al., 2003a�. An
excellent example of the power of integrated 4D
microgravity and precise levelling surveys is that
of the 1991 to 1993 major lava eruption at Mount
Etna. From 1990 to 1991, microgravity and de-
formation measurements recorded the intrusion
of magma into the summit feeder system and
flank fractures �Rymer et al., 1995�, which were
the source of the 1991–1993 dike eruption. With-
drawal of magma from the summit conduit
�1992–1993� and subsequent replenishment
�1993–1994� was clearly evidenced by a
170 �Gal decrease and 20–70 �Gal increase, re-
spectively �Figure 1�. In contrast, the lack of any
change in gravity in the fracture zone supports the
hypothesis that at least 107 m3 of magma cooled
and solidified in the fracture system, effectively
sealing it so that the 1993–1994 magma replen-
ishment remained within the conduit system
�Rymer et al., 1995�.

e 1992–June
�a� Jun
�.
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4D microgravity monitoring of volcanoes WA21
Another example of the potential of microgravity studies at Etna
s seen in the period leading up to the 2001 eruption �Carbone et al.,
003a�. Monthly campaigns of discrete gravity measurements de-
ected a mass decrease of 2.5�1011 kg occurring during the five
onths prior to the start of the July 2001 flank eruption within a vol-

me around 2.5 km below sea level. This decrease was followed by a
udden increase, soon after the start of the eruption that, in two
eeks, partially compensated for the previous variation. Numerous

ensional earthquakes took place during the first half of 2001 within
he same source volume, leading Carbone et al. �2003a� to conclude
he gravity decrease observed before the eruption reflected medium
arefaction by tectonic tensile stresses along a pre-existing rift zone.

agma was emplaced along the newly formed path from a deep
torage zone to higher levels of Etna’s plumbing system, setting off
he eruption and causing the gravity increase observed soon after its
tart.

asaya volcano, Nicaragua

The integration of remotely sensed geochemical data with 4D mi-
rogravity and deformation data has also proven powerful in investi-
ating shallow processes at persistently active volcanoes. Masaya
635 m a.s.l.� is a persistently active basaltic shield volcano and
aldera complex ��10�6 km in diameter� that is believed to have
ormed between 6500 and 2250 years BP by a series of large basaltic
gnimbrites �Williams, 1983; Girard and van Wyk de Vries, 2005�.
ecent activity at Masaya is characterized by persistent degassing

rom a pit crater within the basaltic cone, Nindiri. Since 1993, micro-
ravity and SO2 gas flux measurements have been made annually
nd show an inverse relationship with significant gravity decreases
up to 70 �Gal/yr� coinciding with periods of increased degassing
nd vice versa �Figure 2�. These repeated changes in microgravity
nd SO2 gas flux are likely caused by the formation and oscillation of
gas-rich vesiculated zone immediately beneath the summit craters

eading to a significant density contrast detected as gravity change at
he surface �Rymer et al., 1998b; Williams-Jones et al., 2003�. The
yclic nature of these variations and lack of any significant broad
ravity increase or deformation discount intrusion of new magma
nto the shallow plumbing system. Rather, this supports either block-
ge and accumulation of gas resulting from restrictions in the volca-
o substructure or the convective overturn of shallow degassed and
enser magma that is replaced periodically by
ower density, gas-rich magma from depth �Will-
ams-Jones et al., 2003�.

rafla and Askja volcanoes, Iceland

Insight into the deeper processes controlling
olcanic activity can be attained from integrated
D microgravity and geodetic �precise levelling,
PS, and InSAR� studies, such as at the Krafla
olcano, Iceland �Rymer et al., 1998a; de Zeeuw-
an Dalfsen et al., 2006�. The Krafla volcanic
omplex consists of a low basaltic shield volcano
20 km in diameter� and summit caldera �8

10 km� transected by a 10�100 km fissure
warm. Askja is a large central volcano compris-
ng several nested calderas, the most recent one
1875� being 5 km across. Askja lies within a
0–15 km-wide fissure zone, to the southeast of

Figure 2. Aver
station compa
region represe
five possible s
al. �2003�.
rafla. Results from microgravity and deformation studies at Askja
how that deflation in the period of 1988–2003 reached a maximum
f 0.46 m in the center of the caldera relative to a station outside the
aldera. The source of deformation is inferred to be at �3-km depth
nd a recent study infers a second deeper source at �16-km depth.
he deflation is consistent with a subsurface volume change of
.018 km3. The observed microgravity decrease across the caldera
orresponds to a subsurface mass decrease of 1.6�1011 kg between
988 and 2003. The data were interpreted in terms of a combination
f magma drainage and the cooling and contraction of the shallow
agma reservoir at 3 km with extensional tectonic forces generat-

ng space in the ductile part of the crust to accommodate ongoing
agma drainage from the shallow magma chamber �Rymer and
ryggvason, 1993; de Zeeuw-Van Dalfsen et al., 2005�.
Similar data at Krafla revealed significant mass decreases �2
1010 kg/yr� beneath the center of the caldera reflecting drainage

ates of 0.2 � 0.04 m3/s. The similarity of this drainage rate to that
f nearby Askja volcano �0.13 � 0.03 m3/s� and evidence for a sec-
nd deeper stacked magma reservoir led the authors to suggest the
ossibility of lower crust pressure-links between the two volcanic
ystems �Rymer et al., 1998a; de Zeeuw-van Dalfsen et al., 2006�.

entral Volcanic Complex, Tenerife, Spain

The recent reawakening of the Central Volcanic Complex �CVC�,
enerife, Spain, in 2004 after an almost century-long period of qui-
scence demonstrates that time-lapse microgravity monitoring of
ctive volcanoes can provide vital and unique insights into their sub-
urface dynamics. This is particularly important when structural
omplexities and heterogeneous mechanical properties of the sub-
urface do not obey a simple linearly elastic relationship of stress
eneration and resultant ground deformation. A 14-month survey at
he complex resolved significant mass migration at depth that was
ot accompanied by significant ground deformation �Gottsmann et
l., 2006�. By combining GPS, gravimetric, and seismic data, the
ause of unrest was attributed to the release and upward migration of
ot fluids resulting from a possible deep disturbance of the magmatic
ystem. Such a phenomenon can be a common trigger of reactivation
fter long repose periods and can be quantifiable by perturbations in
he gravity field but cannot induce widespread ground deformation.

nthly gravity change �black diamonds� at a representative crater rim
th average monthly SO2 flux �gray circles� at Masaya. Gray-shaded
standard deviation of SO2 flux values ��30%�. Dashed lines denote
f activity between 1992 and 2001. Modified after Williams-Jones et
age mo
red wi
nts one
tages o
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WA22 Williams-Jones et al.
ampi Flegrei, Italy

One of the caldera systems that is most notable for persistent non-
ruptive unrest is the Campi Flegrei caldera �8–12 km in diameter�,
hich formed during two major explosive collapse events at 37 and
2 ka, along with numerous smaller eruptions in the last
0,000 years �Rosi et al., 1983�. Most notable is its continuous
round subsidence for the last 2000 years marked by periods of rap-
d inflation at up to 1 m/yr �Dvorak and Berrino, 1991; Dvorak and
asparini, 1991�. Many of the numerous bradyseismic events �slow

ong-lived vertical deformation with alternating uplift and subsid-
nce; Casertano et al., 1976� that occur at Campi Flegrei are thought
o be influenced by magmatic degassing �Chiodini et al., 2003�,
hich, along with gravity modeling, supported magma intrusion as a

ikely mechanism for this unrest �Berrino et al., 1984; Dvorak and
errino, 1991�. However, the gravity and deformation data can also
e explained by changes within the hydrothermal system �Bonafede
nd Mazzanti, 1998; Battaglia et al., 2006�. More detailed 3D mod-
ling of this data also suggests mass and pressure changes within a
agma body ��5 km deep� and shallower hydrothermal system

�2 km deep� can equally explain the changes during inflation and
apid deflation between 1982 and 1984, whereas slow deflation from
985 to 2001 is entirely hydrothermal in origin �Gottsmann et al.,
006�. This inference is supported also by a numerical study taking
nto account structural discontinuities �boundary faults� at the
aldera during geodetic data modeling �Folch and Gottsmann,
006�. However, the 1982-1984 Campi Flegrei case history is a clas-
ic example of the bias of data interpretation on employed data mod-
ling. The limited geodetic data collected during this period are in-
ufficient to provide wider insights into the dynamics of the caldera
Gottsmann et al., 2003; 2006�.

CONTINUOUS MICROGRAVITY

An inevitable drawback of the discrete 4D approach is the fact that
nformation on the rates of subsurface processes are restricted by the
requency of repeat surveys that can be made �rarely more than once
er day and often only once per year�.As mentioned above, magmat-
c and other subvolcanic processes occur over multiple timescales,
ith long-lived volcanic systems showing various types of activity
n decadal to annual to monthly timescales. At persistently active
olcanoes such as Masaya or Stromboli �Italy�, rapid, short-term
hanges will be “missed” between annual surveys. Recent high tem-
oral multiparameter monitoring campaigns at volcanoes have
hown significant variations on the daily and hourly scales, which is
articularly important for eruption forecasting �Branca et al., 2003;
ottsmann et al., 2007; Johnson et al., 2007�. Any inference about

ontinuous processes occurring over shorter intervals is constrained
y the Nyquist limit, i.e., only the frequencies in the waveform be-
ow half the sampling frequency will be recorded �see Battaglia et
l., 2008, for further discussion�. To investigate these changes over a
ange of timescales, it is therefore necessary to monitor the systems
ontinuously and at a high temporal resolution for extended periods
f time.

In contrast to the discrete 4D spatial microgravity survey, continu-
us gravity measurements are made at a single location for an ex-
ended period of time. This has been done routinely for many years
n tidal and geothermal gravity studies using superconducting in-
truments �e.g., Goodkind, 1986; Hunt et al., 2002�. Absolute and
uperconducting gravity meters can be integrated with discrete 4D
onitoring to improve the accuracy of the 4D surveying at the mi-
rogal to submicrogal levels �e.g., Yamamoto et al., 2001; Imanishi
t al., 2004�, which has obvious applications to volcanic activity.Al-
hough the temporal resolution of these continuous studies is excel-
ent, the spatial resolution is currently limited because of installation
nd instrumentation costs such that, in the case of volcano monitor-
ng, typically measurements are made at only one or two locations on
given volcano. Furthermore, although it can often be somewhat

roblematic to conduct a discrete 4D microgravity survey on an ac-
ive volcano �e.g., Vigouroux et al., 2008�, it becomes especially dif-
cult to maintain these continuously recording instruments in such
arsh conditions for extended periods of time.

Nevertheless, lower-cost spring-based gravity meters equipped
or digital capacitive measurements �e.g., LaCoste and Romberg,
cintrex, EDCON, and ZLS; Harrison and Sato, 1984; Bonvalot et
l., 1998; Pálinkás, 2007� with microgal resolution are now being
sed in continuous mode to investigate changes at a few active vol-
anoes. Preliminary results using only one or two continuously re-
ording instruments, sometimes in concert with a traditional micro-
ravity survey, illustrates the wealth of information on the rates and
iming of subsurface mass movements that can be gleaned from even
crude attempt at continuous gravity data analysis �e.g., Jousset et

l., 2000; Branca et al., 2003; Carbone et al., 2003b�.

ount Etna, Italy

Four-dimensional microgravity surveys have been made at the
t. Etna volcano since 1986 and have led to the detection of numer-

us gravity variations linked to a variety of types of volcanic erup-
ions �Rymer et al., 1995; Budetta et al., 1999; Carbone et al., 2003a�.
ince 1998, three spring gravimeters �LaCoste and Romberg� have
een installed on the flanks of the volcano so that Mt. Etna is now
ne of only a few volcanoes in the world with a network consisting of
ore than one permanently installed continuous gravity meter

Branca et al., 2003; Carbone et al., 2003b; 2006; 2007�.
Of particular interest was the detection of precursory gravity

hanges leading up to the 2002-2003 eruption of Mt. Etna. Because
f the logistical difficulties of maintaining a continuous network,
nly one station �PDN, 1 km from eruptive fractures� was operating
t the time. Nevertheless, a 2.5-month-long continuous gravity time
eries, bracketing the starting period of the eruption, was acquired
Carbone et al., 2007�. The start of the eruption on the northeastern
ank was marked by a rapid gravity decrease of 400 �Gal in less

han one hour, followed immediately by a gravity increase at a rate of
100 �Gal/hr to near-background levels �Figure 3; Branca et al.,

003�. This anomaly was interpreted as being a result of the tectonic
pening of a fracture system along the northeastern rift and subse-
uent magma intrusion from the central conduit toward the lower-el-
vation eruptive vents. Following the start of activity, three smaller-
mplitude anomalies �10–30 �Gal decrease� were observed to oc-
ur simultaneously with increases in the amplitude of volcanic trem-
r detected by the seismic network. Detailed analysis of this data
howed a clear inverse correlation between gravity decrease and
remor increase, suggesting a joint source. The fact that these smaller
nomalies coincide with transitional periods from intense lava foun-
aining to mild Strombolian activity suggests they can be caused by
ccumulation of a low-density gas cloud within the shallow volcanic
lumbing system �Carbone et al., 2006�.
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asaya volcano, Nicaragua

The persistent volcanic activity at Masaya is characterized by
hanges in the rates of degassing and variations in the level of mag-
a within the shallow plumbing system. Evidence of this can be

een from the various lava lakes and pit craters that make up the pres-
ntly active basaltic cones �Williams-Jones et al., 2003�. As men-
ioned above, discrete 4D gravity measurements at Masaya have
hown a link between volcanic degassing and mass and/or density
ariations on timescales of months to years �Rymer et al., 1998; Wil-
iams-Jones et al., 2003�. Although a plausible mechanism invokes
onvective overturn of cooler, denser, degassed magma with renew-
l by hot, buoyant, gas-rich magma, questions arose concerning the
ossibility of shorter-term variations not detected in the annual 4D
urvey �Bonvalot et al., 1998�.

The logistical difficulties of a permanent network on an active
olcanic system are exemplified by the case of the Masaya volcano.
ince Masaya is a national park, access to the summit craters is very
asy via a paved road. However, the extremely corrosive environ-
ent caused by persistent acid degassing limits the ability to contin-

ously measure deformation, although annual campaign GPS sur-
eys show no significant changes. Furthermore, it is difficult to fully
ecure the instrument in a structure that is sufficiently resistant to the
cid gases while also remaining sensitive to the concerns of the park
fficials �e.g., visibility of structures within the crater, possible un-
anted access by tourists, etc.�
Notwithstanding these issues, short �2–3 week� continuous ex-

eriments have been made at Masaya since 2006 with the aim of in-
estigating very short-term variations �hours to days� within the
hallow substructure �Mauri et al., 2007�. Two preliminary data sets
corrected for Earth tide, ocean loading, instrument drift, atmospher-
c pressure, and temperature variations� collected in 2006 and 2007
howed periodic changes on the order of 60–90 �Gal over approxi-
ately 26 hours. This raises the possibility that discrete 4D gravity

urveys can be significantly affected by the time at which a given
easurement is made because these short-term changes are of the

ame magnitude as those observed in our annual surveys �Williams-
ones et al., 2003; Gottsmann et al., 2005�. However, the lack of a
econdary meter to constrain nonvolcanic signals currently limits
nambiguous interpretations. This can be rectified in future cam-
aigns with the temporary installation of a second
ontinuously recording meter outside the area of
ravity change �observed by annual 4D surveys�.
evertheless, assuming the observed changes are
olcanic in origin, Masaya’s characteristic activi-
y suggests that the likely hypotheses to investi-
ate for these short-term variations are rapid os-
illation of the level of magma �Shimozuru,
987� and rapid changes in gas vesiculation with-
n the magma �Connor et al., 1988� resulting from
idal forcing.

4D COLLABORATIVE
GRAVITY NETWORK

The difficulty for one researcher or institution
o have multiple instruments can be overcome
hrough the formation of a network of researchers
ble to pool instruments with the goal of a multi-
nstrument and multitemporal study of active vol-

Figure 3. Res
October 27–2
and theoretica
plied to the si
ground noise.
the opening of
anoes or calderas in a state of unrest. By establishing an internation-
l network, more instruments will be available for each campaign
han any single institution can obtain on its own. Following compari-
on of the gravity meters on a gravity-calibration line �e.g., Becker et
l., 1995�, the instruments would be deployed together as an inte-
rated monitoring system, providing broad spatial coverage and re-
ording data at intervals of between one minute and one hour �de-
ending on volcanic activity� for periods of a few weeks �initially�.
he establishment of such a network would thus provide measure-
ents with a good temporal and spatial resolution, because several

nstruments will be making measurements simultaneously. Al-
hough collaborative networks of like-minded scientists have the po-
ential to facilitate campaign-style continuous gravity studies, it is
lear that permanent installations are required to effectively monitor
ersistently active hazardous volcanoes.

TOWARD A TRUE 4D VOLCANO NETWORK

Volcanologists are acutely aware of the need for high-resolution
emporal and spatial data to understand the mechanisms controlling

agma emplacement and pressurization of the volcanic system pri-
r to an eruption. In conjunction with this, there is also the need for
onger time-series data and near-real-time analysis to investigate
ong-lived systems in a state of unrest. Although it is impossible to
revent a volcanic eruption, precursory changes within the system
an allow for eruption forecasting and risk mitigation.

isyros, Greece

The benefits of an integrated, multiparameter approach are exem-
lified in the recent investigations of Nisyros caldera, Greece. The
isyros caldera, which formed during a large eruption approximate-

y 25 ka BP, is characterized by widespread hydrothermal activity
fumaroles, hot springs, mudpools� and numerous phreatic explo-
ion craters. During the execution of discrete 4D gravity surveys in
003 and 2004, rapid residual-gravity changes �tens of minutes�
ere detected within the shallow hydrothermal system �Gottsmann

t al., 2005�. To further investigate these variations, simultaneous
eodetic, seismic, electromagnetic, and gravimetric data were col-

ravity sequence acquired at station PDN, Mount Etna, Italy, from
encompassing the start of the 2002-2003 eruption. A best linear fit

tide have been removed. Solid curve represents a low-pass filter ap-
enhance the main gravity change with respect to the strong back-

d lines mark the start of the seismic swarm before the eruption and
ptive fissures at 2470 m a.s.l. Modified after Branca et al. �2003�.
idual-g
8, 2002
l Earth
gnal to
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ected during a ten-day campaign �Gottsmann et al., 2007�. Rapid
hort-term changes in gravity, on the order of 40–60 minutes, had
mplitudes of 20–30 �Gal and were seen in conjunction with seis-
ic bursts and rapid ground deformation �Figure 4�. This suggests

hat quantifiable subsurface processes dominate this caldera during
ackground behavior. The importance of this study lies in the fact
hat if such background dynamics are not quantified, deviations are
ery difficult to assess and any information on causes of the devia-
ion remains ambiguous. As a consequence, recorded geodetic or
ther geophysical signals during unrest might not be able to identify
he causative source of unrest, i.e., changes in the shallow hydrother-

al system or deeper-seated magmatic processes such as replenish-
ent. At Nisyros, the data indicate the system is governed by shal-

ow aqueous fluid movement within the hydrothermal system. Spe-
ifically, the data can be best explained by thermohydromechanical
hanges caused by the release and upward migration of hydrother-

igure 4. Continuous gravity, GPS, VLF, and seismicity from the Ni-
yros caldera, Greece, on May 16, 2006. �a� Includes signals caused
y the arrival of surface waves at min 659 from a Mw � 7.4 seismic
vent �10:39 UTC� at the Kermadec Islands and a Mw � 6.8 earth-
uake in the Nias region of Indonesia approximately five hours later
arked by red stars. The VLF in-phase �20.8 kHz� record displays a

reak in slope about 15–20 minutes later indicating a change in the
lectrical properties of the subsurface. �b� Shows periodic oscilla-
ions in observed gravity and GPS data over approximately 10 hours
ncluding several spikes and troughs in the GPS record, which can-
ot be explained by artifacts or poor satellite coverage. GPS data are
eported relative to a reference located outside the caldera. The GPS
oot-mean-square �rms� error is below 0.03 m for these events. Dur-
ng the observation period, the weather was sunny and dry. Air pres-
ure and temperature were recorded for tropospheric corrections.

odified after Gottsmann et al. �2005�.
al fluids during anomalous degassing of a deeper magmatic reser-
oir �Gottsmann et al., 2007�. It is important to note that signals from
agmatic processes need to exceed the background signals to be de-

ected. To achieve this, it is important to simultaneously perform dis-
rete 4D microgravimetry over a larger area to capture deeper-seated
agmatic processes. Failure to discriminate between shallow hy-

rothermal and deep magmatic contribution to volcanic unrest can
ead to unrealistic inferences as to the causative source if deep mag-

atic processes are exclusively regarded as causes of unrest.

īlauea volcano, Hawaii

Kīlauea volcano, on the island of Hawaii, is one of the world’s
est-monitored volcanoes, with spatially extensive and long-lived
ontinuous deformation and seismic networks, and frequent geolog-
c and gas emission measurements �Heliker et al., 2003�. As such,
īlauea provides an excellent example of what can be achieved

hough long-duration multiparameter volcano monitoring. Included
n the monitoring of Kīlauea are discrete 4D microgravity surveys
ating back to 1975. Gravity measurements at Kīlauea have been
ollected concurrently with deformation data, allowing for the deter-
ination of mass changes at depth beneath the volcano �Dzurisin et

l., 1980; Jachens and Eaton, 1980; Johnson, 1987; Johnson, 1992;
auahikaua and Miklius, 2003�.
Since 1983, Kīlauea has erupted almost continuously from the

u‘u ‘Ō‘ō-Kupaianaha vent system on the volcano’s east rift zone,
bout 17 km from the summit. During the eruption, gravity surveys
ave identified periods of magma accumulation �1983–1985 and
991–1993�, magma withdrawal �1992–2002�, and no �or minor�
et change in magma storage beneath the summit �1985–1991�. In
ll time periods, however, mass changes beneath the summit are
nly a few percent of the total lava effusion, supporting the model
hat magma feeding the eruption is not supplied from the summit

agma reservoir but rather travels through that reservoir from a
ource at greater depth �Kauahikaua and Miklius, 2003�.

Kīlauea experienced a major change in eruption style in
id-2007, when a one-day outbreak of lava occurred about halfway

etween the summit and Pu‘u ‘Ō‘ō. Effusive activity at Pu‘u ‘Ō‘ō
aused and the crater floor at Pu‘u ‘Ō‘ō collapsed as a result of the di-
ersion of magma to the new vent. Within a few weeks, lava returned
o Pu‘u ‘Ō‘ō, only to drain again upon the formation of another vent

km to the east. The new vent remained the eruptive center of
īlauea as of early 2008 �Poland et al., 2008�. As the focus of the

ruption shifted in location during 2007, the summit of Kīlauea ex-
erienced dramatic changes in deformation style. The summit inflat-
d between January and June �as magma accumulated beneath the
ummit�, rapidly subsided during June 17–19 �as magma from the
ummit fed an intrusion and eruption uprift of Pu‘u ‘Ō‘ō�, inflated
uring June 19–July 20 �when the eruption returned to Pu‘u ‘Ō‘ō�,
nd deflated during July 21 through to the end of the year �when the
ruption shifted downrift of Pu‘u ‘Ō‘ō; see Figure 3a in Poland et al.,
008�.

Discrete gravity data are insufficient to resolve the complex histo-
y of mass changes in the summit magma reservoir in 2007 because
f the relative infrequency of measurements, yet gravity data are
ritical to resolving the dynamics or subsurface magma transport at
īlauea. For example, models of InSAR data, spanning the June 17–
9 summit deflation, suggest a volume loss of 1–2�106 m3. How-
ver, they also show a corresponding volume increase of 15
106 m3 in the east rift zone where the new eruptive vent formed
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Poland et al., 2008�. The discrepancy in volumes raises the possibil-
ty that the new eruptive vent was fed both by the summit magma res-
rvoir and a second source. Elastic models of deformation, however,
o not take magma compressibility into account, and therefore un-
erestimate the actual amount of subsurface volume change
Johnson, 1992; Johnson et al., 2000�. As a result, it is possible that
ore magma left the summit reservoir at Kīlauea and less magma in-

ruded at the site of the new vent during June 17–19 than is suggested
y deformation data alone, thereby reducing the discrepancy be-
ween summit volume loss and east rift volume gain.

To map such rapid changes in mass at Kīlauea, continuous gravity
ecordings, collocated with continuous deformation measurements
preferably by GPS�, are required at multiple sites around both the
ummit and eruptive vent. A gravity meter was installed together
ith a broadband seismometer �in a vault� on the crater rim near the
awaiian Volcano Observatory �HVO� and has been continuously

ecording since February 2007. During the summer of 2008, a small
ontinuous gravity network is scheduled for deployment at Kīlauea
National Science Foundation grant to Rensselaer Polytechnic Insti-
ute, PIs: Anahita Tikku, ExxonMobil/Rensselaer Polytechnic Insti-
ute; Steve Roecker, Rensselaer Polytechnic Institute; Michael Po-
and, U. S. Geological Survey�. Sites will be installed at the HVO, on
he caldera floor above a modeled shallow �within several hundred

eters of the surface� region of magma storage �Cervelli and Mik-
ius, 2003�, in the south caldera above the 2.5-km-deep long-term
ite of summit magma storage �Cervelli and Miklius, 2003�, and at
u‘u ‘Ō‘ō. The network is designed to map gravity changes associat-
d with multiple summit magma reservoirs and at the eruption site.
esults from this network will be used to calculate mass changes
ithin Kīlauea’s shallow volcanic system and should capture short-

erm transient activity in unprecedented detail, allowing for better
stimates of volumes of magma accumulation and withdrawal than
re currently available from deformation data alone.

eal-time modeling

This vastly increased data quality and quantity available for mod-
ling will lead to more robust interpretation. However, modeling at
resent uses at best simple 3D bodies with rather few physical pa-
ameters as variables. To achieve the resolution of gravimetric time
eries required to assess causative sources, factors need to be ad-
ressed: Gravimetric observations on volcanic islands suffer from
bsence of accurate ocean-load models to predict ocean-loading ef-
ects.Although this is not a serious concern in the Mediterranean, for
xample, other volcanoes under gravimetric investigation such as
erapi, Indonesia �Jousset et al., 2000; Tiede et al., 2005�, Teide,

pain �Gottsmann et al., 2006�, or Soufrière Hills, Montserrat
Fournier et al., 2006� require accurate reduction of gravimetric time
eries for the effect of ocean loading.At the CVC on Tenerife, ocean-
oading effects amounting to 30 �Gal were found to be negligible
iven the larger amplitude of gravity changes between 2004 and
005. In contrast, a continuously recording gravimeter installed for
wo weeks near the Soufrière Hills volcano during a phase of dome
rowth stagnation in 2007 resolved residual ocean-loading effects of
p to 10 �Gal. With many explosive volcanoes preventing near-site
nstallation of gravimeters �resulting in a decrease in the signal am-
litude with distance�, these effects require quantification to deduce
he residual gravimetric signal because of changes in the magmatic
lumbing system over periods matching periodicities of ocean load-
ng ��12 hours�.
Hydrologic phenomena, such as variations in the water table, con-
ribute significantly to residual-gravity changes at volcanoes. Al-
hough dependent on medium permeability, as a rule of thumb,
hanging the level of a shallow water table by half a meter can result
n residual changes on the order of 10 �Gal �see Battaglia et al.
2008� for further discussion�. At the CVC, the continuous monitor-
ng of groundwater levels allowed a gravity decrease in the eastern
art of the Las Canadas Caldera to be attributed entirely to an overall
ater-level decrease during the observation period �Gottsmann et

l., 2006�.Alternatively, geostatistical tools can be applied to deduce
he effects of shallow groundwater level variations in areas lacking
irect level measurements �Battaglia et al., 2003�.

In addition, all model results suffer from the well-known problem
f nonuniqueness �Al-Chalabi, 1971� and, combined with the almost
nfinite number of degrees of freedom in mathematical modeling,
his eventually results in an infinite number of possible scenarios to
xplain the subsurface processes. The only way forward is to com-
are and correlate integrated geodetic time series with other geo-
hysical or geochemical observations. This coherent assessment
ill enable identification of a domain of most likely scenarios on
hich to base inferences as to the causative processes aiding hazard

ssessment and risk mitigation for future activity.
Thus, a particularly challenging issue is the integration of this
ultiparameter and multifrequency continuous data feed and devel-

pment of new modeling packages for near-real-time solutions in
erms of subsurface mass movements. The modeling approach must
uild on recent advances �e.g., Gottsmann et al., 2006� in which de-
endent variables �e.g., temperature and pressure dependent rheolo-
y� and, exceptionally here, a time-dependent data array rather than
ingle points as inputs, are integrated �Battaglia et al., 2008�.

echnological advances

Multiparameter studies are fundamental to the detection and de-
ermination of the reduction of ambiguities in assessing causative
ources. Continuous permanent networks are now required and re-
ent technological advances in the development of low-cost contin-
ous GPS sensors �e.g., Janssen et al., 2002; Chadwick et al., 2006�
nd seismometers �Wallenstein et al., 2003� are making deformation
nd seismic networks a reality. The installation of near-continuous
canning volcanic gas sensors is also becoming widespread �Ed-
onds et al., 2003; Horton et al., 2006; Galle et al., 2007�, whereas

mall infrasound sensors and continuous high-resolution video are
howing promise in significantly advancing our understanding of
ruption dynamics �Johnson et al., 2007�. The development of wire-
ess networks greatly facilitates simultaneous time-synchronized

easurements from a distributed network of sensors �Werner-Allen
t al., 2005�.

Spring-based land gravity meters have traditionally been analog,
equiring manual readings with resulting precisions of tens of �Gal
nd low observation rates �e.g., Rymer, 1989�. The advent of instru-
ents equipped with capacitive or electronic nulling systems and
icrogal resolution �e.g., Bonvalot et al., 1998� has substantially in-

reased our ability to conduct high-precision discrete and continu-
us gravity surveys over extended periods of time. However, to
ake a true 4D gravity network a reality, substantial reductions in

he cost, size, and energy requirements of gravity meters are neces-
ary. Development work is currently underway to produce low-cost
nstruments that will be used as permanently installed arrays, contin-
ously recording gravity �Rymer et al., 2002; Rymer and Matela,
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004�. The usual constraints of temporal resolution at the expense of
patial resolution and vice versa would be overcome and streamed
ravity data could then be combined with satellite- and ground-
ased deformation data �InSAR and GPS� remotely. A substantial
dvantage would be that once installed, the array would require min-
mal maintenance. Since cost �both of instrumentation and more im-
ortantly, man power� is the main restriction on gravity measure-
ents, new and valuable data will be available through the expan-

ion of real-time continuous gravity arrays. Within the next five to
en years, we anticipate these measurements to become routine at

any volcano observatories.

CONCLUSIONS

An in-depth understanding of the physical processes responsible
or volcanic activity can be achieved only through the integration of
ultitemporal geophysical and geochemical techniques. Micro-

ravity studies have proven to be crucial in the determination of
agma and/or gas migration within a magmatic system and volcanic

difice in the period leading up to an eruption. Deployment of an ar-
ay of gravity instruments transmitting data in real-time with near-
eal-time data analysis would increase the scope for monitoring im-
easurably as a principal component of a seismic, gas, video, and in-

rasound network. A new chapter in volcano monitoring will be
pened, because continuous 4D gravity data will, for the first time,
llow the rate of subsurface mass and/or density changes to be quan-
ified in near-real-time for an unambiguous assessment of the sourc-
s of volcanic phenomena.
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