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Long-term and high temporal resolution gravity and deformation data move us toward a better
understanding of the behavior of Mt Etna during the June 1995 – December 2011 period in which the
volcano exhibited magma charging phases, flank eruptions and summit crater activity. Monthly repeated
gravity measurements were coupled with deformation time series using the Differential Synthetic Aperture
Radar Interferometry (DInSAR) technique on two sequences of interferograms from ERS/ENVISAT and
COSMO-SkyMed satellites. Combining spatiotemporal gravity and DInSAR observations provides the
signature of three underlying processes at Etna: (i) magma accumulation in intermediate storage zones, (ii)
magmatic intrusions at shallow depth in the South Rift area, and (iii) the seaward sliding of the volcano’s
eastern flank. Here we demonstrate the strength of the complementary gravity and DInSAR analysis in
discerning among different processes and, thus, in detecting deep magma uprising in months to years before
the onset of a new Etna eruption.

R
epeated gravity surveys and ground deformation measurements have become effective volcano mon-
itoring tools for mid- to long-term hazard assessment, by providing unique insights into processes that
involve mass redistribution and/or pressure changes within volcano edifices1,2. Modeling of deformation

sources by using ground deformation data alone usually suffers from the inability of resolving mass and
density variations in the subsurface. The combined analysis of time-dependent gravity and surface deforma-
tion data can effectively constrain the mass of the source3,4. Depending on its physical properties, the arrival of
fresh magma can cause a mass increase that may have little or no interaction with the surrounding medium.
In this case, a limited ground deformation occurs, while a significant gravity increase is measurable at the
surface5, thus making the analysis of gravity time changes particularly relevant even when negligible ground
deformation is observed6–8.

Time-dependent gravity and ground deformation measurements are, therefore, complementary to each other
and their regular recording may disclose and clarify complex volcanic dynamics. An extraordinary gravity and
ground deformation data set, in terms of continuity and duration, has been gathered at Etna since 1995. Monthly
repeated gravity measurements have been carried out along a 24-kilometer West-East trending profile of 19
stations on the volcano’s southern flank to monitor the dynamics of the main volcanic and tectonic features
(Fig. 1). Earlier efforts at jointly detecting and interpreting deformation and gravity changes in a long-term
perspective were hampered by the misplacement of gravity and GPS stations and by the lower temporal resolution
of GPS data (yearly geodetic surveys)8.

The DInSAR measurements9,10 may overcome these issues allowing the detection of centimeter- to millimeter-
scale ground deformation at a high spatial and temporal resolution11. The availability of large SAR data archives,
acquired from 1992 to 2010 by ERS/ENVISAT and since 2009 by COSMO-SkyMed satellites, enables us to
recognize and measure the deformation evolution of significant portions of Etna volcano with a high density of
measurements over nearly 2 decades12. Separate analysis of the DInSAR13 and gravity data14,15 have been recently
performed, showing significant correlations between the eruptive and flank dynamics of Etna volcano and the
spatiotemporal pattern changes of either DInSAR or gravity data.

We jointly analyze and compare, for the first time, all the available gravity and DInSAR datasets covering the
1995–2011 period in order to detect and interpret common patterns in their spatiotemporal evolution. This long-
term and high temporal resolution dataset constitutes a unique opportunity to examine the behavior of Etna’s
southern flank in a period in which the volcano exhibited different styles of activity characterized by magma
recharging, flank eruptions, and fountaining episodes. Here we demonstrate the strength of the complementary
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gravity and DInSAR analysis in distinguishing the response of Etna
volcano to different processes, posing the basis to track the unrest
evolution and to forecast the style of future eruptions.

Results
Volcano-tectonic setting and recent eruptive activity. The gravity
profile lies in a complex geodynamical context and intersects some of
the main structural features of this Etna sector and areas undergoing
different dynamical behaviors: the Ragalna fault System, the South
Rift, and the eastern flank sliding sector (Fig. 1). The Ragalna fault
System composed of a complex arrangement of at least three main
faults dissecting the SW flank of the volcano, represents the south-
western boundary of the eastward moving sector16,17, separating a
stable block on its western side from the mobile southern sector on
its eastern side. The South Rift, radiating from the summit, is
probably shallow rooted and has been usually laterally fed by the
central conduit12 and exceptionally by the emplacement of
peripheral vertically propagating deeper dikes18, as occurred during
the 2001 and 2002–2003 flank eruptions. The eastern flank of the
volcano shows a fairly continuous seaward motion, due to the
interplay of gravity instability and magma intrusion19–21.

Between 1995 and 2011, Etna volcano exhibited different eruptive
styles characterized by quasi-persistent activity from the summit
craters and frequent lateral eruptions from vents situated on the
volcano flanks. During the first six years (mid-1995 to mid-2001)
the eruptive activity was confined to the summit area, where lava
flows, lava fountains and powerful explosive events occurred in rapid
succession at the summit craters (Fig. 1). Since 2000, Etna’s activity
moved toward more explosive styles22. The next four years were
marked by two highly explosive and destructive flank eruptions in
2001 and 2002–2003, which coincided with a sharp drop in summit
activity, and then by two dynamically singular, passive flank effu-
sions in 2004–2005 and 2006. After the last effusive event occurred in

2008–2009, the volcano remained largely quiescent until 2011, when
the Etna activity renewed with frequent, intermittent episodes of lava
fountains from the South-East Crater (18 episodes in 2011).

Geophysical constraints on Etna dynamics. This intensive volcanic
activity has been marked by significant spatiotemporal changes in
DInSAR and gravity data12,15. A joint examination of the deformation
and gravity maps (Figs. 2, 3 and Methods) highlights time intervals in
which the analyzed signals underwent contemporaneous changes
occurring mainly in the central and eastern stations of the profile,
while lower amplitude changes are observed in the westernmost
stations. From 1995 to 2001, a gravity variation cycle and an over-
all inflation of the volcano23,24, with horizontal expansion and diffuse
uplift, are observed. This style was abruptly interrupted by the 2001
flank eruption and, after the 2002–2003 eruption, a new more com-
plex behavior arose with predominantly negative gravity changes in
the central and eastern portions of the profile, accompanied by
discontinuous positive and negative increases in height changes
and by outstanding horizontal deformation. This behavior stopped
in 2009 when, new positive gravity changes were observed and the
vertical deformation slowed down after about 8 years of continuous
decrease.

The gravity-height changes, plotted in a Dg/Dh diagram (Fig. 4),
do not show any clear correlation, as usually expected in volcanic
areas5. The spatiotemporal gravity and DInSAR changes have varied
substantially both in time and in space, and cannot be easily
explained by a unique process affecting the whole profile. We can
distinguish five main different patterns in the Dg/Dh diagram at
stations located in distinct sectors bounded by volcano-tectonic
structures (Fig. 1). This could reflect the response of the volcano to
different mechanisms. Indeed, in the region covered by the measure-
ments, the dynamics of Etna volcano is generally controlled by three
main processes12, which have been constrained by the gravity and
DInSAR observations.

Magma accumulations in storage zones. The first process is related
to the inflation of the volcano due to the accumulation of magma
rising from depth, which induces positive gravity variations,
moderate uplift and horizontal displacements of the volcano
flanks. The long-term datasets point out at least three main
magma charging phases. A first charging phase started during the
late months of 1995, when a gravity increase/decrease cycle begun,
which reached the maximum amplitude of about 50 mGal at the
beginning of 1997 and ended in mid-1998 (Fig. 3c, box I). A
second increase/decrease gravity cycle, affecting mostly the central
and western portions of the profile, started at the mid-1999,
culminating at the mid-2001 (maximum amplitude about 30 mGal)
and continuously decreasing until mid-2002 (Fig. 3c, box II). These
two gravity cycles are accompanied by a moderate uplift of about
3 cm and a horizontal displacement of approximately 23 cm and
6 cm in the western and eastern flanks, respectively. After 2001, the
gravity increase/decrease cycles faded away accompanied with an
overall negative trend in the vertical deformation (about 21 cm/
yr) until 2009. After about 8 years of absence of significant gravity
cycles, a new marked and persistent increase in gravity changes
started at the beginning of 2010 and continued during the last
survey carried out in December 2011, when it reached a maximum
amplitude of about 60 mGal (Fig. 3c, box III). The increase of gravity
field recorded in this period is among the largest ever recorded along
the profile. Contemporaneously, the negative trend in the vertical
deformation came to an end (TG station in Fig. 2a). By comparing
the long-term gravity increase/decrease cycles with a chronogram of
the paroxysmal activity at the summit craters and the flank eruptions
of Etna, a qualitative correspondence in time between positive
gravity changes and intense eruptive activity is observed (Fig. 3).

Usually, gravity-height changes associated with recharging phases
at many volcanoes have been found to follow a linear relationship5,

Figure 1 | Etna volcano map with the location of the gravity stations
running from Adrano (ADR) to Zafferana (ZAF) villages across the
Rifugio Sapienza (RS). The closest SAR pixels to the gravity stations are

also reported for the ERS/ENVISAT and CSK time series. The major

surface fault systems (red lines) border the main rigid blocks (colored

shaded areas) of the eastern flank sliding21, which is delimited by the

Ragalna fault to the SW and by the Pernicana fault to the NE. Geographical

coordinates are expressed in UTM projection, zone 33N. All the figures in

this paper were generated using a DEM owned by INGV.
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which is straightforwardly explained by a pressurized spherical
magma chamber embedded in an elastic half-space. The magma is
assumed to be fully incompressible and thus, as it is injected or
withdrawn, the chamber changes its volume accordingly, deforming
the surrounding medium and triggering gravity and elevation
changes at the surface5. Following this model and assuming typical
density of the basaltic magma (2500–2700 kg/m3), the Dg/Dh ratio,
after the free-air correction, ranges between 0.65 and 0.79 mGal/cm25.
However, our observations do not confirm this simple model since
significant positive gravity changes occur together with slight pos-
itive height changes (Fig. 4), thus implying that Dg/Dh should show
significantly larger values. If the chamber is not spherical and the
magma is considered compressible, the Dg/Dh ratio may be higher26.
According to previous gravity14 and geodetic29 investigations, Etna’s
plumbing system has a multifaceted geometry consisting of storage
zones at different depths. The intermediate storage zone lies between
2 and 4 km, at a depth where the SO2, the most abundant gas phase at
Etna, starts to exsolve. Assuming at this depth magma with average
compressibility30 of about 0.2 GPa21 and a medium rigidity derived
from seismic tomography of 30 GPa29, the Dg/Dh ratio for prolate
ellipsoids, such as those detected at Etna from geodetic investi-
gations29,8, may reach a value of about 13 mGal/cm (Fig. 5 and
Methods). For an ellipsoidal source with aspect ratio of about 1.6,
the modeled Dg andDh values are in general agreement with the data
(red dots in Fig. 5) relevant to the recharging phase occurred in 1997
(Fig. 3c, box I), when magma accumulation was the predominant
process. The arrival of high compressibility magma may engender

larger values of the Dg/Dh ratio, thus implying significant positive
gravity variations accompanied by slight positive height changes, as
highlighted by our gravity and DInSAR data at Etna volcano. Even if
no claim is made that the model strictly applies to the observations,
this result shows a significant qualitative agreement with the gravity
residuals of about 40 mGal (Fig. 3c box I; Fig. 4) accompanied by
slight height changes of 4 cm (Fig. 2a and 4) observed during the first
recharging phase. This implies the arrival of a fresh magma volume
of about 17 3 106 m3.

South Rift magma intrusions. The second process is linked to the
South Rift dynamic along which magma preferably ascends and
intrudes at shallow depth triggering eruptions and fissures
propagations32. It is related to the magma injection and withdrawal
in a region recognized to be a preferential pathway of magma rising
and a favored intermediate accumulation storage at a depth of 3–
5 km b.s.l. in proximity of the western border of the high-density and
high-velocity body detected by gravity prospecting33 and seismic
tomography34. In the South Rift area (from IF to MS gravity
stations; Fig. 1) the gravity and deformation patterns changed
drastically since 2002, when gravity and height changes were
accompanied by a marked horizontal deformation (Fig. 2b). The
magmatic intrusions in the South Rift during the 2001 and 2002–
2003 eruptions35,36 pushed the volcano flank apart causing a
deformation pattern typical of tensile mechanisms with subsidence
in the intrusive area and uplift in the zone surrounding the
intrusion37. In agreement with the deformation pattern, also the

Figure 2 | Spatiotemporal vertical (a) and horizontal (b) deformation components along the West-East profile (y axis) from June 1995 to December
2012 (x axis) referred to the acquisition in April 1995. The deformation time series are calculated using ENVISAT (1995–2009) and CSK (2009–2011)

images as described in the Methods.
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gravity changes are a fingerprint of the activation of the rift area,
displaying across the profile negative variations in the central area
bounded by positive variations (Fig. 3). Although changes in the
gravity field are generally interpreted only in terms of mass input,
numerical models38,37 show that for shallow intrusive sources the
predominant gravity contribution originates from the displace-
ment of density boundaries. In such a case also the gravity changes
display the distinctive tensile pattern that is strongly different from
the concentric pattern due to the contribution of mass input
alone31,37. This tensile pattern persisted over the following years in
the South Rift area showing an extensional behavior, consistent with
a regional control on the short-term activity of the volcano39,40. The
negative gravity and height changes in the South Rift area slowed
down in late-2009, when the third positive gravity cycle started

(Fig. 2a and 3c, RS-TG-VE stations). The high gradient in the
horizontal deformation maps indicates the South Rift area as a
main border of the sliding eastern flank17, which greatly
accelerated after the 2002–2003 eruption.

Eastern flank sliding. The third process is concerned with the
predominant eastern flank sliding of Mt Etna, whose dynamic
markedly affects the deformation and gravity signals. Clear jumps
in the deformation and gravity changes are recognized around active
faults crossing the profile, reflecting their relative motions and
density discontinuity surfaces. After the 2002–2003 eruption the
eastern flank accelerated its seaward sliding with an exceptional
horizontal deformation accompanied by vertical changes reaching
about 210 cm in the easternmost stations17. High gradients are

Figure 3 | (a) Spatiotemporal gravity variations along the West-East profile (y axis) between June 1995 and December 2011 (x axis). All

measurements were referred to the outermost station of the profile (Adrano; ADR). (b) Gravity variations after the correction of the free-air contribution

estimated from DInSAR derived height changes. (c) Gravity changes filtered of local noise, short-wavelength spatial and seasonal components using

a 2-D wavelet multi-resolution analysis as described in Methods14. (d) Etna activity from 1995 to 2011 showing the flank eruptions (FE) and the different

eruptive styles at the summit craters (SC).
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observed in correspondence to CV and FV stations, which are
located across the border of one of the main sliding rigid blocks
(Fig. 1). The horizontal deformation shows a spatial step more
than 20 cm and the gravity changes reverse in sign with a step of
about 50 mGal. Although with a smaller gradient, another clear
discontinuity in the ground deformation and gravity changes is
detected in the western flank between the CC and CE stations,
which could be attributed to the dynamics of the Ragalna Fault
System crossing the profile (Fig. 1), whose creep movement
increased after the 2002–2003 eruption. In the eastern flank the
strongest decrease in the gravity signal started in the 2002 and is
accompanied in space and time by a significant horizontal
deformation (238 cm), which is about three times larger than that
on the western flank. It is worth noting that the gravity decreases
faded out as the horizontal deformation ceased. The short
wavelengths of the gravity and deformation fields are indicative of
shallow and local sources. In this period, this area was also affected by
a significant increase in the shallow seismicity (above 5 km bsl14)
associated with movement along the faults that border the sliding
blocks of the unstable eastern flank. Concurrently, one of the most
significant CO2 emissions has been recorded here by geochemical
prospecting41. The intense seismicity could have promoted rock
fracture and opening of new voids contributing to density
decreases and favoring also gas release41. Density variations related
to dilation or contraction of the medium can be reasonably attributed
to stress-induced variations in crack porosity w, which accompany
seismic activity. Fault zone porosity is expected to change during
co-seismic processes due to the formation of new cracks, changes
from ineffective (or isolated) to effective (or connected) porosity

(rearrangement of the interconnection chains between existing
voids), grain size comminution, and gouge evolution42. Assuming
average values of basaltic rock density33 r0 (2400–2600 kg/m3) and
reasonable porosity change values Dw (0.003–0.006)42, a negative
density change Dr 5 r0Dw of about 7–15 kg/m3 is estimated.
Considering such a density decrease within the volume releasing
most of the seismic energy after the 2002–2003 eruption, the
expected gravity change matches quite well the observed variations
along the profile in 2004 (Fig. 6), when the maximum negative
change of about 70 mGal is obtained at the gravity stations crossing
the eastern region.

Discussion
Focusing on the spatiotemporal evolution of the vertical and hori-
zontal ground deformation as well as of gravity changes, we shed
light on the complex interplay among the main processes controlling
the Etna dynamics. In particular, our analysis draws out: (i) unusual
large and positive values of the gravity and height change ratio, (ii) a
clear influence of the volcano structural setting on both deformation
and gravity patterns, and (iii) a complex relationship between vol-
canic and tectonic processes. Since different mechanisms are
involved and overlapped, they likely mask their effects with each
other, and make it difficult to find a general and simple relationship
between gravity and deformation, as usually occurs in closed volcanic
systems5.

The analysis of long-period microgravity and DInSAR observa-
tions has highlighted, over the last 16 years, a clear signature of the
South Rift activity, which shows a tensile pattern typical of extensive
mechanisms, the sliding of the eastern flank of the volcanic edifice,

Figure 4 | Temporal evolution of the gravity-height changes along the profile, visualized using a Dg/Dh diagram5. Five patterns localized in distinct

sectors of the volcano bounded by main volcano-tectonic structures (Fig. 1) are highlighted.
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which leads to large horizontal displacements and negative gravity
changes attributed to an increase in void and crack growth, and some
magma charging phases, which result in moderate uplift and cyclic
gravity changes. During the main recharging phases, the ratio
between gravity and height variations is indicative of an overall mass
increase within the volcano with limited ground deformation
(Fig. 4), pointing out a poor interaction between the intermediate
storage system (2–4 km depth) and the arrival of fresh magma. This
suggests that the magma should be highly compressible and rich in
volatiles. In fact, recharging phases have been accompanied with
high SO2 flux emissions, preceding paroxysm activity and fire foun-
taining episodes22, in which the gas-rich magma, supplied from inter-
mediate feeding system, propels the lava fountains, following a foam
collapse model43,44. The cyclic changes in microgravity could arise
from the formation of magma batches in the magma storage region
resulting from the convective overturn of shallow degassed and den-
ser magma that is replaced periodically by lower density, gas-rich
magma from depth. The convective overturn and recycling, at pos-
sibly quite low rate, of magma supplying fresh gas-rich melts is a
continuous source of volatiles45 and is recognized to promote intense
eruptive cycles at Etna46.

The combined gravity and DInSAR observations provide the sig-
nature of recharging phases within the volcano in 1997 and 2001 as
well as in 2011, which preceded and accompanied the onset of
intense flank eruptions and lava fountaining activity at summit cra-
ters (Fig. 3d). Actually, the last magma charging phase preceded by a
few months the renewal of the Etna eruptive activity, characterized
by 38 episodes of short-lived and high intensity lava fountains from
the South-East Crater between 2011 and 2013 (at the time of writing).
The quality and quantity of DInSAR data available in terms of spatial
and temporal resolution allowed not only capture of the deformation
pattern but also interpretation of microgravity changes to detect
possible magma rising in months to years before the onset of a
new Etna eruption. Ultimately, using complementary gravity and
DInSAR data will help move us toward a realistic forecasting of
eruptions, which comes from a better understanding of processes
happening within a volcano edifice.

Methods
DInSAR measurements. Along the West-East profile we generated a first time series
obtained from a data set composed of 132 descending and 155 ascending orbit SAR
images, acquired by ERS/ENVISAT satellites (from 1995 to 2009); a second time
series was generated by using 119 descending and 121 ascending images acquired by
COSMO-SkyMed (CSK) satellites (from 2009 to 2011). In the 2000–2003 period,
DInSAR data became discontinuous because of the unavailability of two out of three
satellites (ERS1 mission terminated in 2000, ENVISAT began in March 2002) while a
gyroscope failure on the remaining satellite (ERS2) occurred in January 2001 and was
not recovered until late 2001 when the satellite attitude was again put within the
specifications47. The satellite data were processed using the Small Baseline Subset
(SBAS) algorithm48, which allows us to detect surface displacements and analyze their
temporal evolution by generating deformation time series projected along the radar
line of sight (LOS). The LOS ascending and descending deformation time series were
subsequently combined to resolve for vertical and horizontal (east-west)
displacements. Since for this site the data were acquired quite regularly from both
orbits, each ascending acquisition could be combined to a corresponding descending
one acquired a few days later17. The obtained vertical and horizontal time series
relevant to the 1995–2009 and 2009–2011 time intervals were finally connected by
using a continuity criterion, thanks to the higher temporal resolution of CSK data.

Among the obtained deformation time series, we selected those pertinent to
coherent SAR pixels that were the closest to each gravity benchmark (the distance
between the SAR pixels and the corresponding gravity benchmark ranges from 21 to
700 m for the ERS/ENVISAT series and from 8 to 300 m for the higher resolution
CSK data, Fig. 1). Figure 2 shows the horizontal and vertical deformation measured in
the West-East profile stations between June 1995 and December 2011. The SBAS time
series accuracy is assumed to be less than 1 cm, in accordance with previous studies49.
The vertical deformation ranges between 220 cm and 6 cm associated with a hori-
zontal deformation from 213 cm to 38 cm (eastward motion is represented by
positive values) over the whole considered period. The most significant displacements
are detected starting from 2002 and affect the middle and the eastern part of the
profile. In particular, the largest height displacement reached about 220 cm around
2008 in proximity to the TG gravity station, in the middle part of the profile; on the
other hand, the maximum amplitude in horizontal displacements (38 cm) is located
in correspondence to the CV, FV and MO gravity stations on the eastern side of the
profile.

Gravity measurements. Microgravity measurements were conducted along the
West-East profile by the "step method"14,50, thus each pair of adjacent stations are
connected at least three times in order to monitor continuously instrumental
performance. Since its installation (summer of 1994), 121 surveys were carried out
quasi-monthly until December 2011 using the Scintrex CG-3M gravimeter (serial #
9310234), which is periodically calibrated along the Catania – Etna absolute-
calibration-line15.

All measurements were then referred to the westernmost station of the profile
(ADR, Fig. 1), since it is the least likely station to be affected by temporal gravity
changes14. The uncertainty in gravity measurements, collected with the Scintrex CG-
3M gravimeter, ranges, on average, between 6 7 and 6 11 mGal at the 95 percent
confidence interval14. Fig. 3a shows the gravity variations measured in the West-East
profile stations from June 1995 to December 2011. To interpret the gravity changes
over time, it is necessary to reduce the gravity data for the free-air effect, seasonal
variations and several high-frequency disturbances51,14. The observed gravity data
were firstly corrected for elevation changes using the DInSAR derived vertical
deformation (Fig. 2a) and the theoretical vertical gravity gradient (23.086 mGal/cm).
Vertical uplifts, evaluated by DInSAR time series during the entire period, show large
variations able to induce significant gravity changes. Moreover, the high gradient
along the profile in the vertical deformation addresses that free-air contributions
must be estimated at each station to perform accurate corrections. Thanks to the high
spatial resolution and the good accuracy, DInSAR derived height changes could fill
the lack of GPS measurements at each gravity station. In Fig. 3b the corrected free-air
gravity changes are shown. Free-air corrections do not significantly modify the spa-
tiotemporal gravity map until 2007 (Figs. 3a–b). Afterwards, important free-air
contributions are estimated. Particularly, positive gravity changes recorded since
2007 in the easternmost stations fade out after the correction, while in the central and
western parts the positive changes are reduced and the negative ones are enhanced as
a result of the negative height changes recorded in this area after 2002–2003 (Fig. 2a).
The free-air contribution is remarkable in the middle sector of the profile at the TG
gravity station in proximity of the South Rift, where a maximum value of about
60 mGal was estimated in correspondence to the largest height changes (220 cm,
Fig. 2a). The free-air corrected gravity map was then filtered using a 2-D wavelet
multi-resolution analysis14 to reduce the high frequency variations, related to human
and environmental disturbances, and the seasonal fluctuations, mainly due to water-
table fluctuations, and to highlight the useful signals (i.e. the volcano-related one).
Figure 3c shows the residual spatiotemporal gravity map, where both significant
positive and negative gravity changes are observed in the analyzed period.

Gravity-height changes. The ratio between gravity and elevation changes for a
spherical chamber charged with incompressible magma, after the free-air correction,

is proportional to the magma density rm as
Dg
Dh

~
4
3
pGrm , where G is the universal

gravitational constant52. If the magma is considered compressible, after some algebra
following Bonafede and Ferrari26, the Dg/Dh ratio is modified as

Figure 5 | Dg vs. Dh values numerically computed31,53,54 for the
inflation (DP 5 18 MPa) of an ellipsoidal source at a depth of 3 km
with a compressible magma x 5 0.2 GPa21 embedded in an elastic
medium m 5 30 GPa. Ellipsoidal sources at constant volume

(equivalent to a sphere with radius of 1 km) and with different aspect

ratios e between the major and minor axes ranging from 0.2 to 2

(prolate ellipsoid e . 1; sphere e 5 1; oblate ellipsoid e , 1) are

considered (see Methods). The Dg and Dh values for an aspect

ratio of about 1.6 is in general agreement with the data

(red dots) observed during the 1997 recharging phase (Fig. 3c,

box I).
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Dg
Dh

~
4
3
pGrm 1z

4
3

mx

� �
, where m is the rigidity of the surrounding rock and x the

magma compressibility controlled by magma chamber conditions (i.e., pressure, gas
volume fraction, phenocryst content, and temperature). Magma compressibility is
very small for a gas-free magma (0.04–0.2 GPa21)27 but relatively large if volatiles
exsolve, reaching, for basaltic magma, 10 GPa21 depending on depth28, or even more
for felsic magma. Considering average values of medium rigidity (0.1–30 GPa), the

term 1z
4
3

mx

� �
may be relevant28 and range between 1.05 and 9, thus giving a

maximum ratio of 6.28 mGal/cm. The Dg/Dh ratio is also affected by the source
geometry. While for gravity changes the geometry effect is negligible, for height
changes it can strongly affect the solution. At a constant volume, the
pressurization of a prolate ellipsoid engenders lower height changes with respect
to a spherical source as the aspect ratio increases31. The expected Dg/Dh ratio for
ellipsoidal sources at a depth of 3 km with different ellipse aspect ratios from 0.2
to 2 were numerically computed31,53,54, considering also the effect of magma
compressibility. The Dg/Dh ratio is larger for prolate ellipsoids and may reach
13 mGal/cm (Fig. 5).
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