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ABSTRACT

Sierra Negra volcano, the most voluminous shield volcano in
the Galápagos archipelago and one of the largest basaltic
calderas in the world, erupted on October 22, 2005 after more
than 25 years of quiescence. GPS and satellite radar interferome-
try �InSAR� monitoring of the deformation of the caldera floor in
the months prior to the eruption documented extraordinary infla-
tion rates �1 cm/day�. The total amount of uplift recorded since
monitoring began in 1992 approached 5 m at the center of the
caldera over the eight days of the eruption the caldera floor de-
flated a maximum of 5 m and subsquently renewed its inflation,
but at a decelerating rate. To gain insight into the nature of the
subsurface mass/density changes associated with the deforma-
tion, gravity measurements performed in 2005, 2006, and 2007
are compared to previous measurements from 2001-2002 when
the volcano underwent a period of minor deflation and magma
withdrawal.
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he residual gravity decrease between 2001-2002 and 2005 is
mong the largest ever recorded atan active volcano ��950 µGal�
nd suggests that inflation was accompanied by a relative density
ecrease in the magmatic system. Forward modeling of the resid-
al gravity data in 4D �from 2002 to 2005� gives an estimate of
he amount of vesiculation in the shallow sill required to explain
he observed gravity variations. Geochemical constraints from

elt inclusion and satellite remote-sensing data allow us to esti-
ate the pre-eruptive gas content of the magma and place con-

traints on the thickness of the gas-rich sill necessary to produce
he gravity anomalies observed. Results suggest that reasonable
ill thicknesses �700–800 m� and bubble contents �10–50 vol-
me %� can explain the large decrease in residual gravity prior to
ruption. Following the eruption �2006 and 2007�, the deforma-
ion and gravity patterns suggest re-equilibration of the pressure
egime in the shallow magma system via a renewed influx of rela-
ively gas-poor magma into the shallow parts of the system.
INTRODUCTION

Information on mass changes in the subsurface over time can be
btained from microgravity surveys. In volcanic systems, changes
n magma supply rate �influx or withdrawal�, changes in the vesicu-
arity of magma, and changes in the size or depth of a hydrothermal
ystem can affect the gravity field measured at the surface �e.g.,
iede; Gottsmann et al., 2006�. Typically, gravity variations on the
rder of hundreds of �Gals are recorded over years to decades and
re associated with vertical deformation on the order of a few centi-
eters to a few meters �e.g., Rymer, 1996; Battaglia et al., 1999�.
hen combined with simultaneous data on elevation change �using
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PS or InSAR�, microgravity surveys allow us to investigate the
auses of ground deformation in active volcanic areas and evaluate
he likelihood of an impending eruption �e.g., Yokoyama and
ajima, 1957� at a variety of volcanoes, from large silicic calderas
e.g., Campi Flegrei; Berrino et al., 1984� to composite stratovolca-
oes �e.g., Merapi; Jousset et al., 2000� and basaltic calderas �e.g.,
ilauea; Johnson, 1992�. Logistical constraints usually limit the

patial and temporal coverage of the gravity network in remote vol-
anic area. However, combined with high-precision, continuously
ecorded ground deformation data, even sparse microgravity data
an provide important information on the source of physical unrest
t a volcano �e.g., Kauahikaua and Miklius, 2003�.
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WA30 Vigouroux et al.
Sierra Negra is an active basaltic shield volcano located in the
alápagos archipelago, a volcanic hotspot in the eastern Pacific
cean �Figure 1�. It is one of the most active volcanoes in the
alápagos and is by far the most voluminous. Sierra Negra has one
f the largest calderas of any basaltic volcano on the planet �10
9 km; Wood, 1984�. The caldera floor has been uplifted by up to

00 m in the southwest corner as a result of repeated slip along a sin-
ous fault system �Figure 2; Reynolds et al., 1995; Chadwick et al.,
006�. The northeast side of the fault block forms a dip slope, result-
ng in a trapdoor/asymmetric geometry �Lipman, 1997�.

On October 22, 2005, Sierra Negra erupted more than 150
106 m3 of aphyric �crystal-free� basaltic lava �Geist et al., 2008�.
plift of more than 2 m in the center of the caldera was recorded by

ontinuous GPS over the three years preceding the October 2005
ruption �Chadwick et al., 2006�. The total inflation �estimated to be
m since 1992� prior to eruption is the largest ever recorded at a ba-

altic caldera �Chadwick et al., 2006�. Monitoring of the deforma-
ion provides information about the rate of volume increase in a sub-
urface magma chamber and places constraints on the geometry and
epth of this reservoir but alone cannot determine the exact process-
s causing inflation.

In this contribution, we present gravity data collected prior to and
ollowing the October 2005 eruption. In combination with previous-
y published microgravity data on Sierra Negra �Geist et al., 2006�, a
ime-series analysis of both microgravity and continuous deforma-
ion data offers insight into the subsurface processes associated with
he 2005 eruption. We use previously published models of the mag-

a reservoir geometry obtained from the inversion of deformation
ata �Amelung et al., 2000; Chadwick et al., 2006; Geist et al., 2006;
un et al., 2006� to model the gravity changes.

METHODS

The theory and field practice for microgravity monitoring in vol-
anic areas has been well described in the literature �e.g., Rymer and
rown, 1989; Rymer, 1996� and therefore will be only summarized
riefly here. The gravity network at Sierra Negra is sparse because of
he extremely difficult access to the caldera and rough terrain �at
east ten hours of hiking is required to visit three gravity stations in

igure 1. Digital elevation map of the Galápagos archipelago show-
ng the locations of the Sierra Negra and Fernandina calderas �modi-
ed after Yun et al., 2006�.
Downloaded 23 Oct 2009 to 210.115.53.203. Redistribution subject to 
he center of the caldera�. Our efforts were thus focused on measure-
ents at the center of deformation in the middle of the caldera �Fig-

re 2�. Stations were visited in June 2005, four months prior to the
ruption, and in June 2006 and 2007. These data are used in conjunc-
ion with earlier gravity surveys in 2001 and 2002 �Geist et al.,
006�. All surveys were conducted during the dry season in June.
his strategy is designed to limit the effect of water-table fluctua-

ions on the gravity measurements. Although precise water-table ef-
ects were not quantified, given the large gravity variations ob-
erved, any water-related effects on the same order as those observed
t other calderas �e.g., up to 60 �Gal at Yellowstone; Battaglia et al.,
003� would fall within the error of our measurements.

Two LaCoste and Romberg model G gravity meters �instruments
-127 and G-209� were used over the course of the surveys at Sierra
egra. The G-209 meter was used for the 2001–2002 �Geist et al.,
006� and June 2005 surveys, whereas the G-127 meter was used
uring the more recent surveys in 2006 and 2007. The G-209 meter
s equipped with a galvanometer and thus the reported microgravity

easurements for a given station are taken from at least two individ-
al readings. In contrast, the G-127 meter is equipped with an Aliod
lectrostatic feedback nulling system allowing for repeated in situ
easurements �at 2 Hz� without the need for user input. Both instru-
ents were calibrated on a Palm Desert �California� gravity line and

he data presented here are corrected to the G-127 meter.
When time permitted, each station was visited twice during a

urvey loop and some stations were measured on two days of the
ampaign. Our raw gravity measurements are corrected for earth
ide, ocean loading, and elevation effects �Table 1�. The Bouguer
orrected free air gradient �BCFAG� � a free air gradient �FAG�
f �308.6 �Gal/m plus an infinite-slab Bouguer correction of
17.3 �Gal/m, assuming a surrounding rock density of 2.8 g/cm3,
s used for the correction. The resulting corrected gravity measure-
ent is referred to as the residual gravity. Instrumental drift was neg-

igible over the survey periods. Error in the residual gravity mea-
urements is as follows; the standard deviation �1� � in the residual
ravity averaged over 1 minute and measured over 6–10 minutes at
given station is less than 5 �Gal for the G-127 meter. The standard
eviation at a given station over the course of one campaign is on the
rder of 100 �Gal because of the difficult conditions experienced by
he instruments during transport over rugged terrain. The closure er-
or �difference in the residual gravity measurements made at the base

igure 2. Digital elevation map of the summit area of Sierra Negra
howing the location of the gravity �SN� and continuous GPS �GV�
tations referred to in this study. The eruptive vents from 2005 also
re shown.
SEG license or copyright; see Terms of Use at http://segdl.org/
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4D gravity changes at Sierra Negra WA31
tation, SN12, in one day� was also taken into account. Sources of er-
or that factor into the residual gravity measurements include uncer-
ainty in the vertical component of deformation as measured by con-
inuous GPS at most of the gravity benchmarks and uncertainty in
he extrapolation of deformation rates to benchmarks at which no
PS data are available. We also take into account possible variation

n the FAG gradient of up to �10% �Tsuboi, 1983�.

ravity and deformation results

Deformation data for Sierra Negra extend back to 1992 with satel-
ite radar interferometry �InSAR� studies indicating inflation of
.5 m from 1992 to 1999, with maximum uplift rates of 60 cm/yr
Amelung et al., 2000�. The InSAR data were inverted to model the
agma body and indicated a 2.1–2.3-km-deep sill located beneath

he center of the caldera �Amelung et al., 2000�.
In June 2001 and June 2002, GPS campaigns covered a network of

4 to 26 stations at Sierra Negra �Geist et al., 2006�. They reported a
reatly decreased rate of inflation during the first year, with a maxi-
um uplift rate of 7 cm/yr, followed by 9 cm of deflation over the

ext 1.5 years. This period of deflation was accompanied by a
0 �Gal decrease in the residual gravity observed in the northern
art of the caldera �station SN21, relative to SN12 on the caldera rim;
igure 2�. Geist et al. �2006� suggest the combined deflation and de-
rease in gravity was linked to an episode of magma withdrawal
rom the shallow magma reservoir, probably into
he deeper parts of the plumbing system. From the
PS data, the best-fit geometry for the deflating
agma body was found to be a sill with horizon-

al dimensions of 5.3�3.0 km and a depth com-
arable to that modeled by the InSAR data
2.1–2.3 km�. Based on this geometry, the mag-
a body would have contracted in volume by 4.1
106 m3 �Geist et al., 2006�.
In June 2002, a network of continuous GPS sta-

ions was installed on the caldera floor of Sierra
egra, with one station located on its northeast

im �Figure 2�. The GPS network continued to
ecord the deflation, which began in 2000–2001
t a rate of �9.1 cm/yr, and then in April 2003
he system switched back to inflation �Chadwick
t al., 2006�. BetweenApril 2003 and the October
005 eruption, station GV02, located near the
enter of the caldera, recorded 2.2 m of uplift.
orizontal north-south extension �GV03-GV06� amounted to 1.4 m
ver the same time period. An mb 4.6 earthquake occurred on April
6, 2005 along with 84 cm of vertical slip on the south end of the int-
acaldera fault system but this event did not interrupt the pattern of
nflation �Chadwick et al., 2006�. This suggests that despite faulting
n the roof of the magma reservoir, the internal pressure in the sub-
urface reservoir was apparently unaffected. Unfortunately, no grav-
ty data were collected between June 2002 and June 2005 but such
igh inflation rates prior to an eruption are generally associated with
ontinuous magma influx into the shallow reservoir �Johnson,
992�.

Gravity measurements made four months prior to the October
005 eruption at the center of the caldera �SN09� show a decrease in
esidual gravity �relative to the reference station SN12� of up to
50 �Gal compared to measurements from 2001 and 2002 �Figure
�. The residual gravity decrease becomes less pronounced toward
Downloaded 23 Oct 2009 to 210.115.53.203. Redistribution subject to 
he caldera rim, with station SN21 recording a 450 �Gal decrease
elative to 2001–2002. The change in residual gravity on the flank of
he caldera �station SN15� is negligible between 2001–2002 and
005 �Figure 3�. This suggests that the residual gravity anomaly and,
ence, the area of mass change/density decrease prior to the erup-
ion, was restricted to the interior of the caldera.

Gravity measurements made eight and twenty months after the
005 eruption reveal an increase in residual gravity relative to June
005 of up to 1000 �Gal, again centered on SN09 �Figure 3�. For
N09, this represents a slightly higher residual gravity value than

hose recorded in 2001–2002. For all other stations, the residual
ravity measured in June 2007 is lower than the 2001–2002 levels by
p to 350 �Gal �SN15�. Given the error in the measurements, sta-
ions SN24 and SN21 show no definite pattern of residual gravity
hange from immediately preceding, to after the eruption �June
005–June 2007�. Station SN15, however, shows a clear residual
ravity decrease following the 2005 eruption. The change in the rela-
ive difference in residual gravity among stations �e.g., SN09-SN24�
rior to and following the eruption suggests a shift in the mass distri-
ution at depth as a result of the eruption. Finally, the relative chang-
s in residual gravity measured at SN21 �north edge of the caldera
oor� over the entire period, are greater �although within error� than

he changes measured at SN24 �the station located between SN09
nd SN21� indicating that the residual gravity change was radially
symmetric.

igure 3. Residual gravity change �BCFAG corrected� recorded at
ll stations and referenced to June 2001. The October 2005 eruption
s indicated. Error bars represent compounded errors from the sourc-
s discussed in the text.
SEG license or copyright; see Terms of Use at http://segdl.org/
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WA32 Vigouroux et al.
DISCUSSION

The large decrease in residual gravity observed at SN09 and to a
esser extent at SN21 and SN24 preceding the 2005 eruption can be
est explained in terms of either a mass or density decrease in the
ubsurface. At the time of the June 2005 gravity survey, the caldera
oor was in a period of accelerating inflation �Chadwick et al.,
006�. This rapid increase in elevation of the caldera floor has been
nterpreted as being caused by an increase in the volume of the sub-
urface magma chamber �Chadwick et al., 2006�, which, given the
ubsequent eruption, could be due either to influx of magma into a
hallow magma chamber or vesiculation of the residing magma or a
ombination of the two processes. To distinguish between these pro-
esses, we plot the residual gravity data on a �g/�h diagram �Rymer
nd Williams-Jones, 2000�, which allows for better visualization of
he processes responsible for the residual gravity changes �Figure 4�.
he maximum �g/�h gradient for the time periods of 2002–2005
nd 2006–2007 �at station SN09� are plotted along with the theoreti-
al FAG and the calculated BCFAG. The maximum gradient prior to
he eruption �2002–2005� plots below both the FAG and BCFAG
radients indicating a decrease in mass and/or a decrease in density.
he maximum gradient following the eruption �2006–2007� plots
bove both the FAG and the BCFAG indicating a mass increase and/
r density increase. It is unlikely that magma withdrawal �mass de-
rease� was the dominant process during the time period of
002–2005 because of the observed inflation leading up to the erup-
ion. Therefore, the �g/�h gradient observed from 2002 to 2005 is
est explained by magma vesiculation �density decrease�.

To investigate the role of magma vesiculation in generating the
arge residual gravity decrease prior to the eruption, we model the
hallow magma body using the program GRAV3D �GRAV3D,
007� and solve for the density and thickness of the magma body
eeded to generate the maximum residual gravity change recorded

igure 4. Maximum �g/�h gradient for the time period 2002–2005
nd 2006–2007 �station SN09� and theoretical FAG ��308.6 µGal/
� and calculated BCFAG ��191.3 �Gal/m�. Scenario boxes 1 and
are for gradients that plot above the BCFAG and below the FAG

ines, respectively.
Downloaded 23 Oct 2009 to 210.115.53.203. Redistribution subject to 
rom 2002 to 2005 at SN09. Inverse modeling of the gravity data to
olve for the exact density of the causative body was not performed
ecause of the limited spatial coverage of the gravity network. For-
ard modeling is appropriate because of the good control we have
n the geometry of the chamber and its location.

Inverse modeling of the deformation data collected at Sierra
egra by both InSAR and GPS since 1992 suggests the deformation

s controlled mainly by inflation and deflation of a shallow, sill-like
agma body located at 2.1–2.3 km depth �top of the chamber� and

aving horizontal dimensions of 5.3�3.0 km �Figure 5; Amelung et
l., 2000; Chadwick et al., 2006; Geist et al., 2006�. However, there
s no constraint on the thickness of the body, which could range from
undreds of meters to �1 km �Yun et al., 2006�. The chamber geom-
try is assumed to remain constant between 2002 and 2005. The
hange in the volume of the chamber of 3.6�107 m3 between June
002 and 2005 �Chadwick et al., 2006� will have an effect on the
ravity field but because this volume increase represents �1% of the
otal volume of the sill �for any sill thickness from 200 m to �1 km�,
he effect is minimal and is therefore ignored.

To better constrain the thickness of the sill, we calculate the densi-
y of the magma body in the months prior to eruption using estimates
f the concentration of volatiles �H2O, CO2, SO2� supplied to the
ystem and using solubility constraints to estimate the amount of ex-
olved gas in the magma at the pressure and temperature conditions
xpected in the shallow sill. The lavas erupted in 2005 were essen-
ially aphyric �crystal-free� and as such, preclude melt inclusion

)

)

igure 5. Simplified cross section through the caldera showing the
ocation and geometry of the magma body in 2D �a� and 3D �b�. �b�
llustrates the geometry of the sill and the foam layer used to gener-
te a maximum gravity anomaly of �874 �Gal �image from
RAV3D�. The sill is 5000�3000�700 m and the foam layer is
00�800�50 m.
SEG license or copyright; see Terms of Use at http://segdl.org/
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4D gravity changes at Sierra Negra WA33
tudies of the initial melt volatile content. However, melt inclusion
ata from the neighboring basaltic shield volcano, Fernandina �Fig-
re 1�, can be used to estimate the undegassed concentrations of
olatiles feeding the shallow Sierra Negra system because Fernan-
ina erupts lavas of very similar chemical composition to Sierra
egra �c.f., Reynolds et al., 1995; Allan and Simkin, 2000; Geist et

l., 2008�. The melt inclusions with the highest CO2 content
�7000 ppm� represent the least degassed samples and have corre-
ponding H2O contents of 0.8–1 wt.% and S contents of �1600 ppm
Koleszar et al., 2007�. The lithostatic pressure at the top of the mag-
a chamber is �58 MPa �2.2 km depth�, a minimum for the system

n part because we do not take into account the amount of magmatic
verpressure �estimated at �15 MPa in 2005 from the amount of in-
ation; Yun et al., 2006�. We estimate a magma temperature of
150°C based on the geothermometer developed by Montierth et al.
1995� for Mauna Loa basalts and using the composition of the te-
hra glass from the 2005 eruption �Geist et al., 2008�.

The solubility of CO2 in basalts at these conditions is lower than
he amount of CO2 dissolved in the melt phase entering the shallow
hamber. Based on the solubility model of Newman and Lowenstern
2002�, an input of 7000 ppm CO2 into the system will degas to
65 ppm, releasing 6735 ppm of CO2 into the gas phase. In contrast,
he concentration of H2O in the melt is lower than its predicted solu-
ility of 2.4 wt. % �Newman and Lowenstern, 2002�, and therefore
2O would mostly remain in solution in a 2.2-km-deep sill. Deter-
ining the solubility of S in a basaltic magma is more complex be-

ause it involves more parameters, such as the composition of the
elt and the oxygen fugacity. Based on the composition of the lava

rupted during the 2005 eruption, the average oxygen fugacity of an
cean-island basalt �fayalite-magnetite-quartz buffer, Ballhaus,
993; Gerlach, 1993�, the pressure and temperature estimates men-
ioned earlier, and the models of Kilinc et al. �1983� and Wallace and
armichael �1992�, we obtain a S solubility of � 1600 ppm, sug-
esting S degassing would have been negligible at Sierra Negra prior
o eruption. Based solely on the amount of CO2 exsolved, the total
eight percent of exsolved gas in the magma prior to the 2005 erup-

ion is 0.7.
We do not take into account any compositional or temperature

hanges of the magma during storage in the magma chamber, which
ould cause H2O and S to saturate. We also do not take into account
he possibility that H2O partially degasses with CO2 in closed-sys-
em degassing �Dixon and Stolper, 1995�, or that CO2 is degassing
rom magma deeper within the system and that this gas is accumulat-
ng in the shallow magma chamber. Consequently, our estimate of
he amount of gas exsolved in the sill is a minimum and the resulting
stimate of the thickness of the sill is a maximum.

The estimate of the mass fraction of exsolved gas above yields a
ulk magma density of 2500 kg/m3, calculated using a density of the
olten silicate liquid of 2700 kg/m3 and a gas density of 200 kg/m3

from the ideal gas law at the P, T of interest�. Also note that this cal-
ulation is an average density and the amount of gas could be distrib-
ted heterogeneously in the magma reservoir �a possibility exam-
ned below�.

The density of the magma body in 2002 is assumed to be that of
he liquid with no exsolved gas or crystals �2700 kg/m3�, based on
vidence that the magma chamber was in a period of deflation and
hat magma withdrawal was occurring �Geist et al., 2006�. The den-
ity contrast between June 2002 and 2005 is 200 kg/m3. Assuming
o change in the planar geometry of the sill, we model the thickness
f the sill required to produce the gravity anomaly recorded at SN09
Downloaded 23 Oct 2009 to 210.115.53.203. Redistribution subject to 
uring that time ��950 � 115 �Gal. The best fit to the data is an
00-m-thick sill, illustrated in Figure 6.

We also explore the possibility that the magmatic gases were con-
entrated in a highly vesicular foam layer progressively accumulat-
d at the top of the magma chamber between 2002 and 2005 �instead
f being mixed uniformly in the sill�. To obtain an independent esti-
ate of the volume of this foam layer, we combine estimates of the

otal amount of SO2 gas erupted during the eruption with estimates
f the ratio of H2O/CO2/SO2 in the melt feeding the system, to deter-
ine the volume of erupted gas, which we convert to its correspond-

ng volume at depth. Given that a stable foam layer is �80 vol.%
ubbles �Wilson et al., 1980�, we use a conservative estimate of 50
ol.% porosity to calculate a total volume for the foam layer.

The total amount of SO2 erupted over the eight days of the erup-
ion is obtained from ozone monitoring instrument �OMI� satellite
mages and corresponds to �1.9�109 kg �Simon Carn, personal
ommunication�. The H2O/CO2/S ratios in the undegassed magma
re estimated from melt inclusion data from Fernandina �Koleszar et
l., 2007� and correspond to an H2O/S ratio of 5.5 and a CO2/S ratio
f 4.75. If we assume the ratios of the volatiles at depth prior to de-
assing are equivalent to the ratios in the eruptive plume and Fernan-
ina volatile ratios are similar to those at Sierra Negra, then 45 wt. %
f the plume gas composition was H2O, 40 wt.% was CO2, and
5 wt.% was SO2. The total amount of gas erupted equals 11.6
109 kg, which translates to a volume of 8.3�109 m3 of gas at at-
ospheric pressure and temperature �calculated from the ideal gas

aw�. Converted to a pressure of 58 MPa �corresponding to 2.2 km
epth� at 1150 °C, the pre-eruptive volume of gas in the magma
hamber is estimated at 6.8�107 m3. Part of this volume will repre-
ent volatiles still dissolved in the melt prior to eruption, or exsolved
ut not accumulated in the foam layer. Therefore, the volume of the
oam layer is considered a maximum value. Factoring in 50 vol.%
orosity in the foam layer, the total volume of the layer is 13.6

igure 6. Modeled gravity change between June 2002 and 2005
aused by an 800-m-thick homogeneous sill with 10 vol.% vesicula-
ion.
SEG license or copyright; see Terms of Use at http://segdl.org/
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WA34 Vigouroux et al.
107 m3. This value serves as a rough estimate of the maximum
olume of explosively erupted material. It is approximately equiva-
ent to the volume of effusively erupted lava �Geist et al., 2008�.

A two-layer sill was modeled so that the top of the foam layer was
t 2.2 km depth, corresponding to the top of the magma chamber
Figure 5�. The foam layer was assigned a density contrast of
50 kg/m3 �calculated from the porosity of the foam layer and the
ensity of the erupted gas at the pressure and temperature conditions
f the chamber� and the rest of the magma chamber had the same
ensity contrast as in the first model, 200 kg/m3. Because the vol-
me of the foam layer is fixed, the area and thickness of the foam lay-
r were varied along with the thickness of the underlying magma
ody until the maximum gravity signal produced most closely
atched the signal observed between 2002 and 2005. The solution to

his model is not unique and a 700-m-thick sill with a 50-m-thick
oam layer �400�800 m area� will produce a comparable gravity
ignal to a thinner sill with a thicker or more extensive foam layer.
igure 7 shows the result of one of the configurations found to best fit
ur measured maximum residual gravity change for 2002–2005.

Although the modeling does not produce unique solutions to the
eometry and the density of the shallow body beneath the caldera, it
oes produce solutions that are realistic and can explain the maxi-
um residual gravity decrease between June 2002 and June 2005.
he development of a foam layer with 50 vol.% vesiculation above a
omogenous vesiculating magma body, or simply a thicker homoge-
ous magma body with 10 vol.% vesiculation are both plausible
onditions prior to the 2005 eruption, which was explosive in its
pening phase. The formation of a foam layer was also put forward
y Carbone et al. �2006, 2007� to explain the joint gravity decrease/
remor increase/pause in explosive activity at Mt. Etna during the
002–2003 eruption, which resulted in a maximum residual gravity
ecrease of 30 �Gal, but no model was developed to quantify the ef-

igure 7. Modeled gravity change between June 2002 and 2005
aused by a 700-m-thick sill with 10 vol.% vesiculation and a
0-m-thick foam layer with 50 vol.% vesicularity at the top.
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ect. Studies at Masaya volcano have also shown a relationship be-
ween an increase in volatile supply and decrease in residual gravity
Williams-Jones et al., 2003�.

The pattern of modeled residual gravity change with distance
way from the center of deformation is gradual �Figures 6 and 7�.
his pattern suggests that station SN21, 1 km farther from the center
f the caldera than SN24, should have experienced a smaller de-
rease in residual gravity than was observed. The actual variation in
ravity change between 2002 and 2005 at these two stations is simi-
ar within error, suggesting that other factors not modeled may be af-
ecting the gravity field on a smaller scale. The location of the 2005
ruptive vents on the northeast rim of the caldera �Geist et al., 2008�,
ithin �2 km of SN21 �Figure 2�, and possible dike propagation

rom the sill to the surface might have caused localized gravity
nomalies. Localized changes in the shallow hydrothermal system
lso cannot be ruled out. Given these potential complications, only
he maximum change in residual gravity �station SN09� was used to
t the models.
Eight and twenty months after the eruption, the gravity signal at

N09 had returned to, and exceeded, the 2001–2002 levels �Figure
� and was accompanied by a renewal of inflation but at a decelerat-
ng rate �Ruiz et al., 2007�. The maximum �g/�h gradient during
his time period plots above both the FAG and BCGAF gradients
Figure 4�, suggesting the change in residual gravity after the erup-
ion is caused by a mass and/or a density increase, both consistent
ith the loss of the gas-rich, crystal-poor magma during the erup-

ion, leaving behind a denser, perhaps crystal-rich mush and re-
ewed influx of relatively degassed magma from deeper in the sys-
em.

CONCLUSIONS

Four-dimensional microgravity and deformation data at Sierra
egra volcano can be interpreted in terms of the subsurface process-

s responsible for the largest pre-eruptive inflation ever recorded at a
asaltic caldera. The magnitude of maximum residual gravity
hange prior to the 2005 eruption ��950 �Gal� is also among the
argest ever recorded. A gravity decrease of similar magnitude
�400 �Gal� was recorded by a permanent gravity station at the
ummit of the Mt. Etna volcano at the onset of the October 2002
ruption �Carbone et al., 2007�. The duration of the anomaly was less
han six hours and was interpreted as reflecting the opening of a dry
racture �not filled with magma� �1 km from the gravity measure-
ent site. The duration of the gravity anomaly at Sierra Negra volca-

o is unknown because measurements were performed on only two
onsecutive days over periods of 15–20 minutes each time. This
roblem illustrates the need for continuous 4D gravity monitoring at
ctive volcanoes �Williams-Jones et al., 2008� but the logistical limi-
ations, combined with the current technology available for continu-
us microgravity recordings, make this unfeasible at Sierra Negra
olcano. However, based on the time gap between the gravity mea-
urement in June 2005 and the onset of the eruption in October 2005,
e do not attribute the gravity decrease to the opening of a fracture.
Vesiculation of the magma as the volatiles reached their saturation

oint can explain the simultaneous uplift of the caldera floor and the
ecrease in gravity observed between 2001–2002 and June 2005.Al-
hough the proposed models do not offer unique solutions, geochem-
cal constraints on the amount of gas present in the magma chamber
rior to eruption allow us to model the thickness of the magma body
equired to produce the observed residual gravity variations. Al-
SEG license or copyright; see Terms of Use at http://segdl.org/
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hough the error associated with these estimates is large, the models
rovide a first-order constraint on the third dimension of the shallow
agma reservoir at Sierra Negra.
Modeling of the time-series data also offers insight into the time-

cales of vesiculation at Sierra Negra and can be used to estimate the
olume of gas in the magma chamber prior to eruption. Faulting
vents at Sierra Negra in the years and months leading up to the 2005
ruption potentially allowed for a partial release of pressure in the
ubsurface magma body and accommodation of subsurface volume
xpansion. The onset of vesiculation sometime between June 2002
nd June 2005 is associated with the accelerating rate of inflation re-
orded from April 2003 to October 2005 �Chadwick et al., 2006�,
nd might have ultimately triggered the eruption. The cause for the
nset of vesiculation might have been the influx of volatile-rich
agma from depth, combined with chemical evolution of the melt in

he chamber �volatile phases reaching saturation� and perhaps a sud-
en, partial release of pressure during the April 16, 2005 faulting
vent.
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