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[11 The Campi Flegrei (CF) Caldera experiences dramatic ground deformations
unsurpassed anywhere in the world. The source responsible for this phenomenon is
still debated. With the aim of exploring the structure of the caldera as well as the role
of hydrothermal fluids on velocity changes, a multidisciplinary approach dealing with
three-dimensional delay time tomography and rock physics characterization has been
followed. Selected seismic data were modeled by using a tomographic method based on an
accurate finite difference travel time computation which simultaneously iRweege and

Swave first-arrival times for both velocity model parameters and hypocenter locations. The
retrievedP wave andSwave velocity images as well as the dedudghls images were
interpreted by using experimental measurements of rock physical properties on CF samples
to take into account steam/water phase transition mechanisms affeativg andSwave
velocities. Also, modeling of petrophysical properties for site-relevant rocks constrains the
role of overpressured fluids on velocity. A flat and [ewVs anomaly lies at 4 km depth

under the city of Pozzuoli. Earthquakes are located at the top of this anomaly. This anomaly
implies the presence of fractured overpressured gas-bearing formations and excludes the
presence of melted rocks. At shallow depth, a Mgk's anomaly located at 1 km suggests

the presence of rocks containing fluids in the liquid phase. Finally, maps \gf‘tig

product show a highl,* Vs horseshoe-shaped anomaly located at 2 km depth. It is consistent
with gravity data and well data and might constitute the on-land remainder of the calderarim,
detected below sea level by tomography using active source seismic data.

Citation: Vanorio, T., J. Virieux, P. Capuano, and G. Russo (2005), Three-dimensional seismic tomograpRy\femam andS wave
microearthquake travel times and rock physics characterization of the Campi Flegrei Gal@eophys. Resl10, B03201,
doi:10.1029/2004JB003102.

1. Introduction [Barberi et al, 1984]. However, unlike other calderas,
. round deformations in CF may reach values unsurpassed
N[Z]I Th‘? CF Ca]ldt(ra]ra, Io;:ated Ito the WetSt of t?escmt/h(gn here in the worldNewhall and Dzurisin1988]. On
apies, 1S one ot ine active volcanic systems of SOUNGHE 1,555 of historical records, the uplift phase may precede
ltaly. Several eruptions have occurred during h'StO”Cg new eruptive event as occurred in 1538 when a vertical
times chellractgr|2|n? theHstructuret of th'sl caldera Bye1acement of 7 m preceded the eruption of Mount Nuovo
ﬁparse Vo lcamft; c:a der_?. c>|weyer, tWOt exp ?ﬁweceve orak and Gasparini1991]. Nevertheless, short uplift
ave mainly affected 1ts voicanic struclure. e Lampgyaqag may also interrupt the secular subsidence as occurred
nian Ignimbrite and the Neapolitan Yellow tuff eruption 1 970_1972. 1982—1984. 1989. 1994 and. 2000 without
[Scan,gone'tr?tmaallﬁggcgldera CF veriodically experiencciiminating in an eruption. The crisis in 1982-1984 was
[s] As wi y S, LI periodically eXperences, i\ jarly dramatic when an impending eruption was feared
notable unrest episodes which include ground deformatio '‘more than 15,000 shallow earthquakes having maximum
seismic swarms and increases in the degassing ac'['thgnitude of 4.0 occurred and uplift rates of 3 mm/d were
observed Aster and Meyer1988] which brought a total
Copyright 2005 by the American Geophysical Union. vertical dis_placeme_nt of 1.8 nBarberi et al, 198_4; )
0148-0227/05/2004JB003102$09.00 Osservatorio Vesuviand985]. By January 1985, seismic

B03201 1 of 14



B03201 VANORIO ET AL.: THREE-DIMENSIONAL TOMOGRAPHY AT CAMPI FLEGREI B03201

activity strongly dropped and slow subsidence began. Swucture is crucial, especially in a geothermal field, to
date, about 70 cm of the 1982—-1984 total uplift has beemercome ambiguities deriving from the interpretation of
removed by subsidence. the P wave velocity field alone. To improve the interpreta-
[4 Mechanisms accounting for these phenomena hai@n of the retrieved anomalies, we also investigated the role
generally involved pressure generation exerted either frorfdnydrothermal fluids o® wave andSwave velocities via
magma chamberBjanchi et al, 1987; Dzurisin and effective medium modeling. Both laboratory measurements
Yamashita 1987; Bonafede et al.1986] or from hydro- on site-relevant lithologies under controlled conditions of
thermal reservoirsdliveri del Castillo and Quagliariello pressure Yanorio et al, 2002; Vanorig 2003] and the
1969; Casertano et aJ.1976; Bonafede 1991; De Natale comparison with those made on other lithologies under
et al, 1991;Gaeta et al. 1998]. Nevertheless, modeling ofpressure and temperature conditidis ¢t al, 1979;Wang
ground deformation data shows that any of the possilaied Nur 1989] constrained the modeling results.
sources responsible for the recurrent uplift and subsidendeo] The combined approach afforded in this study brings
has to be placed between 1.5 to 4 km depth, in order torfégw clues useful to assessing the CF Caldera structure and,
both the magnitude and the narrow bell shape of theturn, its activity.
recorded displacemenBipnchi et al, 1987; Bonafede
1991; De Natale et al. 1991; Gaeta et al. 1998]. )
[s] The presence of a magmatic reservoir underneath the Network and Data Selection

CF Caldera has been proposed as a possible interpretation[eff To monitor the seismic activity accompanying the
both P-Sconverted phases at 4 km depkeifrucci et al, 1982-1984 crisis, the University of Wisconsin began a field
1992] and temperature data inferred @y models Pe experiment deploying a temporary network consisting of 21
Lorenzo et al. 2001]. However, no evidence for magmghree-component digital short-period seismometers (WS).
bodies having volumes larger than 1 %has been found This network complemented those maintained by the Vesu-
down to 4-5 km by the recent three-dimensional (3D) vian Observatory (VO) and Agip (Azienda Generale Italiana
wave tomography performed in the Gulf of Naples ampetroli, AG) consisting of 25 analog vertical seismic sta-
Pozzuoli Follo et al, 2003]. Furthermore, no variation oftions (Figure 1). Data were recorded at 100- or 200-Hz
isotopic ratios of magma-derived species has been foun@dmpling rates and 1-Hz geophones were u8stef and
fumaroles during the 1982-1984 unrest that could servengsyer 1988]. More than 15,000 events were recorded by
evidence for the magmatic origin of the crisiedesco et the seismic monitoring network. Events were clustered in
al., 1990;Allard et al, 1991]. time, mainly concentrated in the Pozzuoli-Solfatara area and

[] The possibility that hydrothermal fluids play a funhad maximum duration magnitudety 4 [De Natale and
damental role in triggering activity at CF often attractgollo, 1986].
attention because a correlation between ground displacgr;] In the frame of the so-called SERAPIS project, most
ment and gas emission rate has been folBarberi et of the waveforms recorded by the digital network were
al., 1984; Chiodini et al, 2003]. Nevertheless, signaturesecovered and picked by the different participating groups.
indicating caprock formations, which are required to buildowever, an analysis of the manually picked times showed
up pore fluid pressure within reservoirs, have not yet begiat a more homogeneous repicking was required for a
detected. Under the hypothesis of pore fluid pressufgtailed seismic imaging. Consequently, we repicked the
generation, the assessment of caprock formations congtiole SERAPIS database. Furthermore, we added the data
tutes evidence constraining the depth of the triggeriggllected by the permanent network. This work has signif-
source. Thus many questions still remain unresolved gbagntly augmented the data set usedhater and Meyés
mechanisms responsible for the CF activity not wglogg] study.
constrained. _ _ 13] We used a subdata set consisting of 1209 micro-

[7] Local earthquake tomography constitutes a basic te@rthquakes occurring from 1 January through 15 April
to assess the 3-D velocity structure in seismically actiyg84 which provided 7264 and 3121S arrival time
areas Thurber 1992]. In order to investigate the structurgeadings. Arrival times measured from digitized seismo-
of the caldera, its earthquake distribution, and the role gams were estimated to be accurate in the range of 0.02—
hydrothermal fluids, a multidisciplinary study involving 3-I).05 s forP and 0.02—0.1 s foS waves. A preliminary
delay time tomography d? and S microearthquake travel hypocenter location was determined by using the B-D
times and rock physics characterization is presented in ##$ocity model resulting from the active seismic experiment
paper. performed in the Bay of Pozzuokllo et al, 2003]. From

[e] In the CF area, a previous joint tomographic ange initial data set, we selected earthquakes that had at least
earthquake location study using microearthquake trawgb and 4S phases read, azimuthal gaps smaller than,180
times was performed byster and Meyef1988], who used and RMS time residuals smaller than 0.5 s. This selection
228 events occurring during the 1982-1984 crisis. Th@yovided a database consisting of 462 events with a final
reported both a higlvy/Vs ratio at 1 km depth that wasnumber ofP andSreadings of 3447 and 2289, respectively.
interpreted as a region of highly water saturated fractured
rocks and a cessation of seismicity at approximately 4 km. . .

[9] In the new seismic tomographic study reported in thg Tomographic Inversion Procedure
paper, we repicked and upgraded the 1982—-1984 data set fiy] We used a linearized, iterative tomographic approach
largely increasing the number Bfwave andS wave time as proposed by many authors [e.8§pakman and Nolet
readings compared to the previous stubigtér and Meyer 1988;Aster and Meyerl988;Hole et al, 2000;Benz et al.
1988]. The assessment of a relialBewave velocity 1996;Le Meur et al. 1997;Latorre et al, 2004] in whichP
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Longitude time. These parameters are inverted simultaneously without
14°02'  14°04'  14°06'  14°08'  14°10°  14°12 any parameter separation technigBevlis and Booker
j‘{ N “"-*-,&’ 1980; Spencer and Gubbinsl980] by using the LSQR
g 4 - s algorithm Paige and Saundersl982]. As described by
Benz et al[1996], smoothness constraint equations based
on second derivatives are used to control the degree of
model roughness (i.e., the degree of variation in slowness)
allowed during the inversion procedure by the requirement
that the Laplacian of the slowness field must variébrke
1984].

3.1. The 1-D Model Selection

[17] Inherently, in a linearized tomographic approach,
velocity perturbations cannot move too far from the unper-
turbed model. As a consequence, the final solution will
depend strongly on the a priori choice of the 1-D reference
model Kissling et al, 1994]. As a first approach, we used
the 1-DP wave velocity model resulting from the tomo-

) ) _ _ graphic inversion of 77,000 firdP wave arrival times
Figure 1. Map of the Campi Flegrei Caldera showingollected during the active seismic experiment performed
seismometer stations (inverted triangles, WS netwofkithe CF CalderaZollo et al, 2003]. The initialS velocity
triangles, VO and AG networks) and final earthquak@odel was derived from tHevelocity model using &/Vs
locations (black stars). The map also shows the elevatigfio of 1.7 estimated from Wadati diagramsy] and
contours (black lines) for the 1982-1984 uplift. Wallace 1995]. However, we verified the agreement be-
tween the initial 1-D velocity modeZpllo et al, 2003] and
andSfirst arrival times are simultaneously inverted for botharthquake data because of both the inherent difference in
earthquake locations and velocity model parameters at ediehgeometry of the passive and active experiments and the
step of the inversion procedure. The importance of coupliatppsed time between the acquisition of the two data sets
earthquake hypocenter parameters (locations and origir20 years). The latter is a significant factor due to the
time) on the one hand and velocities on the other has bebkanges occurring in geothermal systems.
discussed byThurber [1992], who emphasized that all [18] A statistical study of the final 3-D solution was
required parameters should be mutually consistent to aviiferred from 400 initial 1-D models, randomly generated
significant bias in the derived models. within two extreme 1-D velocity bounds (Figure 2a, gray

[15] The distribution of stations/events allowed us teolid lines). The upper and lower velocity bounds were
investigate a model volume of 1414 7 km® with the chosen to have the 1-D reference modelZoflo et al.
top at 0.5 km above sea level. Assessing the most suitg2@03] as average (Figure 2a, cyano dashed line). Figure 2a
model parametrization in seismic tomography is an impa&hows that even though different initial models provided
tant task since it controls the final solution as well as issibstantially unlike RMS time residuals, the data misfit of
reliability. By using synthetic data, different grid spacingal final solutions reached about the same value (close to
were tested to check for the most appropriate mode0.08 s). A similar result is obtained using the reference
parametrization and to avoid the introduction of artifactsodel (Figure 2a, cyano star). Also, the RMS time
and false anomalies. For the same purpose, model res@tiduals (Figure 2a, black circles) associated with the
obtained by shifting the grid were also tested. Trial test80 initial 1-D velocity models fall into two ranges. The
demonstrated that a uniform grid spacing at the size of 0.5irst one includes values smaller than 0.2 s while the second
0.5 0.5 kn? allow us to fairly well delineate the mainhigher than 0.2 s. Note that the initial value of RMS
retrieved anomalies, and so it represents the best compromgsaluals resulting from the reference 1-D velocity model
among model parameterization, spatial resolution, anda#is in the range of values greater than 0.2 s (cyano star).
reliable representation of the velocity field. In addition, the initial distribution of time residuals

[16] First arrival travel times of wave fronts are comassociated with the® and S reference models and
puted through a finite difference solution of the eikonalarthquake locations (Figure 3a, gray histogram) is shifted
equation Podvin and Lecomtel991] in a finer grid of toward positive values compared to the distribution asso-
0.1 0.1 0.1 kn?. The latter consists of constantiated with the final solution (Figure 3a, black histo-
slowness cells computed by trilinear interpolation frogram). Such a shift indicates an overestimation of the
the inversion grid. For each event-receiver pair, trauwelference 1-D velocity model which could affect velocity
times are recalculated by numerical integration of tlstimates in the final models.
slowness field along the previously traced rdyatorre et  [19] On account of the above considerations, we made a
al. [2004] demonstrated that travel times computed in thisore restrictive selection on the 1-D reference model. We
way are more precise than those computed by wave frbalve chosen as a reference the average velocity model
construction and thus they are less sensitive to the gmédulting from those associated with RMS residuds? s
spacing used for the forward problem. Travel time partigtigure 2b, red dashed line). This selection provided a lower
derivatives are simultaneously computed FPowvave and RMS of the final 3-D solution (0.07 s) (Figure 2b, lower red
S wave slowness fields, hypocenter location, and origatar), a reduction of 46% from the initial RMS value of 0.13
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between the arc shaped highwave velocity anomaly
inferred from active source 3-D seismic tomography and
the positive annular gravity anomaly characterizing the CF
Caldera Capuano and Achaug003].Zollo et al.[2003]
correlated the higP velocity anomaly detected in the Bay
of Pozzuoli to the buried caldera rim. The hiyh*Vs
anomaly reported in this study is consistent with the
onshore positive gravity anomaly inferred Bapuano
and Achauer[2003] and might constitute the remaining
part of the caldera rim detected below sea level by active
source tomographyzpllo et al, 2003].

[21] Figures 5a and 5b showave andSwave velocity
vertical cross sections along the E-W and N-S directions
shown in Figure 1. Along both directions, a high-velocity
structure having a concave shape characterizes the deeper
part of the caldera. On the other hand, at shallower depths,
lower velocities mark its inner portion. Earthquakes mostly
cluster in the inner part of the velocity structure defining a
narrow easterly trend (northeasterly on map views) which
extends from near the surface (ACC, Accademia, and W12,
Solfatara A) to 4.0 km depth. At greater depths, earth-
guakes are distributed along the borders of the high-velocity
structure (Figures 4a and 4b).

Figure 2. (a) Randomly generated initial 1-D velocity _ _
models. The upper and lower velocity bounds (solid grdy2. Velocity Model Resolution

lines) and the 1-D velocity model fro#ollo et al.[2003]

[22] To verify the spatial resolution of the inferred 3-D

(dashed cyano line) are also shown. (bottom left) Initisdodels, synthetic tests on a global scale (e.g., standard
(black points) and final misfit values (red points) obtainasheckerboard tests) as well as on a local scale (e.g., spike
from inversions. Cyano stars indicate the initial and the finglsts) were performed. A sinusoidal function having a

misfit values for the 1-D velocity model afollo et al.

wavelength of 1 km in all direction,(y, andz) and an

[2003]. (b) Same as Figure 2a, after the selection descrila@ablitude of +0.1 km/s fdP velocity and of +0.15 km/s for

in the text.

S velocity was added to the final tomographic models. By

Figure 2b, upper red star, and a zero-centered distribution of 400, P- residual times $- residual times

travel time residuals (Figure 3b).

4. Tomographic Inversion Result

4.1. Three-DimensionalP and S Velocity Models and
Earthquake Locations

300

200

[200 P wave andS wave velocity structures and earth- 100
quake locations are shown in Figures 4a and 4b. Cells not
sampled by any ray are shown in gray. Down to 4 km depth,
both theV,/Vs images show (1) a low-velocity anomaly . YTas o0 o5 05 0 05
within the inner part which ranges from 1.7 to 3.8 km/s for “ @
P wave velocity and from 1.0 to 2.5 km/s f& wave 401
velocity and (2) a surrounding annular high-velocity anom-
aly ( 4.8 km/s forP wave velocity and 2.8 km/s forS 300
wave velocity). Beyond 4 km depth, the inner low-velocity
anomaly still appears in th, structure, while it is less 200
evident in theVs field. In order to determine possible
lithological variations at depth or zones with different 100
porosities and/or crack densities, maps showingvifi&s
products were deduced from the retrie\®dvave andS
wave velocity images. Both lithology and porosity affect I Y ®) Lt

wave andS wave velocities while fluid saturation only

affectsP wave velocity. Thereforey* Vs mapping allows us

Time Residuals (sec)

to highlight anomalies that are caused by either lithology Bigure 3. Initial (gray) and final (black) distribution of
porosity and at the same time to minimize those relatedttavel time residuals fd? wave andSwave velocity models

fluid saturation. TheVy*Vs image shown in Figure 4c,

highlights a horseshoe-shaped higfiVs anomaly at 2 km

by using (a) the 1-D velocity model froAollo et al.[2003]
and (b) the 1-D model obtained after our restrictive selection

depth.Zollo et al.[2003] have reported a fairly good matctof resulting RMS.
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Figure 4. Map views showing the final solutions for (B)wave and (b)S wave velocity structures.
Black circles and black stars indicate earthquake and well locations. (c) Map view showifyy\the
product at 2.5 km depth.

fixing earthquake locations, the computed travel times wavave andS wave models. The inversion of the computed

inverted forP wave andS wave velocity parameters. travel times for model parameters was made by following
[23] Test results show (Figures 6a and 6b) that anomaltbe same procedure as for the checkerboard tests. Figures 7a

having wavelengths of 1 km are fairly well reproduced iand 7b show a map view of the recovefdvave andS

the whole area down to 6 km depth while, due to the rayave velocity anomalies as well as their variation as a

path geometry, poorer resolution is found in the bay.  function of depth both for positive (Figure 7a) and negative
[24] We also checked the resolution of our final models @mnomalies (Figure 7b). Results of spike tests demonstrate

specific areas by performing several spike resolution teftat size and amplitude of both positive and negative

which represent a numerical way for estimating the resohromalies placed at 4 km depth can be fairly well resolved

tion matrix. The area of interest is located between thethis region.

Accademia (ACC station) and Solfatara areas (W02 and ) )

W12 stations) and the resolution of a spike anomaly placéd. Velocity Model Uncertainty

at 4 km depth was analyzed. Tests were carried out bfps] As described in previous sections, many factors

adding both positive and negative anomalies to the Bnalaffect the final result of a tomographic inversion proce-
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Figure 5. Vertical cross sections for (R)and (b)S velocity models along the W-E and N-S directions
reported in Figure 1. Black circles, black stars, and triangles indicate earthquake, well, and station
locations.

dure such as the coupling between the earthquake hypgularization technique. Similarly, the source-station
centers and the velocity parameteffirber 1992], the geometry which in turn affects ray path distribution is
initial 1-D velocity model Kissling et al, 1994], as well a critical factor in resolving velocity structure. In order to
as the size of the grid used for data inversion and tastimate if our distribution of earthquake hypocenters and

Figure 6. Vertical cross sections along the W-E and N-S directions of the checkerboard model
perturbations after inversion for (a) tReand (b)S velocity.
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Figure 7. Map views and vertical profiles describing the results of the spike tests for a velocity anomaly
located at 4 km depth between the Solfatara and the Accademia areas. Both the results for (a) a positive
anomaly and (b) a negative velocity anomaly as well as the comparison between recovered anomalies
(dark dashed lines) and initial spike models are shown.

stations could resolve velocity structures satisfactorily, weknown, there is not an objective way to estimate that
performed a bootstrap statistics test to determine ttleseness and hence to be confident in the final model
uncertainty on velocity values in our final solution. solution. Aoike et al.[1998] showed that searching for

[26] In general, the best model explaining the observéide most consistent distribution of travel time residuals by
data settP is described by a finite number of modebootstrap statistics can be a possible approach to assess
parameters () whose calculated travel time§?) differ the most representative distribution of model parameters
from t°°° by means of time residualsX Therefore the and so to evaluate uncertainties in the final best fit
distribution of time residuals represents a way to estimagdocity model.
the closeness of the observed data distribution to that db7] We applied a bootstrap statistics approach by
true data. However, since the true data distribution generating artificial data sets (e.g., the bootstrap samples)
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Figure 8. Normalized standard deviation for @wave and (b5 wave velocity models resulting from
bootstrap statistics.

from the distribution of the final model paramet&@¢; that we recovered a realistt wave andS wave velocity
) which were constituted by as many new time dathstribution underneath the CF Caldera.
(t*) as the number of observed data. Each bootstrap
sample was generated by adding randomly select‘,gd . .
residuals x to the kth calculated travel timaf®. By °: Discussion _ _
inverting each bootstrap sample, new model parameters. Modeling of Rock Physics Parameters Affecting
(* ) were obtained. The generation of bootstrap sampfeeismic Velocities
and the inversion procedure was repeated 1000 timefes] Many rock physics parameters contribute to changes
Both the mean velocity of structure®) (and the nor- in seismic velocities of rocks in addition to mineralogy,
malized standard deviation\( 1/X) was computed foP  porosity, and in situ stress conditions such as pore fluid
wave andS wave velocity models (Figures 8a and 8b)roperties, which in turn depend on temperature and pres-
Note that very low uncertainties \ 1/X 0) which sure Birch, 1960; Spencer and Nurl976;0’Connel and
would imply no perturbation in the initial model, wereBudiansky 1974; Toksoz et a). 1976; Ito et al, 1979;
masked out because they are meaningless. Becaus&lofstensen1985; Wang and Nur 1989; Sanders et al.
computational limitations we have not performed thE995; Dvorkin et al, 1999b]. It is well known that the
complete investigation suggested Aoike et al. content and physical state of fluids affect more strolgly
[1998], who calculated the Extended Information Critavave velocities thas wave velocities. It turns out that the
rion (EIC) at each iteration step of the inversion proc¥/Vs ratio proves useful in discriminating zones saturated
dure. However, we found that increasing the number with fluids, which in turn also provides insight into their
bootstrapped data does not affect the estimation and thiagsical state.
the “best” recovered model falls into the confidence [30] Since hydrothermal fluids might play a fundamental
interval of the bootstrapped population. Therefore wele in triggering unrest at CFOJiveri del Castillo and
believe that we obtained a statistical estimation ofRheQuagliariello, 1969;Casertano et al.1976;Chiodini et al,
wave andS wave velocity uncertainties related to eacR003], mechanisms caused by changes in temperature and
inversion cell. pressure of fluids have been investigated to constrain the
[2g] Figures 8a and 8b show that we found similanterpretation ol,/Vs anomalies.
normalized uncertainties for both wave andS wave [31] In dry rocks, temperature effects on velocities are
velocities models. This is consistent with the similar distismaller than in fluid-saturated rocks. In dry conditions, the
bution of P time andStime residuals since our ray samplinglecrease in velocities is believed to be due to the softening
is similar in both cases. This analysis makes us confidefitthe rock matrix and to the increase in porosity which
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1989; Ito et al, 1979]. Since such a transition does not
affect the shear modulus, and he&ogave velocities (i.e.,
slight S wave velocity changes occur because of a density
effect), lowV,/Vs ratios characterize gas-bearing rocks (i.e.,
high fluid compressibility), while higher values ®§/Vs
indicate liquid-bearing formations (i.e., low fluid compress-
ibility). Furthermore, pore fluid pressure may also play a
role by inducing a fluid phase transition as well as in
keeping pores and cracks open. As a consequence, veloc-
ities are further affecte@vorkin et al.[1999b] have shown

by laboratory measurements and effective medium model-
ing that crack opening induced by increasing pore pressure
leadsV,/Vs to strongly decrease in gas-bearing rocks.

[32] The variation ofP wave andS wave velocities as a
function of pore fluid temperature and pressure has been
reported for sandstones and granites under relatively low
parts of the temperature and pressure ravge§ and Nur
1989; Ito et al, 1979]. Therefore, for site-relevant rocks
(i.e., consolidated tuffites), we theoretically reproduced the
effect of higher temperatures and pressures/g¥s via
modeling as proposed Hyvorkin and Nur[1996]. Since
our intention was to model sediments with a nonzero
stiffness of the dry matrix, we used the upper Hashin-
Shtrikman bound to appropriately model the elastic moduli.
Once the moduli and density of the dry matrix are computed
(seeDvorkin and Nur{1996] andDvorkin et al.[1999a] for
details), the computation in the low-frequency domain (i.e.,
fluid and solid motions are in phase) of the bulk and shear
moduli of the saturated sediment come from Gassmann’s
equation Gassmann1951]. In the reported modeling, pore
fluid is described by a mixture of water and carbon dioxide
(20% of carbon dioxide and 80% of water) whose bulk
modulus and density were computeBafzle and Wang
1992] for a constant temperature of 350and by only
varying pressure conditions.

Figure 9. (a) Theoretical modeling of the,/Vs ratio as  [33] Figure 9a shows the result of modeling where the
a function of pore pressure in a tuffite at 360 variation ofVy/Vsas a function of Rig pressureiS Shown for
(b) Theoretical modeling of th¥,/V, ratio as a function a tuffite having porosity () equal to 20%. Lithostatic
of porosity computed for both water- and steam-saturaf@@ssure was kept constant at 70 MP& km depth) and
conditions. Laboratory results for site-relevant rocks frovariations of effective pressure (i Bjsostatic  Priuid pressurd
Vanorio et al.[2002] andVanorio [2003] are shown for was simulated by varyin@uid pressureffom 5 to 45 MPa.
comparison. At 0% of porosity the/y/Vs ratio of Figure 9a shows that for a given rock porosityX 20%,
minerals forming rocks is reported. solid black line in Figure 9a), the increase of pore fluid
pressure leads to a decrease in pore fluid compressibility
(i.e., vapor-liquid transition is simulated) and, as a conse-
results from the different thermal expansion of minerajgience, theV/,/Vs ratio increases. Note that for concentra-
[Kern, 1982;Wang and Nur1986]. However, in dry rocks, tions of CQ equal to 20% the binary system,®CO,
temperature effects are not so effective until partial meltisgows a critical point at a temperature of 325and
is reached, which lead4 to decrease more strongly thégn pressure of 40 MPaTakenouchi and Kennedyl964].
[Sanders et al1995;Mavkq 1980;Mizutani and Kanamori Now, let us assume that increasing pore fluid pressure leads
1964]. This means that increasing temperature maimgrosity to increase (i.e., crack opening). As an example,
decreases the shear modulus of the rid&ng[1988] has Figure 9a also shows the expected variatioWtvs in the
explained this phenomenon by a “lubrification” effect: asase where an increase of pore fluid pressure leads the bulk
temperature increases, the rock matrix softens and expanatsk porosity to increase by 5% (= 25%, dashed black
which makes sliding along grain contacts easier. Thdsee in Figure 9a). The line connecting rock models having
effects driveVy/Vs to increase as temperature increasefferent porosity describes the result of computation by
and, more specifically, to increase to infinity upon meltinglightly increasing porosity by steps of 1%. Figure 9a shows
[Mizutani and Kanamoyi 1964]. On the other hand, inthat in gas-bearing rocks, crack opening leads\§¥
fluid-saturated rocks, the effect of temperature on pore flumtio to decrease as a function of pore pressure. Our
properties alone enhances the temperature dependelRcerbdeling results are in accordance with those from labora-
wave velocity because of changes in fluid compressibilitpry experimentsi{fo et al, 1979] and effective medium
which are induced by fluid phase transitid¥gng and Nur modeling Pvorkin et al, 1999b], and hence they are not
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Figure 10. Vertical cross sections describing the variation oMy¥s ratio and earthquake distribution
(black points) along the (a) E-W and (b) N-S directions reported in Figure 1. Black stars and triangles
indicate well and station locations.

new. However, our results demonstrate that trends angs] In general, velocity logs going through reversals
similar at higher pressure and temperature conditions. @uark departures of the effective stress from normal com-
estimates also provide the order of magnitudé,0fs ratios paction trendsHottmann and Johnsoerl965; Pilkington
for site-relevant rocks in fully saturated conditions. As inpa®88; Bowers 2002]. Overpressure, which can be caused
elastic parameters of the rock matrix, we used the mineta-fluid expansion among other factors, is thought to cause
ogical composition of CF lithologies reported Rgsi and reversals both P wave andS wave velocity logs as it
Shrana[1987]. Then, we computed the elastic moduli of therevents the effective stress from increasing as fast as it
aggregate solid phase from those of the individual minerabuld under normal hydrostatic or lithostatic pressure
constituents by using Hill's formuleHjll, 1952]. Further- conditions. The point indicating the departure of the com-
more, the availability of laboratory measurements on @&ction-dependent physical property (velocity in this case)
samplesYanorio et al, 2002;Vanorig 2003] allowed us to from its normal trend marks the onset of overpressure
further check the validity of input elastic parameters afilowers 2002] and in turn the bottom of the caprock
hence of the modeling results. Figure 9b shows the variatfonmations. In Figure 11b, the acoustic velocity log of the
of V/Vsas a function of porosity by modeling CF lithologie$an Vito well (black line)Agip, 1987] is compared with the
both in water and steani € 100 C) saturated conditions andvelocity profile coming from tomographic inversion. In
simulating ambient pressure conditiorRgcive = 0). order to render acoustic velocity at the seismic resolution
Figure 9b shows the comparison between the resultssofle, we scaled the original well log data by averaging
modeling and laboratory measurements done on CF samlocity Backus 1962]. There is a fairly good agreement
ples and well core plugs under dry and ambient pressbetween trends which makes us confident in the inversion
conditions Vanorio et al, 2002; Vanorig 2003]. Labora- results. Figure 11b also shows tlatwave velocity logs
tory data fall within the two bounds making us confidenhdicate a stronger reversal compare8velocity which, in
in the input elastic parameters used for the modeling. turn, is ultimately responsible for the decrease invi{¥s
ratio. This implies thalP wave velocity reversals are further

5.2. DeducedVy/Vs Images at CF enhanced by the presence of gas in addition to that by

[34] Figures 10a and 10b show the dedublty/s vertical fracturing. The latter, under the hypothesis of overpressure,
cross sections along the E-W and N-S directions (Figure Zaffects botiP wave andSwave velocities. Also, histograms
The V,/Vs images mainly show a centered high/Vs mapping earthquake occurrence at depth (Figure 11b) show
anomaly located at 1.5 km depth (also noted b#ster that earthquakes mainly occur both at the top of reversal
and Meyer[1988]) surrounded by a low//Vs anomaly trends and within the loW/Vs.
which shows a flat feature at 4 km depth beneath the city ofs7] On the basis of the results discussed above, we are
Pozzuoli. confident in interpreting the loW,/Vs anomaly occurring at

[35] In order to compare the retrieved anomalies both d/hkm depth beneath the center of the caldera and below the
space and depth, we display the vertical velocity profilesversal velocity zone as evidence of overpressured gas-
extracted from the final 3-D velocity model, for severddearing rocks at supercritical conditions (temperatures of
sites (Figure 11a). Figure 11b describes the variations o#00 C were reported in the San Vito well at 3 km depth
Vo, Vs Vp/Vs and earthquake distribution as functions digip, 1987]). In contrast, as proposed Agter and Meyer
depth. SeveralP wave andS wave velocity profiles [1988], the shallower highe¥/Vs anomaly at 1 km
indicate reversal trends (e.g., velocity values decrease vgitiggests the presence of rocks containing brine probably
depth) which weaken moving radially away from thedue to steam condensation as a result of lower temperatures
center of the caldera (the city of Pozzuoli and Solfatam@easured at shallow depthdip, 1987].
zone) toward more external sites (Agnano, Arco Felice[ss] We emphasize that our results may also provide an
Montagna Spaccata-Quarto). explanation for data reported Bgrrucci et al.[1992] and
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Figure 11. (a) Map view of site locations for the vertical profiles shown in Figure 11b. (b) Velocity logs
showingV,, (solid line), Vs (dashed line), and th€,/Vs ratio (solid line) extracted from the final 3-D
velocity models. Earthquake distribution was computed along vertical profiles having an offset equal to
1 km. Dotted line for the SV1 site shows the result obtained by averaging well log data.

De Lorenzo et al[2001], who interpreted thE-Sconver- tion. In addition, as previously stated, an increasg,dfs to
sion and the lowQ, as being due to the presence of afinity accompanies th@, decrease upon melt formation
magmatic reservoir. [Mizutani and Kanamoyil964].

[39] The decrease @, for seismic waves has often been [40] On the other hand, at lower temperatures, the vari-
interpreted as being a function of temperature. This is s@tion ofQ, seems to be dominated by mechanisms related to
ported by laboratory data gathered in the temperature rafigel saturation and phase chang8slirbie et al, 1986].
between 600C and 1280C both at seismic (0.1-10 Hz)Decreases o), have been reported in porous rocks as
[Kampfmann and Berckhem@®85] and at higher frequen-being caused by partial saturation (i.e., gas-liquid mixture)
cies (from 60 kHz to 1 MHz)Nlizutani and Kanamoril964; [Winkler and Nur 1979; Mavko and Nur 1979] and by
Sato et al. 1989; Sato and Sacksl989]. However, these fluids at supercritical temperatuteo[et al, 1979;DeVilbiss
decreases occur just below the solidus and upon melt forivatoz 1980; Ponko and Sandersl994; Sanders et a).
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1995]. Accordingly,Sanders et al[1995] interpreted the precipitation, crack healing, and sealing competes with
low V,/Vs ratio and the lowQ,, inferred from the inversion permeability creation due to the fracturing processes.
of microearthquake travel times in the Long Valley CaldeRermeability destruction may even overwhelm crack cre-
as being due to the presence of rocks containing gason by rapidly generating caprock formations through
Therefore we argue that both the @y reported byDe these hydrothermal self-sealing processeacda and
Lorenzo et al[2001] beneath the CF Caldera and the lowonanj 1967]. Furthermore, theoretical modelingleep
V/Vs ratio reported in this study document the presenceanfd Blanpied 1994] showed that both the creation of
cracked rocks containing supercritical fluids below 3 kmmicrocracks during earthquakes in hydraulically clogged
Furthermore, a correlation between a MyW; ratio andP-  fault zones and the following compaction, might lead to
S converted phases has been reportecCeyda[2001] in cycles of high pore fluid pressure along faults. These
the Teal South Field, Gulf of Mexico. Yet, results corresults support models which have been proposed to
strained by well data documented the presence of gkescribe the hydromechanical behavior of fault zones,
formations as being responsible for the above mentionsmely the fault valve modeEjbson 1992].
signatures. We emphasize that in the Bay of Pozzuolij4s] A correlation between earthquake swarms, \gs
Ranieri and Mirabile[1991] reported discontinuous high-anomalies and CQOemissions is also known from other
amplitude reflectors on seismic reflection lines &t5 km calderas, such as Long Valley Calddfarfar et al., 1995;
depth which locally show bright spot features. Sanders et al.1995; Hill et al., 1990] and Yellowstone
[Husen et al.2004]. In the CF Caldera, the gas origin (e.g.,

. deep flooding or in situ production), as well as the mech-

6. Conclusions anisms responsible for their storage and the consequent

[41] At shallow depth, we found similar velocity trends t@verpressure, still remain open questions and hence a matter
those reported in the previous tomographic studpster Of speculation. However, the presence of self-sealing pro-
and Meyer[1988]. However, our augmented databagesses in the CF Calder@Helini 1984] which are fast
allowed an improved resolution of the tomographic imagggough at hydrothermal conditior&npith and Evansl984;
at depths between 4 km and 5 km where we found &immers et 3l.1978] might account for fluid pressure
anomalously low/,/Vs ratio. generation. Regarding the origin of gas, an enhanced flood-

[47 The retrieved/,/V anomalies at CF were interpretednd of fluids caused by degassing from a deeper magmatic
by effective medium modeling for site-relevant rocks arigservoir has been suggested G@iodini et al. [2003].
were compared with previous studidso[et al, 1979; However, we emphasize that gfroduction promoted by
Dvorkin et al, 1999b] to investigate the role of mechanisnféecarbonation reaction®’Amico et al, 1987; Rosi and
related both to the gas/liquid transition and to overpressuffana 1987] which occur in carbonate rocks under high
fluids. Modeling of rock physical properties as well as tHeémperaturesT( 300 C) may be as likely. The evidence of
reversal trends encountered along velocity profiles led ustgarbonatic basement reported Zgllo et al. [2003] as
interpret the low/,/Vs anomaly at 4 km depth as the top ofvell as the recovery at3000 m depth within the thermo-
formations enriched in gas under supercritical conditiodgetamorphic basement of tuffites having a carbonatic
Reversal trends gather in the center of the caldera and infpgitrix [Chelini 1984], might support this hypothesis.

a localized pressure source as suggested by the narrow-blfl Our results from the CF Caldera show strong simi-
shape of the recorded displacement (see the map view ofl@iies with those reported in other volcanic areas suggest-
recorded uplift in Figures 1 and 11a). The signature of a I03@ that storage of supercritical fluids at depth has to be
V,/Vs ratio at 4 km depth excludes the presence of meltégcked to monitor the caldera activity and to prevent risks.
rocks at 4 km as such a presence would require Mm [47] With reSpeCt to the future S.ta'!:e of aCthlty |n_the CF
ratios. The absence of melt formations down to 4—5 kiggldera and on the basis of fluid-induced seismicity, the
depth is also in accordance with the results reported Bipgress of seismic tools in characterizing reservoirs makes
Zollo et al.[2003]. a strong case for time lapse tomography in this active

[43) The analyzed data set of the 1982-1984 crisy§lcanic area in order to track gas front movements and
showed that earthquake locations are mostly distribuf@dmonitor flooding processes coming from deeper sources.
on the top of velocity reversals and within the 16V
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