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Abstract - We investigated the correlation between the spatial pattern of the elastic
moduli and the seismicity in the central part of the Friuli region, the most active
seismic zone in north-eastern lItaly. The bulk modulus, the shear modulus and the
Poisson ratio are calculated frovip and Vp/Vs tomographic images. Seismicity
correlates best with the shear modulus. Among the parameter derivatives, the shear
modulus Laplacian is the best correlated parameter, negatively related to the
released seismic energy. The zones with negative Laplacian are characterized by
spatial shear modulus variation concavity, suggesting that the seismogenic volume
could be formed by two zones. One zone is characterized by competent rocks with
a great capability of storing strain energy and is a strong potential for severe
earthquakes. The other zone, surrounding the former, is composed of less
competent rocks, with low strain energy and low seismic energy release. These
results suggest that the spatial pattern of a shear modulus could be useful to
investigate the seismogenic behaviour, particularly in areas affected by complex
tectonics, where it is difficult to recognize seismically active faults.

1. Introduction

Earthquakes in the brittle regime are caused by a sudden rupture along shear planes,
commonly referred to as faults. As shown by Cox and Scholz (1988), the geometry of faults is
quite complex, consisting of arrays of shear fractures surrounded by zones affected by pervasive
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fracturing. In most cases, the geometry of cracks and the texture of the relevant strained rocks is
so complex and involves broad volumes that the term “fault zone” is preferred. Fault zones,
composed of highly fractured rocks, fault gouges and fluids, are characterized by variations in
geophysical properties (Eberhart-Phillips et al., 1995). Foxall et al. (1993) related fault zone
velocity structure to fault zone mechanical properties. Eberhart-Phillips and Michael (1993)
showed that the Parkfield region of the Qamdreas Fault (SAF) is characterized by a high
P-velocity variability Thurber et al. (1997) found that the SAF in the Northern Gabilan range,
central California, is characterized by a zone of \qmand highVp/Vsextending down to 6 km

in depth. Michelini and Mc Evilly (1991) showed that the Parkfield fault zone is characterized
by highVp/Vsratio. Li et al. (1994) showed that the fault zone of the 1992 Landers earthquake
is characterized by ®s 30 to 50 percent lower than that of the surrounding rock. Zhao and
Mizuno (1999) proposed that high density cracks and high saturation rigetirad the
hypocenter zone of the Kobe earthquak {.2), caused stress concentrations and the
nucleation of the main shock.

The mechanical properties of the crust are very important for a better understanding of the
seismogenic process and the recognition of seismically active fault zones. Heterogeneous
mechanical properties of earthquake source zones are expected to produce variations in the
elastic moduli patterns.

In this paperthe bulk modulus, Poisson ratio and the shear modulus are computed from 3-D
Vp and Vp/Vs tomographic images and gravity modelling (Gentile et al., 2000) in the central
part of the Friuli area (northeastern ItalJhe patterns of the elastic moduli are compared with
the seismicity in order to investigate the seismogenic characteristics of the central Friuli area,
the most active seismic zone in the region.

2. Structural setting

The Friuli area is characterized by a complex tectonic pattern (Fig. 1a), resulting from the
superposition of several Cenozoic-Age tectonic phaghks. structural setting (Fig. 1b),
according toVenturini (1991), consists mainly of two indented tectonic wedges, outlined by
NE-SWand NWSE orientated paleofault systeriiie main tectonic lineaments are an E-W
trending system of S-vging thrusts and folds, with a few backthrusts and-S&vtrending
thrusts with SWvergence.These structures are intersected by strike-slip and normal faults,
striking about NWSE and NNE-SSWI'he paleofault systems were characterized by strike-slip
movements from Paleozoic to middle Eocene times and were re-activated during Cenozoic
tectonic eventsThe main tectonic phases thateated the region were: the Mesoalpine NE-
SW oriented compression (Middle-Late Eocene), the Neoalpine N-S oriented compression
(Middle Miocene-Earliest Pliocene) and the Neoalpine 4S% oriented compression
(Pliocene).

The main pre-existing faults, inherited and then reactivated during these compressive
events, fragmented the crust intofeient tectonic domaindhe upper crust, in the central
Friuli area, underwent a severe shortening and the Mesozoic cover was detached from the
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Fig. 1- a) Schematic geologic map with the location of the tomographic grid: 1) Hercynian very-low metamorphic
basement (Ordovician-Carboniferous); 2) Paleocarnic Chain, non-and anchimetamorphic succession (Upper
Ordovician-Carboniferous); 3) Upper Carboniferous and Permo-Mesozoic carbonate successions; 4) Flysch (Upper
Maastrichtian-Middle Eocene) and molassic sequence (Miocene); 5) Quaternary covers; 6) Subvertical fault; 7)
Reverse fault, sometimes ancient syn-sedimentary fault reactivated as compressionalTaulst8)PC-VB: Pieve

di Cadore an®al Bordaglia linesTV-BC: Tramonti-\erzegnis and But-Chiarso lines; D-I: Dogna and Idria lines; IL:
eastern Insubric lineament (Gailtal line); ML: Mojstrana and Ljubljana lines. BL: Belluno town; PN: Pordenone
town; UD: Udine town; GO: Gorizia town. Bhe inset shows the two indented tectonic wedges as depicted by the
faults described above, enhanced by capital letters and the location of the study area (from Bressan et al., 2003).
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crystalline basement, which is located at a depth of nearly 10'kis.complex deformation
pattern has been revealed by the ¥4bandVp/Vs models of the upper crust, obtained through
local earthquake tomography (Gentile et al., 2000 upper crust is characterized by
discontinuous blocks and bulges marked by strong lateral heterogenépamlVp/Vsvalues.
The tomographic images highlight a high-velocity bodp % 6.2 km/s) in the central part of
the area, located at about a 6 km depth, bounded by¢pfpvariations.

The seismic activity (Fig. 2) is focused mainly on the central part of the study area which is
affected by a compressional state of stress, with a sub-horizontal maximum compression axis,
oriented from NNWSSE to N-S (Bressan et al., 200Bhis is where, the 1976-1977 sequence
with a M_ 6.4 main shock (Barbano et al.,1985; Slejko et al., 1999) took pldeemost
important earthquake in north-eastern lItaly in the last cefttayimum seismicity is located in

47° ‘ ‘ ‘
( ° 1) ML > 4
A o
“~ ° o |o 3sML<4
‘”\) ° o 2<ML<3
{ )/o/“\‘ /\FV\ < o ML < 2

N Latitude

46°

12° 13° E Longitudé 14°

Fig. 2- Map of the seismicity (circles) recorded from 1977-1999 by the INOGS local seismic array with the location
of the 3-DVp and 3-DVp/Vsinversion grid (from Gentile et al., 2000)he size of circles are proportional to the

local magnitudeM|, that varies from 1.0 to 5.6. LetteAsto H mark south to north grid nodes. km distances are:
-35(A), -20(B), -10(C), -5(D), O(E), 5(F), 10(G), 20(H). Numbers 1 to 10 mark west to east grid nodes. km distances
are: -50(1), -35(2), -25(3), -15(4), -7(5), 0(6), 7(7), 15(8), 25(9), 40Tt® .depth spacing is 2 km from surface to 12

km. The vertical and horizontal errors location are less than or equal to 3 km. BL: Belluno town; PN: Pordenone
town; UD: Udine town; GO: Gorizia town.
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the depth range of 6i1km. The depth distribution of seismicity suggests a brittle-ductile
rheological transition located at about a 12 km depth (Bressan et al., 1992).

Earthquakes occur mainly or near the high-velocity body revealed by the tomographic
images.The earthquakes appear to be located along the variation ¥pt¥ie anomaliesThe
main shocks of the 1976-1977 sequence are located at the southern border of the high-velocity
bulge.

3. Elastic moduli

The tomographic images & velocity andP-to Svelocity ratio (Gentile et al., 2000) were
obtained initially by computing a reliable 3\p model and then inverting forp/Vs values.

This procedure may create bias@dnhodels, but it was recommended Blyurber (1993) and
Eberhart-Phillips and Reyners (1997) in cases such as ours wh&wedve data are of poorer
quality and fewer in number than tRewave dataAccording toThurber anditree (1993), this
approach has some advantages when variatiodg/\fs are used to investigate the geological
structure and mechanical properti¥g/Vs models inferred from the direct inversion of t&e
velocity model, wherswave data are of poorer quality than fhéata, are mainly controlled
by the perturbation o¥p. Faithful images of significantp/Vs variations, instead, can be
obtained from the direct inversion of 3\Mp/Vsvalues.

TheVpandVsvalues were interpolated on a horizontal grid mesh of 2.5 km x 2.5 km and 1
km in depth with the De Boor (1978) algorithithe size of the grid mesh was chosen by
considering the extent of the seismogenic structdites.rupture area radius of the earthquakes
relocated with tomographic models, ranges from 0.15 to 0.5 km (Franceschina, personal
communication) for a local magnitude ranging from 1.5 toWsrecall that the estimated fault
dimensions of the main shock of the 1976 sequeMce5(4) were 13 x 13.8 km (Zollo et al.,
1997).The P-wave velocities were then converted into densities using the velocity-density
relationship by Zelt and Smith (1992)he validity of the density model, obtained with these
relations, was previously verified (Gentile et al., 2000) on the cross-sections 5, 7 and E (Fig. 1)
with a gravity inversion, minimizing the dé@rences between computed Bouguer gravity
anomalies and the observed onEse inversion showed that the variations of the optimized
density model déct only the superficial layers (2-4 km depthie bulk modulus, the Poisson
ratio and the shear modulus were then calculated using the relationships between elastic moduli
and the values of densiyp andVs

Figs. 3 and 4 show the calculated elastic moduli (shear modulus, Poisson ratio, bulk
modulus) at 6 and 8 km depth slices, respectiviglg location of the horizontal layers were
selected considering the best spatial resolution of the velocity anomalies and the increase of the
earthquake frequency at a 5-6 km depth (Bressan et al., T9@2jelations between the elastic
moduli and the seismicity are investigated in the area wher¥gland Vp/Vs anomalies are
best resolved.

According to the checkerboard and restore-resolution tests (Gentile et al., 200Q) atitk
Vp/Vsvelocity anomalies are best resolved in the grid mesh area bounded by4B-Y\20 km
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Fig. 3- Elastic moduli (shear modulus, Poisson ratio, bulk modulus) calculated at 6 km depth slice, plotted in contour
colours.The earthquakes are plotted as circles with size proportional to the local maghifutiat varies from 1.5
to 4.3.The dimensions of the panels are the same as in the grid shown in Fig. 2.
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Fig. 4- Elastic moduli (shear modulus, Poisson ratio, bulk modulus) calculated at 8 km depth slice, plotted in contour
colours.The symbols of the earthquakes are the same of Fithe3dimensions of the panels are the same as in the
grid shown in Fig. 2.
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Fig. 5- Histograms showing the hypocentral errors versus the number of the relocated earthquakes: a) standard errors
relative to the origin time; b) standard errors relative to the depth; c) standard errors relative to X coordinates of the
grid showed in Fig. 2; d) standard errors relativ¥ tmordinates of the grid showed in Fig. 2.

coordinates and by N-S15 +10 km coordinates, from a 4 to 8 km depturtifacts in the
elastic moduli could be produced from the 3/PandVp/VsmodelsWe calculated the mean of
relative errors of the elastic moduli from the error propagation theonsidering the elastic
moduli as indirect measures®fvelocity, P-to S-velocity ratio and densityrhe evaluated mean
of relative errors are%, 4% and &% for the shear modulus, Poisson ratio and bulk modulus,
respectively

A total number of 1897 events from 1988 to 1999 £ING < 4.3) were relocated using the
Vp and Vp/Vs tomographic model. Figb shows the hypocentral errofBhe mean of the
standard errors relative to the time of origin (Fig. 5a) is 0.03 s (standard deviation of the errors
0.01 s), lower than the estimated picking error of fhand S arrival times used in the
tomographic inversion of Gentile et al. (2000jhe estimated picking accuracy Bfwave
arrival times wag 0.05 s.The picking accuracy d&wave arrival times was 0.1 s andt 0.15
s for 3-D seismometers and vertical seismometers, respeciihelynean of the standard errors
relative to the hypocentral coordinates (Figs. 5b, 5c, 5d) are: 0.48 km (depth) with standard
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deviation of the errors 0.27 km; 0.25 km (x coordinates) with standard deviation of the errors
0.15 km; 0.22 km (y coordinates) with standard deviation of the errors 0.1FHarspatial
location errors are less than the block dimensions used for the calculation of the earthquake
density and the seismic eggireleased.

The model is parametrized by a grid mesh without boundaries or layer discontinuities. It
must be recalled that the crust could Heaéd by seismic discontinuities not corresponding to
geological boundaries and denoting some physical process, as showakhovsky and
Myasnikov (1987), who simulated the formation of discontinuities on the seismic properties of
the rocks caused by a process of cracking induced by the tectonic stress.

4, Results and discussion

The shear modulus, the Poisson ratio and the bulk modulus (Figs. 3 and 4) are characterized
by a complex pattern, reflecting the structural heterogeneity of the Asugibinted out, this
area corresponds to a poliphase deformational belt produced by the superposition of several
tectonic phases, each characterized bfediht orientations of the principal axes of stress
(Castellarin et al., 1992T.he seismicity is grossly located where the shear modulus is low and
in some cases along its sharp variatidnsvell-defined relation between the Poisson ratio and
the bulk modulus images and the seismicity is not observed. In some parts, the seismicity seems
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plotted in grey tones he earthquake density is drawn in contour lines.
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Fig. 7- Shear modulus (a) and shear modulus Laplacian (b), in grey tones, calculated along vertical N-S cross-section
n. 5 of Fig. 2, with the earthquake density (contour lines).
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located along the sharp variations of these moduli, but a clear general trend is not recognizable.
Figs. 6a and 7a show the shear modulus with the earthquake density for vertical cross-sections 7
and 5 (Fig. 2), respectivelfhe bulk modulus, calculated along vertical cross-section 7, with

the earthquake densitig shown in Fig. 8alhe pattern of the elastic moduli is characterized by
lateral variations in the area best resolved by the tomographic invére®high-velocity body
revealed by th&/p andVp/Vsimages (Gentile et al., 2000) corresponds to the body with high
shear modulus in section 5 (Fig. 7a).

The earthquake densig/was computed counting the number of earthquakes inside blocks
the size of 2.% 2.5x 1 km to investigate the correlation in the seismjcibe geophysical
parameters\p, Vs, densityp) and the calculated elastic modulihe correlation coétients
within the geophysical parameters, elastic moduli and earthquake dexsiiputed along
vertical cross-sections 5 and 7, in the distance range betw&2® -and 10 km along N-S
coordinates and in the depth range 2.5 -10.5 km, corresponding to the area whépe the
and Vp/Vs models are best resolved, are showrable 1.The correlation coéitients are
computed using the relatid@(i,j) / (C(i,i) - C(j,j))**> whereC(i,j) is the covariance matrix.

Generally the correlation coéitients are low with the higher correlation cdifients
related toVs and shear modulugimong the elastic moduli, the shear modulus is the best
correlated parameter with the seismicity

The relation between the seismicity and the mechanical properties of the fault zones is a
controversial matterFor Thurber et al. (1997), most of the seismic activity in the SAF is
associated to zones of higfp/Vs. While studying the correlation between tRevelocity
model and the induced seismicity in mines, Maxwell #adng (1992) observed that most of
the events were located in a region near a high-velocity zone and (this is not a contradiction)
predominantly concentrated in a zone of high-velocity gradient. MaxwellYanodg (1992,

1995) provided an interpretation relating the velocity variation to the variation of the state of
stress of a rock masA.decrease of the state of stress reduces the shear strerfigésistidy

reducing the normal stress across pre-existing crack surfaces, which allows cracks to open, and
consequently results in a decrease in seismic veloCiyversely an increase of the stress

state causes the normal stress, across pre-existing crack surfaces, to increase making cracks
close, and, consequentlieading to an increase in seismic velociti€ae high-velocity
gradient, between high and low velocity zones, is mainly correlated to low-magnitude

Table 1- Correlation codicients of geophysical parameteigp( P-wave velocityVs shear wave velocity), elastic
moduli (o: density K: bulk modulus,u: shear modulusy: Poisson ratio) and earthquake densly élong vertical
cross-sections 5 and 7.

Parameterp Cp e C(dDOdle) C (0%, ¢
Vp 0.41 -0.006 -0.33
Vs 0.52 0.014 -0.41
o 0.30 0.1 -0.17
K 0.30 -0.0& -0.24
u 0.54 0.02 -0.45
v -0.21 -0.22 0.08
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Fig. 9 - Values of shear modulus (dotted), shear modulus Laplacian (solid) and released seigyi¢dasbed)
computed at 8 km depth, along cross-sections (Fig. 2): D,dEiékted (a); 7, N-S oriented (b), 5, N-S oriented (c).
The earthquakes selected for the seismicggnestimate are located in the range:-df km in depth and 2.5 km in
N-S direction along cross-section D ahd km in depth and 3.0 km in E-Wdirection along cross-sections 5 and 7.
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seismicity The zones of highed®-wave seismic velocitycorresponding to highly stressed
rocks, are capable of storing considerable strainggndihe high-velocity zones may be
characterized by lower seismic actiyityut a high engy release. For Maxwell andoung

(1992), low velocities are zones of decreased stress state of the rocks that favours microseismic
activity. Zhao and Kanamori (1993,1995) found that most earthquakes of the 1992 Landers and
the 1994 Northridge, California sequences, occurred in zones with relativelyPhigtve
velocities. They interpreted these zones as more competent parts along the fault zone that have
greater capability of storing strain eggrVlahovic and Powell (2001) investigated the
relationship between the distribution of earthquakes and thevVpADs structure in the New
Madrid zone.They observed that the hypocentres appear to be located along the edges of a
more competent crust or high-velocity zones, surrounded by zones characterized by low
velocity.

Generalizing, there are two view points on earthquake source zones. Some researchers
suggest that earthquakes are located mainly in the high-velocity zones of the fault, other
researchers point out that the earthquake occurrence zones feature low;\etgeup/Vsratio
and a high-velocity gradient.

We therefore calculated the correlation dméénts for the gradient modulus and the
Laplacian of the analyzed parameteral{]lE€ 1).The parameter gradients are poorly correlated
with the seismicityThe Laplacian of the shear velogishear modulus and the bulk modulus
show a negative correlation with the earthquake dersifgs. 6b and 7b show the Laplacian
of the shear modulus with the earthquake denddy vertical cross-sections 7 and 5,
respectively The Laplacian of the bulk modulus calculated along vertical cross-section 7 is
shown in Fig. 8bAmong the parameter derivatives, the Laplacian of the shear modulus shows
the highest correlation valu&he negative correlation of the Laplacian of the shear modulus
and the earthquake density implies that the earthquake density is high where the shear
modulus diminishes around a maximum value (concave feature). Fig. 9 shows the values of
shear modulus, the Laplacian shear modulus and the seismgy eakrased computed along
cross-section D, E-VWriented (Fig. 2), section 7 and sectionThe seismic engy was
calculated with the relation used by Suhadolc (198kg correlation coétients between the
released seismic emgr and shear modulus are 0.50 (cross-section D), 0.56 (cross-section 7)
and 0.53 (cross-section 5)he correlation coéitients between the seismic eggrreleased
and Laplacian shear modulus are -0.59 (cross-section D), -0.59 (cross-section 7) and -0.50,
(cross-section 5)The correlation observed between the negative Laplacian of the shear
modulus and the released seismic gpesuggests a phenomenological relation of the form:
kO?u = — E;, whereu is shear modulus is a constant an is the seismic engy released in
time unit and unit of volume. In this relatiok,has the physical dimension of afddion
coeficient (17 t™).

The above-quoted interpretations (Maxwell araung, 1992; Zhao and Kanamori,
1993,1995Vlahovic and Powell, 2001) considered the correlation of seismicity with the
absolute value or the gradient of the elastic param@teespresent work introduces the concept
of spatial shear modulus variation concavi@pncave features of the shear modulus function
include areas where the local and absolute maximum of the shear modulus are bordered by areas
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Fig. 10- Cartoon showing the proposed model of an earthquake sourceozdeetonic stres<: released seismic
enegy; u: shear modulug,)?u: shear modulus Laplaciafihe model consists of an inner zone characterized by high
shear modulus, low damage and of outer zones characterized by low shear modulus, highTti@nsagar modulus
Laplacian of the inner zone is minor than that of the outer zones.

where it is reduced, and areas where the shear modulus, bordered by a monotonic increase in
shear modulus flattens out or slightly decreaskshese areas correlate with seismicipd we
refer to them as shear modulus variation “concavity” or “concave featlies results of the
present study suggest that most of the earthquakes are located in zones where the shear modulus
variation shows a concave feature, also in areas where the shear modulus is characterized by
relatively low values (interval distances betwee2D-and -10 km and between 20 and 30 km
in Fig. 9a). Furthermore, the magnitude of the variation concavity correlates with the released
seismic engy, that is, the zones with the highest variation concavity would be characterized by
earthquake with the highest eggi(Fig. 9).

According to the O’'Connel and Budiansky (1974) model, the shear modulus is strongly
dependent on the extent of the fracturing. Grady and Kipp (1987) defined the damage as a scalar
parameteir, ranging between 0 and & = 0 corresponds to intact, undamaged rock andl
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corresponds to complete failufehe damage parametermay be seen as the density of cracks

and fractures in a rock volume. So the damagean be considered as the internal state variable
which characterizes the state of fracturihge damage reduces the intrinsic elastic modulus of

the materiaB to a modulus; : B;= B (1 - a). Ben-Zion et al. (1999) claimed that théeefive

elastic properties of rocks in the seismogenic zone are modified by the progressive damage
caused by the ongoing deformation. Similar considerations were also magekbp\sky et al.

(1997), who assumed the shear modulus to be a function of the state of damage and, in their Eq.
(35), they considered the derivative of the shear modulus with respect to time, as depending also
on the evolution of the rate of damadderefore, the shear modulus can be considered as a
function of the state of damage.

The concept of shear modulus variation concavity could synthesize the observations quoted
in literature and the two main hypotheses regarding the earthquake source TAomes.
seismogenic volumes, characterized by shear modulus variation concavity (zones with negative
Laplacian) appear to be formed by two zones (Fig. A®)nner zone is characterized by more
competent rocks (relative high-shear modulus, low damage and maximum negative Laplacian
shear modulus), where high-strain @yyecan be stored and where major earthquakes.dduoair
surrounding (outer) zone is characterized by less competent rocks, with relativly low-shear
modulus, high damage, and where more frequent, low-seismi@grerents occur
The spatial extent of the inner zone depends on the magnitude of the shear modulus variation
concavity According to this model, the damage should propagate from relatively high-damage
zones to low-damage zones and it varies with tifherefore, the observed relatikfi*u = — E,
of the present work can be expressed in a more general @Ffu = %“T, whereC is a
diffusion coeficient and%’f— represents the temporal variation of the shear modulus with the
ongoing damage. In this ca%[(, accounts not only for the observed released seismigyebgr
brittle failure, but also for the overall deformation that progressively changes the structure of a
rock.

5. Conclusions

The pattern of the elastic moduli (shear modulus, bulk modulus, and Poisson ratio) of the
Friuli upper crust is complex and appears to be related to geologic-structural heterogeneity
From the elastic moduli, the shear modulus correlates best with the earthquake source zones.
The gradients of the elastic moduli are poorly correlated with seisnicibyn the parameter
derivatives, the Laplacian shear modulus correlates best with the seisfidtyegative
correlation of the Laplacian shear modulus with the seismicity indicates that the seismogenic
volumes are characterized by spatial shear modulus variation contaetghear modulus can
be considered as a function of the state of damage of a rock, that is the density of cracks and
fractures. In the model proposed, the spatial variation concavity of the shear modulus is
associated with two zone&n inner zone features a relative, high-shear modulus, low damage
and is characterized by high-strain eyehe outer surrounding zone, is characterized by a
relative, low-shear modulus, high damage, with more frequent seisnhiottya low release of
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seismic engyy. Undoubtely the model proposed in the present study needs further validations,
for example by increasing the spatial resolution of 8d)Vsand density models and therefore

of the elastic moduli pattern, which at present represents the main limitation of this
investigation. Howevereven if the elastic moduli pattern does not give an exaustive definition
of the rheological status of the crust, the Laplacian shear modulus could be an appropriate
indicator of the earthquake source arddus approach can be important especially in areas, like
Friuli, characterized by the superposition of several strain patterns where the deep fault
geometry is hardly inferable, and where it ididifit to recognize which segments or parts of

the faults are seismically active.
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