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1. Introduction

The Larderello-Travale geothermal field is located in southern 
Tuscany, in a region known for centuries for its mines and, 
more recently, for the exploitation of endogenous fluids which 

are localized in fracture systems inside the reservoir rocks 
(Casini et al 2010).

We verify whether a complex system of interconnected 
fractures hosting a geothermal reservoir gives rise to a dis-
tinct and discernible seismic AVA signature. To this end we 
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Abstract
The deep geothermal reservoirs in the Larderello-Travale field (southern Tuscany) are found 
in intensively fractured portions of intrusive/metamorphic rocks. Therefore, the geothermal 
exploration has been in search of possible fracture signatures that could be retrieved from 
the analysis of geophysical data. In the present work we assess the feasibility of finding 
seismic markers in the pre-stack domain which may pinpoint fractured levels. Thanks to 
the availability of data from boreholes that ENEL GreenPower drilled in the deep intrusive 
basement of this geothermal field, we derived the expected amplitude versus angle (AVA) 
responses of the vapour reservoirs found in some intensely, but very localized, fractured 
volumes within the massive rocks. The information we have available limit us to build 1D 
elastic and isotropic models only and thus anisotropy effects related to the presence of 
fractures cannot be properly modelled.

We analysed the velocities and the density logs pertaining to three wells which reached five 
deep fractured zones in the basement. The AVA response of the fractured intervals is modelled 
downscaling the log data to seismic scale and comparing the analytical AVA response 
(computed with the Aki and Richards approximation) and the AVA extracted from a synthetic 
common mid point (calculated making use of a reflectivity algorithm). The results show that 
the amplitude of the reflections from the fractured level is characterized by negative values 
at vertical incidence and by decreasing absolute amplitudes with the increase of the source 
to receiver offset. This contrasts with many observations from hydrocarbon exploration in 
clastic reservoirs where gas-sand reflections often exhibit negative amplitudes at short offsets 
but increasing absolute amplitudes for increasing source to receiver offsets. Thereby, some 
common AVA attributes considered in silicoclastic lithologies would lead to erroneous fracture 
localization. For this reason we propose a modified AVA indicator which may highlight 
fracture locations in this peculiar rock type.
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make use of well-logs (density, Vp, Vs) from three wells in the 
Larderello-Travale area, and of synthetic seismograms com-
puted on log-derived models.

We first focus our attention on AVA analysis, which has 
become an important tool for hydrocarbon prospecting and it 
is also used in geothermal exploration (Mazzotti et al 2002, 
Casini et al 2009).

However, the various AVA techniques have been mainly 
applied in clastic lithologies for hydrocarbon exploration (see 
Ostrander (1984), Rutherford and Williams (1989), Mazzotti 
(1990), Mazzotti (1991) and Fatti et al (1994), among others) 
and few examples refer to carbonate reservoirs (Adriansyah 
and McMechan 2001, Shen et al 2002). Therefore the AVA 
response of a massive intrusive rock, locally characterized by 
interconnected fractures, as it is the case of the deep basement 
rocks of the geothermal field in the Larderello-Travale area, is 
largely unknown.

It is well known that several combinations of petro-
physical and/or lithological factors can cause similar AVA 
responses and thus care should be taken to associate a given 
response to the presence of fractures only. However, the 
specificity of the case we discuss here makes this inherent 
ambiguity of AVA interpretation much less severe. In fact, 
we are dealing with deep massive granites, locally affected 
by intense fracturing and not many lithological variables are 
likely to come into play.

In the following sections, after a brief recall of the AVA 
method derived from the Aki and Richards (1980) and from 
the Shuey (1985) approximations of the P-wave reflection 
coefficients we illustrate the available well-logs and we derive 
blocky models by means of the Backus averaging method 
(Backus 1962).

Then, for each one of the five fractured intervals within the 
intrusive basement we calculate the ‘analytical’ AVA response 
through the Shuey equations  and the ‘experimental’ AVA 
response by measuring the amplitudes of the corresponding 
reflections on synthetic seismograms.

Therefore, we compare the ‘analytical’ and the ‘experi-
mental’ AVA responses and we discuss the applicability of 
the AVA indicators based on the intercept (A) and gradient 
(B) terms of the Shuey equation, that are commonly used for 
hydrocarbon exploration (see, e.g. Castagna (1993), Castagna 
et al (1998), Ross (2000, 2002) and Ross and Sparlin (2000)), 
to the considered case.

Therefore the goals of this work are to verify if we can 
extend the linearized AVA approach to the seismic exploration 
of this deep fractured geothermal reservoir and, possibly, to 
derive a specific indicator which may help in the identification 
of fractured zones within massive intrusive rocks.

2. A brief overview of the geology of the study area

The Larderello-Travale geothermal field is located in southern 
Tuscany (inner Northern Apennines), where the geodynamic 
context is characterized by continental extensional tectonic, 
often linked with geothermal systems and high heat flow 
(Barbier 2002, Batini et al 2003). The geologic and structural 

characteristics of the Larderello-Travale geothermal area 
(Bertini et al 2006) result from the tectonic evolution of the 
Northern Apennine chain. More information about the geo-
logical setting of Northern Apennines and Southern Tuscany 
can be found in Bertini et al (2006), Carmignani and Kligfield 
(1990), Carmignani et al (1994, 1995), Casini et al (2010) and 
Jolivet et al (1990, 1998).

The wells which will be analysed in this work were drilled 
in the Travale area (see figure 1) where the lithostratigraphic 
column is composed of (from top to bottom):

	 •	 Neogene marine and continental sediments
	 •	 Ligurian Unit—flysch facies formation, mainly shales 

(Lower Cretaceous–Eocene)
	 •	 Tuscan Nappe—sandstones and limestones (Upper 

Triassic–Lower Miocene)
	 •	 Tectonic Wedge—anhydrites, quartzites and phyllites 

(Lower Permian–Upper Triassic)
	 •	 Metamorphic basement—phyllites and mica schists 

(Lower Paleozoic)
	 •	 Contact-metamorphic rocks (skarns and hornfels)
	 •	 Granitic intrusions.

The intrusive granites are the target we consider in this study.

3. Intercept, gradient and AVA attributes

For an idealized case of a plane wave incident on a horizontal 
interface separating two semi-infinite elastic and homoge-
neous media, Zoeppritz (1919)  formulated a system of equa-
tions  depending on the bulk modulus, shear modulus and 
density of the two semi-spaces to describe the amplitude 
partition of reflected and transmitted P- and S-waves. The 
Zoeppritz equations are so algebraically complex that many 
different simplified equations have been derived to intuitively 
grasp the physics of the reflection process. These equations are 
those usually used in AVA analysis and AVA inversion. For a 
good review of different approximations of the full Zoeppritz 
equations we refer the reader to Wang (1999) for higher order 
approximations, and to Ursenbach and Stewart (2008) for 
second-order approximations.

A widely used second-order approximation, valid for rel-
atively small angles of incidence (less than 30°), is the one 
formulated by Shuey (1985) where the compressional-wave 
reflection coefficient Rpp is approximated by an equation of 
the form:

 θ θ= +R A B( ) sin ( ).pp
2 (1)

In equation (1), θ is the angle of incidence, A is the inter-
cept and B is the slope of the reflection coefficient.

For small perturbations in velocity and density at the 
reflecting interface, the intercept and slope can be approxi-
mated by
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where, at the given interface, ΔVp is the change in compres-
sional velocity −( )V Vp p2 1

, Vp is the average compressional 

velocity ⎡⎣ ⎤⎦+( )V V / 2p p2 1
, Δρ is the change in density ρ ρ−( )2 1 ,  

ρ is the average density ρ ρ+[( )/2]2 1 , ΔVs is the change in 
shear velocity −V V( )s s2 1 , and Vs is the average shear velocity 

+V V[ ( ) / 2]s s2 1 , with Vp1
; Vs1; ρ1 and Vp2

; Vs2; ρ2 being the medium 
properties in the first (overlying) and in the second (under-
lying) medium, respectively.

As shown above, the behaviour of the reflection coefficient 
Rpp with increasing angle depends on contrasts in density and 
in compressional and shear wave velocities across the inter-
face. According to Richards and Frasier (1976) approxima-
tion, as given in Aki and Richards (1980), we can decompose 
the Rpp response into three separate terms each dependent on 
the contrast in Vp or Vs, or ρ.

 Θ Δρ
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where p is the ray parameter ( θ Vsin / p).
In general, the primary attributes extracted for AVA anal-

ysis are the intercept and the gradient, which are obtained 
from normal move out (NMO) corrected CMP records. These 
attributes can be used independently, or combined to gen-
erate additional AVA attributes, and/or can be cross-plotted to 

pinpoint anomalous responses that may be associated with a 
particular lithology or pore fluid of interest.

Following the work of Rutherford and Williams (1989), 
Castagna and Swan (1997) separated the possible AVA 
responses in four classes based on the value and sign of inter-
cept and gradient. From this classification we note that, usu-
ally, gas-sand belongs to class III, showing negative intercept 
and gradient. For this reason in the interpretation phase a fre-
quently used AVA attribute is the ‘stack product’ A × B, which 
is an excellent indicator for this class III gas-sands. Other 
attributes are the ‘fluid factor’ of Smith and Gidlow (1987), 
based on the decrease of V V/p s ratio produced by gas-sands, 
or the reflection coefficient difference ( −R Rp s) discussed by 
Castagna and Smith (1994), which highlights the decrease of 
P-waves reflection coefficient (Rp) and the slight increase of 
the S-wave reflection coefficient (Rs) which usually occurs at 
an interface shale/gas-sand.

The latter attribute can be easily obtained assuming a 
=V V/ 2p s , and combining intercept and gradient in the fol-

lowing formula (Wiggins et al 1983):

 − = +
R R

A B( )

2
.p s (5)

4. Log-derived depth models and ‘analytical’ AVA 
responses

Figures 2, 3 and 4 show the density, Vp, and Vs logs we were 
given after the proper calibration and editing procedure. They 
pertain to the three wells used in this work. Each fracture is 

Figure 1. Location of the Travale area and schematic geological map of the Larderello-Travale field. (1) Neogene sediments (A: hydrothermal 
deposits); (2) flysch facies formations of the Ligurian Unit (Lower Cretaceous–Eocene); (3) sandstones and limestones of the Tuscan Nappe 
(Upper Triassic–Lower Miocene); (4) metamorphic basement (Paleozoic); (5) normal fault; (6) area of the Travale site where the analysed 
wells were drilled (from Casini et al (2010)).

J. Geophys. Eng. 11 (2014) 065008
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highlighted by a dotted red line and is indicated with a number 
from 1 to 5. The location of each fracture was carried out by 
ENEL GreenPower scientists on the basis of drill stem tests, 
mud circulation losses and drill bit rotation/progression.

Observing these figures  we can appreciate that the frac-
tured zones produce a strong decrease of density, and also a 
decrease of Vp and Vs. In particular, the density shows a sharp 
decrease that in the log appears as a spike at the fracture 

Figure 2. Density, P-wave velocity and S-wave velocity logs pertaining to well 1. The dotted red line indicates the fracture position.

Figure 4. Density, P-wave velocity and S-wave velocity logs pertaining to well 3. The dotted red lines indicate the fracture positions. The 
density decrease at 2780 m marks the transition between the metamorphic basement (above) and the granite rock (below).

Figure 3. Density, P-wave velocity and S-wave velocity logs pertaining to well 2. The dotted red lines indicate the fracture positions.

J. Geophys. Eng. 11 (2014) 065008
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location, indicating the very small width of the fractured 
zone. This observation, combined with the information from 
the drilling log, that indicates a sudden drop of the drill string 
in correspondence of the fractured zones, allow us to infer that 
the fractures appear as ‘gaps’ of very limited thickness inside 
the igneous rock. 

The log data shown in figures 2 and 3 are totally recorded 
in the granite rock whereas the well-log represented in figure 4 
pertains both to the metamorphic basement (upper part) and 
the granitic intrusion (lower part). The contact between these 
two geological formations is located around 2780 m where a 
sudden density decrease is visible.

This log data (Vp, Vs and density) constitutes the input for 
building blocked models, downscaled to the seismic wave-
length, that are then used to compute the AVA intercept and 
gradient. The well-log information we have available allows 
us to build 1D elastic and isotropic models only. The downs-
caling is performed making use of the Backus theory (Backus 
1962, Schoenberg and Muir 1989, Folstad and Schoenberg 
1992) that determines the elastic properties of an effective 
medium from the properties of the stack of layers. Assuming 
a peak frequency of the seismic signal of 20 Hz and consid-
ering a minimum P-wave velocity of 4000 m s−1, the resulting 
equivalent layers have thickness of 20 m.

Another approach that could be used to downscale the log 
values to the seismic wavelength is the O’Doherty–Anstey 
method, which takes into account the stratigraphic-filtering 
effects of the layers (O’Doherty and Anstey 1971). Both 
methods are discussed in detail by Stovas and Arntsen (2006).

As an example, figures 5(a) and (b) show close-ups near the 
fracture locations 1 and 2, respectively. The original logs are 
in cyan, while the red logs result from the Backus averaging, 
and the dotted red lines indicate the fracture locations. Note 
that the decreases of density, Vp and Vs still remain evident in 
the blocked logs but the actual values may differ from frac-
ture to fracture. We think this is likely due to the occurrence 

of both open fractures and of fractures (partly) filled by fine 
particles or by re-mineralization.

Computing the intercept and gradient for each interface of 
the blocked models (by means of equations (2) and (3), respec-
tively), we can observe (figure 6) that all the AVA responses 
of the top of the fractured levels map onto the IV AVA class 
(see the triangles in figure 6), having a negative intercept and 
a positive gradient. Therefore, in terms of seismic signal, they 
will show a negative polarity at zero offset and amplitudes, in 
absolute value, decreasing with increasing angle of incidence. 
Figure 6 also shows the responses of all the other interfaces of 
the blocked models (magenta dots).

Note that the intercept and gradient responses of the top of 
these geothermal reservoirs are different from the ones that 
often occur for many, gas-saturated, silicoclastic rocks, where 
the reflections exhibit negative polarities at short offsets but 
amplitudes that increase in absolute value with increasing 
angle of incidence, that is a typical class III AVA.

Class IV reflections pertinent to clastic rock gas reservoirs 
frequently occur when a porous sand is overlain by a high-
velocity unit (Castagna et al 1998), such as hard shales (e.g. 
siliceous or calcareous), or siltstones, or limestones and the 
contact between the hard rock seal and the porous reservoir is 
characterized by a decrease of both Vp and Vs. This decrease 
of compressional and shear velocity, as well as of density, is 
also present in our case, where a localized fractured zone is 
encased in a tight igneous rock.

To better understand this behaviour we refer to the original 
Richards and Frasier (1976) approximation (equation (4)) as 
given in Aki and Richards (1980), and we decompose the AVA 
response of the equivalent layers containing the fractures, into 
three terms due to changes in Vp, Vs and density, respectively.

This decomposition (figures 7(a) and (b)) for fractures 
1 and 2 makes clear that, at normal incidence (where only 
the Vp and the density contrasts play a role in determining 
the response), the negative sign of the intercept is the result 

Figure 5. Close-ups of the density, P-wave velocity and S-wave velocity near fractures 1 and 2 ((a) and (b), respectively). The original logs 
are in cyan while the blocked logs obtained with Backus averaging are in red. The dotted red lines indicate the fracture positions.

J. Geophys. Eng. 11 (2014) 065008
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of the decrease of both Vp and density. With increasing angle, 
the key parameter is the Vs contrast across the reflecting inter-
face. In our case the ΔVs is negative and then its contribu-
tion becomes more positive with increasing angle. Therefore 
the net result is a small decrease in the absolute value of the 
reflection coefficient with increasing angle, thereby resulting 
in a class IV response having a positive gradient and a nega-
tive intercept.

As mentioned above, the linearization that brings to the 
Shuey equation  assumes small incidence angles (less than 
30°), but also small perturbations in velocity and density at the 
reflecting interface. In this case we are dealing with a complex 
system of interconnected fractures of limited space extension 
and with physical properties often sharply contrasting with the 
surrounding rocks, as shown in figures 2, 3 and 4. Moreover, 
the previous ‘analytical’ approach does not take into account 

the effects of wave propagation such as multiple reflections, 
interference and converted waves.

Therefore, it is advisable to check if the outcomes of this 
simple ‘analytical’ approach match with the results of a more 
stringent test. To this end, on the blocked models of the three 
wells of figures 2, 3 and 4, we generate synthetic seismograms 
by means of the reflectivity method (Kennett 1983) and we 
measure the AVA of reflections generated by the five fractured 
levels. We call this approach ‘experimental’.

5. ‘Experimental’ AVA responses of the 
fractured levels

Figures 8, 9 and 10 show the synthetic CMPs of 100 traces 
each, with trace interval and minimum source to receiver 

Figure 6. Intercept–gradient cross-plot of the reflection coefficients computed analytically for all the interfaces of the blocked models 
of the three wells (small magenta circles). The small triangles represent intercept and gradient pertaining to the top of the equivalent 
fractured layers.

Figure 7. Reflection coefficients (blue curve) extracted from the blocked models for the top interface of the fractures 1 and 2 ((a) and 
(b), respectively) and their decomposition into the three terms (density and velocities contrasts) using the Richards and Frasier (1976) 
approximation.

J. Geophys. Eng. 11 (2014) 065008
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offset of 50 m, in the time windows that correspond to the 
respective depth intervals of the models in figures 2, 3 and 4.

After correcting for geometrical spreading effects and 
applying NMO correction, we extract the AVA intercept and 
gradient for each time sample of the synthetic gathers via 
least-squares regression.

To allow a proper comparison between intercept and gra-
dient computed analytically from the blocked models and those 
extracted from the synthetic data, their values have been prop-
erly normalized and then plotted together as shown in figure 11.

The intercept–gradient cross-plots of the ‘analytical’ 
and the ‘experimental’ AVA (figure 11) show distributions 
of points that nicely overlaps. In particular, note the fair 
matching between the ‘analytical’ and the ‘experimental’ 
responses from the top of the five fractured levels (triangles 
and little squares, respectively). The observed differences can 
be mainly ascribed to the limited resolution of the synthetic 
wavelet, that causes interference effects, and to the presence 
of multiple and converted waves on the reflectivity seismo-
grams. However, the ‘experimental’ responses confirm that 
the five fractured levels give rise to a class IV AVA as previ-
ously indicated by the ‘analytical’ data. Following the rela-
tionship presented in Castagna et al (1998), the background 

trend is indicated by a dotted red line. The background trend is 
calculated for a constant Vp/Vs of 1.8 (that is the average value 
as indicated by the well-logs) and assuming that the average 
density does not vary with depth.

As is usually known for classical silicoclastic rocks (Ross 
2000), the further a reflection lies from the background trend 
the more likely it can belong to a gas-sand level. This charac-
teristic permits to pinpoint possible gas-sand reflections just 
observing the intercept–gradient cross-plot.

Conversely, in our case the intercept and gradient pertaining 
to the fractured levels lie very close to the background trend and 
it would not be possible to identify them as anomalies likely due 
to fractures. This difference with gas-sand exploration makes it 
clear we need to seek for a more effective attribute to point out 
the reflections from the deep fractured geothermal reservoirs.

6. A possible indicator for fracture detection

The decrease of density, Vp and Vs which occurs passing from 
the tight rock to the fractured levels causes the decrease of P 
and S reflection coefficients (Rp and Rs) too (see as an example 
Rp and Rs for fractures 1 and 2 in figure 12).

Figure 8. Synthetic CMP gather computed via the reflectivity method on the blocked model of well 1. The dashed red line indicates the 
time position of the top of fracture 1 equivalent layer.

Figure 9. Synthetic CMP gather computed via the reflectivity method on the blocked model of well 2. The dashed red lines indicate the 
time position of the top of the fractures 2 and 3 equivalent layers.

J. Geophys. Eng. 11 (2014) 065008
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For this reason, the −R Rp s indicator of equation (5), does 
not show any anomalous behaviour in our case. However, 
summing the two coefficients +( )R Rp s  instead of differenti-
ating them introduces a new attribute that is more suited to 
detect the fractured levels. With this new attribute, the fracture 
levels show up as samples with anomalous negative values 
compared to the background trend (figure 13). The +R Rp s 
attribute can be easily derived as follows:

⎛
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is the P-wave reflection coefficient at normal incidence, i.e. 
the intercept A as given in equation (2); the S-wave reflection 

coefficient at normal incidence, assuming Vp/Vs=2 is given by 
(Castagna et al 1998)
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Note, however, that equation (7) is verified only if Vp/Vs = 2, 
which is common for sand-shale lithologies. Instead, in our 

Figure 10. Synthetic CMP gather computed via the reflectivity method on the blocked model of well 3. The dashed red lines indicate the 
time position of the top of the fractures 4 and 5 equivalent layers.

Figure 11. Intercept–gradient cross-plot of the reflection coefficients computed analytically for all the interfaces of the blocked models 
(small magenta circles, as in the previous figure 6) and of the (scaled) amplitudes versus angle of the synthetic reflections (small grey 
circles). The small triangles map the ‘analytical’ response while the small squares refer to the ‘experimental’ response of the top of the 
fractured levels. The colour bar codes the fracture number. Note the fair overlapping of the ‘analytical’ and of the ‘experimental’ responses 
and the proximity of points (triangles and squares) pertaining to the (‘analytical’ and ‘experimental’) responses of the fractured levels. 
Considering the reflections pertaining to the fractured zones we show the intercept and gradient values pertaining to the peak amplitude of 
the wavelets. The dotted red line shows the theoretical ‘fluid line’ assuming constant density and a constant Vp/Vs of 1.8.
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case the average Vp /Vs is around 1.8. Nevertheless, the true 
values of Rp + Rs, computed from the velocities and densi-
ties given by the well-logs, are very close to those estimated 
via equation (7) assuming Vp/Vs=2, and thus, from a practical 
point of view, this approximation holds.

In figures 13 and 14 we show the values of Rp + Rs computed 
for each interface of the blocked model (‘analytical’ AVA) and 
for each seismic sample (‘experimental’ AVA), respectively. 

These figures  show that most samples lie between 0.05 
and −0.05, a range we may define as the ‘background’ trend, 
against which all the analysed fracture reflections stand out, 
showing strong negative values (small triangles in figure 13, 
and small squares in figure 14).

Moreover, two additional anomalous zones, labelled A1 
and A2 in figure 13 and E1 and E2 in figure 14 (enclosed by 
the dotted blue rectangles) are visible in the data. These zones 

Figure 12. Examples of Rp and Rs coefficients for the interfaces of the blocked models in the vicinity of fracture 1 ((a), left side) and of 
fracture 2 ((b), right side). The dotted black lines indicate the fracture positions. Note the decrease of both Rp and Rs in coincidence with the 
fractured levels.

Figure 13. Plot of the Rp+Rs coefficients computed analytically for all the interfaces of the blocked models (small magenta circles). The 
small triangles indicate the ‘analytical’ Rp+Rs of the top of the fractured levels. The colour bar codes the fracture number. Note that Rp+Rs 
samples pertaining to fractures tend to separate from the background (defined approximately by the two dashed horizontal red lines). The 
Rp+Rs coefficients included in the blue rectangles A1 and A2 may pertain to other fractured zones along the well profiles.

J. Geophys. Eng. 11 (2014) 065008
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represent corresponding depth and time intervals for the ‘ana-
lytical’ and the ‘experimental’ responses respectively. These 
samples show values of Rp + Rs as low as those pertaining to 
the already discovered fractured intervals and might indicate 
the presence of other fractured levels.

7. Conclusions

The deepest geothermal reservoirs in the Larderello-Travale 
area are hosted in localized fractured zones within the intru-
sive basement. The fractured levels are characterized by a con-
sistent decrease in density and seismic velocities compared 
to the density and velocities of the encasing tight rock. This 
is evident both in the actual well-logs and in the downscaled 
depth models.

However, despite the strong contrast at the reservoir inter-
faces, linear AVA theory can also be applied to this complex 
case, and the good match we observe between the ‘analytical’ 
and the ‘experimental’ responses further confirms the poten-
tial of the AVA analysis. Both the ‘analytical’ and the ‘experi-
mental’ approaches indicate that the amplitude versus angle 
response of the fractured levels corresponds to a class IV AVA 
and thus it is different from the most common response for 
gas-sand reservoirs, that is a class III AVA. Moreover, differ-
ences with hydrocarbon exploration are not restricted to the 
different mapping in the AVA quadrants but, more importantly, 
are related to the fact that the AVA responses of the examined 
fractured zones do not show any significant deviation from the 
fluid line. Thus, a conventional, hydrocarbon suited, interpre-
tation of the AVA attributes, such as A × B or Rp − Rs, would 
not be effective in this case.

The simultaneous and significant decrease at the top 
of the fractured levels of both the P-wave and the S-wave 
reflection coefficients suggest to use the sum of Rp and Rs as 
a more suitable indicator of the presence of fractures. This 

indicator can be easily derived combining intercept and gra-
dient attributes.

In the examined cases, the reflections that pertain to the 
fractures show anomalous negative values of Rp+Rs that 
clearly stand out from the background trend pertaining to all 
the other reflections. Thus, linear and isotropic AVA analysis 
may be an additional tool in the geothermal exploration of the 
intrusive basement in this area. Also, this study has detected 
the presence of other anomalous Rp+Rs values that could 
be related to other fractured levels that were not previously 
detected, or indicated as relevant, due to their limited vapour 
production. We note that the outcomes of this feasibility study 
and all the above considerations are strictly valid for this spe-
cific area but it may also be possible that they can be extended 
to other exploration cases.

The proposed methodology awaits to be applied to real 
seismic data so as to test its true exploration potential. To this 
end, a major requirement is the availability of high quality 
pre-stack seismic data.

Finally, AVA tools such as those described above do not 
complete all the possible seismic reflection means for detecting 
fractured zones. There is a vast scientific literature showing 
that anisotropic wave propagation effects (such as shear wave 
splitting) and azimuthal dependence of reflection (such as 
AVAZ, amplitude versus azimuth analysis) are additional tools 
for this purpose. Their applicability to our specific exploration 
case in the igneous basement of the Larderello-Travale area 
could not be evaluated because the well information we had 
was not sufficient to develop specific and reliable anisotropic 
models for each fractured level. However, these methods to be 
applied require the availability of 3D seismic data with a fairly 
homogeneous distribution of source to receiver offsets, with 
a wide azimuthal range and with an excellent signal to noise 
ratio. These requirements can be hardly met in the Larderello-
Travale area and thus simpler, more robust and less costly 
methods, such as the one we propose, can be more feasible.

Figure 14. Plot of the Rp + Rs coefficients derived from the sample by sample AVA intercept and gradient of the synthetic reflections 
computed on the blocked models (small grey circles). The little squares indicate the ‘experimental’ Rp + Rs pertinent to the fractured levels. 
The colour bar codes the fracture number. As noted for the ‘analytical’ response in the previous figure, the Rp + Rs points pertaining to 
fractures tend to separate from the background. In this case too, two areas indicated by the blue rectangles E1 and E2, that correspond to 
the same levels within the rectangles A1 and A2 of the previous figure, contain Rp + Rs coefficients that may pertain to other fractured zones 
along the well profiles.
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