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Abstract: Sediments infilling in intermontane basins in areas with high seismic activity can 
strongly affect ground-shaking phenomena at the surface. Estimates of thickness and density dis-
tribution within these basin infills are crucial for ground motion amplification analysis, especially 
where demographic growth in human settlements has implied increasing seismic risk. We em-
ployed a 3D gravity modeling technique (ITerative RESCaling—ITRESC) to investigate the Fucino 
Basin (Apennines, central Italy), a half-graben basin in which intense seismic activity has recently 
occurred. For the first time in this region, a 3D model of the Meso-Cenozoic carbonate basement 
morphology was retrieved through the inversion of gravity data. Taking advantage of the ITRESC 
technique, (1) we were able to (1) perform an integration of geophysical and geological data con-
straints and (2) determine a density contrast function through a data-driven process. Thus, we 
avoided assuming a priori information. Finally, we provided a model that honored the gravity 
anomalies field by integrating many different kinds of depth constraints. Our results confirmed 
evidence from previous studies concerning the overall shape of the basin; however, we also high-
lighted several local discrepancies, such as: (a) the position of several fault lines, (b) the position of 
the main depocenter, and (c) the isopach map. We also pointed out the existence of a new, un-
known fault, and of new features concerning known faults. All of these elements provided useful 
contributions to the study of the tectono-sedimentary evolution of the basin, as well as key infor-
mation for assessing the local site-response effects, in terms of seismic hazards. 

Keywords: Fucino Plain; 3D gravity modelling; constrained geophysical data modeling; basin 
analysis; fault-controlled basin architecture; Apennine intermontane basins 
 

1. Introduction 
The Apennine chain resulted primarily from the structural effects of Cenozoic 

compressive tectonics, involving the mesozoic marine carbonate series until the mid-
dle/late Miocene, followed by Plio-Quaternary extensional tectonics. The latter triggered 
a massive normal faulting, superimposed on the relicts (thrusts, folds, and reverse faults) 
of the previous phase, forming intermontane basins. Among these, the Fucino is an in-
termontane plain. It represents the surface expression of a sedimentary basin that was 
created through extensional tectonic activity, which has affected the Central Apennine 
area since the late Messinian times (e.g., [1]). This tectonic activity is still ongoing. The 
Fucino is a typical basin, bounded by normal fault systems and NW–SE oriented (Figure 
1). It lies within the Apennine segmented normal fault system, which extends from 
Tuscany to the Calabrian Arc. According to [2], the Fucino basin is a half-graben and is 
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filled with Plio-Quaternary alluvial and lacustrine deposits (more than 1000 m thick in 
the central part of the basin). The interpretation of regional seismic reflection profiles 
[3,4] showed the subsurface geometry of the basin. Several authors analyzed geological 
surface data, borehole stratigraphy, and seismic data [2,5,6], correlating sedimentary and 
seismic facies and providing estimates for the depth to the base of the Plio-Pleistocene 
sediments. Several uncertainties still exist, however, concerning the location of faults and 
their extent, the variation of seismic velocities with depth, the geological interpretation of 
reflective surfaces, and the overall reliability of the 2D/3D models [6–10]. 

The basin is one of the most seismically active zones of the central Apennines. It was 
the epicentral area of the 1915 Mw 7.0 earthquake [11]. A primary reason for the amplifi-
cation of the magnitude and the lengthening of the ground motion of seismic waves in 
the sedimentary basin is their trapping within low-velocity sediments (basin-site effects). 
In the Fucino Plain, these sediments include Plio-Quaternary alluvial and lacustrine 
sediments as well as Cenozoic clay and sandy flysch formations. Consequently, 
knowledge of the depth of the marine carbonate basement underlying this sediment pile 
could be essential to accurate modelling of the seismic wave propagation. It could also be 
crucial for the determination of seismic action on ground soils. 

Therefore, it is very important to improve our knowledge of the structural setting of 
the Fucino area by (a) modelling the morphology of the rigid basement underlying the 
softer sedimentary pile, (b) estimating the density variation of the sediments with burial 
depth, and (c) recovering the trend of the main faults driving the overall structural evo-
lution. 

In this paper, we advanced knowledge in these areas by modeling gravity anoma-
lies. In contrast to other geophysical approaches, gravity data have two useful charac-
teristics, namely (1) their sensitivity to density contrast between basement and sediments 
filling the basin and (2) their areal sampling, naturally leading to a full 3D modeling of 
the basement morphology. 

We modeled the gravity anomalies of the Fucino basin using a recently proposed 
method, based on a simple relation between the depth to the basement (as given by wells 
perforating the basement or other geophysical data interpretations) and the gravity field 
[12,13]. An interesting feature of the utilized method was that the depth-density function 
was not assumed a priori. Instead, it was estimated using a data-driven procedure. 

2. Geological Setting 
The Fucino Basin of central Italy (Figure 1) is a Quaternary intermontane nor-

mal-fault-constrained basin, formed during the extensional phase of the Apennine Chain 
within an earlier fold-and-thrust belt system [1]. This area was one of the largest lakes in 
peninsular Italy (more than 150 km2), but it was devoid of significant tributaries and 
completely drained by the end of the nineteenth century. The plain has an average alti-
tude of about 670 masl and is surrounded by reliefs over 1000 m high. Seismic reflection 
data [2,5] showed that continental deposits are at least several hundred meters thick. 
Quaternary continental deposits overlay Mesozoic to middle Miocene carbonate bedrock, 
which outcrop in the mountains surrounding the basin. A series of Miocene siliciclastic 
terrigenous sediments are also mostly buried by continental Pliocene-Quaternary depos-
its [14], as shown in Figure 1. These are composed of alluvial and lacustrine silt and clay 
deposits, alternated with sand and gravel, with slope-derived breccia at the deepest lev-
els [15]. 

The Fucino basin is interpreted as a half-graben [2], whose evolution occurred due to 
two main systems of normal faults: (1) the SW-dipping Celano-San Benedetto-Gioia dei 
Marsi master fault (hereafter simply called the San Benedetto fault; Figure 1); and (2) the 
Tre Monti fault system, found at the north-western border of the basin, dipping to the 
SSE. The latter of these played an important role in the early evolution of the basin 
[16,17]. Within the basin, well and seismic reflection data [2,5] identified the Trasacco and 
Luco dei Marsi faults as the synthetic and antithetic splays of the Fucino main fault sys-
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tem [18,19]. A recent study [10] proposed more complicated fault architecture, assigning 
the features of a dual polarity half-graben to the Fucino basin. The normal fault-system is 
active during the Quaternary and still today. The recent activity of the San Benedetto 
master fault is testified by the displacement and tilting of lacustrine formations and slope 
deposit sequences, the progressive offset of young sediments along Holocene normal 
fault scarps, the observations of coseismic surface faulting of the 13 January 1915, I = XI 
MCS Avezzano earthquake, and by trench investigations with related paleosismological 
studies. These data demonstrate that the SW-dipping San Benedetto master fault and its 
prolongation along the Magnola SSW-dipping fault are responsible for the 1915 earth-
quake producing a total surface rupture length of about 38 km [19–26].The historical 
seismicity of the last millennium of the Fucino area included the 24 February 1904 strong 
earthquake that hit the northwest of the basin ([11], Figure 1a) with I = VIII–IX MCS scale, 
and the 13 January 1915 strong earthquake with epicenter within the basin and I = XI 
MCS scale. The damage was disastrous; Avezzano and another three towns were de-
stroyed with about 30,000 fatalities over the Fucino plain. 

The instrumental seismicity [27], widespread and scarce, is characterized by low 
energy (Mlmax = 3.3) (Figure 1). Nevertheless, the towns of the Fucino area were strongly 
affected by earthquakes of the Apennines active faults in the nearby zones (30–60 km far 
from Fucino), such as the April 6th 2009 Mw 6.3 L’Aquila earthquake. 

 
Figure 1. The area of our study: map of the Fucino basin. The system of normal faults is from [2]; 
the historical earthquakes since 1000 A.D. are from [11] (black boxes); the instrumental seismicity is 
from the ISIDE database [27] (red circles). Geological map (modified from [28]). 

3. Geophysical Knowledge of the Fucino Plain 
The basin was investigated in the frame of different geophysical and geological re-

gional studies, e.g., CROP-11 [3,4,29,30]. The CROP-11 line is a deep reflection seismic 
profile 265 km long that cuts through the whole central Apennines from the Tyrrhenian 
coast to the Adriatic Coast through the Fucino Basin (Figure 1). Tiberti and Orlando [29] 
interpreted the Bouguer gravity data along the CROP-11 profile by a 2D density model. 
Di Luzio et al. [30] compared the CROP-11 geologic crustal section with seismologic data 
and regional Bouguer anomalies to reconstruct the trend of the crust–mantle transition. 
Geologic, seismologic, and gravity data along the eastern half of the CROP-11 profile 
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evidence that the Adriatic Moho deepens toward the central Apennines from 34 km be-
neath the Adriatic coast to 47 km beneath the Fucino Basin. 

The studies from [2,6] analyze the basin at a local scale. Cavinato et al. [2] discussed 
the results of some seismic profiles across the Fucino Basin showing the subsurface basin 
geometry; the basin has a rhomboid-shaped basin-fill geometry, with the maximum 
thickness of the deposits near the San Benedetto master fault (Figure 1). Based on geo-
logical surface data, borehole stratigraphy and seismic data analysis, the authors pro-
posed a sedimentary and tectonic history of Plio–Quaternary alluvial and lacustrine de-
posits, starting from a fluvial stage up to a dominant lacustrine environment. Patruno 
and Scisciani [10] partially revised the above interpretation, suggesting a tectonic evolu-
tion of the Fucino Basin more complex than previously hypothesized. They presented an 
isopach map of the Plio-Pleistocene basin infill based on the stratigraphic analysis of the 
available seismic data, showing the existence of two separate depocenters generated by 
two different system faults. 

Ref [6] retrieved information about site amplification effects and geometry of the 
Fucino basin by analyzing ambient seismic vibrations and recordings of about 150 local 
earthquakes related to the seismic sequence of the L’Aquila event. Their main result is the 
reconstruction of the depth to the base of the Plio-Quaternary deposits at several stations 
in the plain. 

4. Gravity Data 
The database used in this research is the Bouguer Gravity Anomaly Map of Italy 

[31], obtained by collecting different sets of measurements provided by several compa-
nies and institutions. The reference system adopted for processing the observed gravity 
values was the International Gravity Standardization Net 1971 (IGSN71). The station eleva-
tions were established on the base of their orthometric heights (i.e., referred to the geoid). 
Gravity reductions were calculated with the normal gravity predicted by the Geodetic 
Reference System 1980 (GRS80; [32]). Finally, a density of 2.6 g cm−3 was chosen as the most 
reliable value of reference for terrain corrections in the investigated area. The measure-
ment points in the Fucino Plain are located quite regularly and their distribution allows 
managing gravity gridded data with a 250 m step. Assessing the error in the gravity 
measurements is not an easy task, as it depends on typical repeat error for a given in-
strument and for given environmental conditions, instrumental drift, horizontal position 
and elevation estimates, and all the post-acquisition processing—most of all, the terrain 
corrections. Given the uncertainty in estimating the impact of all these factors, we can 
prudentially estimate an average 0.2 mGal error on the gravity data. This value will de-
termine the stopping criterion for our iterative modelling of the gravity anomalies, to 
avoid the possibility of including noise in the model. 

5. Gravity Modelling 
The depth to the basement in the Fucino basin is here recovered by modelling the 

gravity anomalies through a recently proposed interface inversion (ITRESC [12,13]). This 
method is based on the knowledge of the depth to the target surface in some points (i.e., 
constraints). For this study, this constraint is given by a set of seismic lines crossing the 
Fucino basin and some borehole data. In the following Section, we will describe the 
whole gravity modelling, from the gravity residuation to the data preparation, and to the 
final inversion. 

5.1. Data Processing 
We aim at modelling the Bouguer anomalies in terms of the morphology of a single 

surface corresponding to the top of the basement in the Fucino area, so that the density 
contrast is generated by the contact between the carbonate units and the overlying basi-
nal Cenozoic and Plio-Quaternary sediments. The ITRESC modelling approach assumes 
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that the Bouguer anomalies are free from the contribution of deep or far sources. Con-
sequently, a first necessary processing step is a regional/residual separation. However, 
the Bouguer anomalies do not display a clear long-wavelength gravity trend across the 
study area. We tested different classical approaches to regional/residual separation (not 
shown here), such as polynomial approximation (e.g., [33]) and wavenumber domain 
filtering (e.g., [34]), both involving a rather subjective choice of key parameters such as 
the polynomial degree or the cutoff wavenumber. 

We obtained convincing results by using the simple method outlined by [35], ac-
cording to which the regional field in the basin area can be estimated by interpolating the 
data located outside the basin, after removing the data located inside the basin area. We 
obtained the residual gravity field by subtracting this regional field to the observed data. 
This kind of approach is good at removing the effect of deep sources but is also able to 
remove local trends generated by relatively near masses outside the basin. The only pa-
rameter to set is the boundary between the area influenced by the gravity effect of the 
basin and the outer data. In fact, generally, the gravity anomaly of the basin extends on a 
surface larger than that of the basin itself, and the gravity data should be removed in a 
belt around the basin before interpolation. Thus, we tested several belt widths, finally 
selecting a width of 1750 m. Our criterion for choosing the best width of the belt sur-
rounding the basin boundary (and consequently the best gravity residual) considered the 
gravity amplitudes at the basin edges (where basement outcrops): the best residual is the 
one having the most similar values at these points. 

The Bouguer anomaly of the Fucino Plain (Figure 2) is dominated by a pronounced 
minimum whose significant amplitude (~30 mGal) stands as a noticeable feature of the 
gravity field of Central Italy. The causative source of this gravity minimum is likely due 
to the foundering of the Meso-Cenozoic marine carbonates (e.g., [2]), producing a strong 
density contrast with the low-density sediments filling the structural depression. The 
gravity low is asymmetric, with much stronger horizontal gradients along its eastern 
side. Moreover, the gravity low is shifted eastward with respect to the geographic center 
of the Fucino Plain. 
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Figure 2. Residual gravity field of the Fucino plain used for modelling the basement depth. White 
points and magenta squares indicate the position of seismic and borehole data, respectively, used 
as constraints to the basement depth in the gravity modelling. Contour interval: 0.75 mGal. 

5.2. Preliminary Analysis of Structural Features by Enhanced Horizontal Derivative of Gravity 
Data 

Several techniques of data processing can enhance the information contained in a 
map of gravity anomalies, allowing to outline lateral changes in rock density. This leads 
to identify in 2D plan-view both stratigraphic and structural boundaries between con-
tiguous rock units, sometimes allowing a first, rough geological mapping (e.g., [34]). 
Good results are achieved when rock limits occur along vertical or sub-vertical tectonic 
contacts (e.g., normal faults). This provides maps in which the gravity effect at the hori-
zontal location of the density contrasts, as in correspondence to a vertical large-throw 
fault, results enhanced. Hence, these techniques are ideal tools for a fast, preliminary in-
terpretation. In our case, we used a multi-resolution boundary estimator based on the 
basic concept of horizontal derivative, namely the Enhanced Horizontal Derivative 
(EHD, [36,37]). 

The Enhanced Horizontal Derivative uses a weighted summation of spatial deriva-
tives of different orders of the gravity anomalies. Assuming the hypothesis of vertical 
density contrasts, its maxima values individuate the horizontal position of the causative 
body edges. The terms of this summation can be chosen such that the final map displays, 
in the clearest way, the horizontal position of density contrasts. Thus, several trials are 
needed to properly select the best combination of derivatives and weights. In our case, 
we set all the weights to unity and chose derivatives from the second to the fifth order of 
the original gravity field (e.g., [38–40]). 

In the case of the Fucino Plain, EHD map analysis demonstrated its effectiveness by 
considering derivatives of the gravity potential from the second up to the fifth order 
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(Figure 3). Such an optimal EHD tuning revealed trends of maxima, confirming the 
presence of several structural lineaments recognized or hypothesized as faults in previ-
ous studies (e.g., [2,9,18,19]. The faults bordering the Fucino Basin and, in particular, the 
Luco fault (western side), the Tre Monti fault (northern side), and the Pescina-Cerchio fault 
(eastern side) can be clearly identified (Figure 3). More interestingly, in the central area of 
the plain, the EHD map shows clear NW-SE oriented maxima trends (Trasacco fault, Or-
tucchio fault, and San Benedetto fault), roughly matching the structures shown by, e.g., 
[2,6]. These authors reconstructed the pattern of those structures based on the evidence 
on a few seismic lines and wells. In the EHD map, we can follow their trend across the 
whole basin. The amplitude of these trends of EHD maxima decreases northwestward, 
suggesting that, at the bedrock, the morphological footprint of the fault displacement 
tends to decrease in that direction. 

Moreover, other trends are visible within the basin, proving the presence of other 
smaller structural discontinuities, still unidentified. As an example, a smaller linear trend 
runs between the Pescina-Cerchio and the San Benedetto faults (here called “Venere fault”). 
In particular, the Tre Monti fault is located just along the northern edge of the EHD map, 
but it seems to develop southwestward in a complex way. It shows a small, 
half-ring-shaped trend whose western side seems to be well correlated with a small 
normal fault N-S running between S. Pelino and Paterno individuated by [2] and with 
downward displacement on the western side. Thus, it could play a role some more com-
plex than that of a typical release fault bordering a half-graben. Previous studies do not 
mention significant faults playing the role of release faults bordering the southern side of 
the Fucino half-graben, whereas a strong trend of maxima is shown in the EHD map just 
along this side of the basin. 
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Figure 3. Enhanced horizontal derivative map of the residual gravity field of Figure 2. The maxima 
(hotter colors) of the signal, expressed in normalized units, show to the position of density con-
trasts (likely faults). Known faults (black solid lines) from [2]. The Venere Fault was inferred in this 
paper by EHD analysis (see Section 5.2). 

5.2.1. 3D Modelling: The ITRESC Method 
The ITerative RESCaling (ITRESC) method is fully presented in [12,13]; conse-

quently, only the general modelling strategy will be outlined here, referring the reader to 
the previously mentioned papers for further details. 

The method is based on the relationship existing between the residual gravity am-
plitude and the depth to basement. This relationship is simply approximately linear in 
the case of a homogeneous basin (i.e., when the density contrast between the basement 
and the filling sediments is constant). In this case, it can be described by a con-
cave-downwards low-degree polynomial when the density contrast decreases with 
depth. A polynomial function is fitted to the depth–gravity relationship, with a degree 
chosen based on the parsimony principle (using tools such as the Akaike’s Information 
Criterion, AIC, or the Analysis of Variance, ANOVA [13]). This polynomial function, 
evaluated on the full gravity anomaly range, provides a one-to-one conversion rule be-
tween the gravity values and depth to basement. Thus, having a set of constraints to the 
basement depth in a basin, a plot of the depth–gravity relationship can be used to easily 
convert the gravity anomalies into a surface. Such a surface describes the depth to base-
ment in a very simple way, without any knowledge or assumptions about the density 
contrast. The model obtained (called “first-approximation” model) is a good, albeit 
smooth, representation of the true basement. The first phase of the ITRESC method in-
volves the estimate of the density contrast, exploiting the linear relationship between this 
parameter and the gravity data. In case of a homogeneous basin, a plot of the observed 
gravity vs. the gravity computed from the first-approximation model using a unit density 
is well described by a line, its slope being an estimate of the density contrast [41]. In more 
common situations, when the density contrast varies with the depth, this plot is fitted by 
a polynomial function, which is simplified in several linear segments by the Douglas and 
Peucker (1973) automatic method [42]. The slope of these segments represents an esti-
mate of the density contrast in a depth interval determined by inserting the observed 
gravity values of the endpoints of the segments in the depth–gravity relationship plot. In 
this way, a stepped density function can be estimated. Finally, an iterative process is set 
up, wherein the misfit between the observed gravity and the gravity field predicted by 
the model using the estimated density function is evaluated. This misfit is rescaled into 
depths by multiplying it by a constant representing the step size of the iteration. Then, it 
is summed to the current model, until some convergence criterion is met. This conver-
gence criterion is generally set up by considering the error on the data, including meas-
urement errors as well as errors in the computation of the Bouguer anomalies. 

The key points of the ITRESC method are the following: 
(a) no information on the density contrast is needed in the modelling of the basement 

depth, contrarily to what is currently needed by almost all algorithms devoted to 
this task (e.g., [43–45]); 

(b) the ITRESC method incorporates the information on the basement depth given by 
the available constraints in the definition of a general rescaling law to convert the 
gravity data into depths, which is valid in all of the basin area; 

(c) the density contrast, or its variation with the depth in the entire area, is estimated by 
a data-driven procedure, combining gravity data and available constraints on the 
depth to basement; 

(d) as with almost all algorithms for the estimation of the basement depth from gravity 
data, the ITRESC method assumes the absence of any lateral variation in the density 
contrast. 
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5.2.2. 3D Modelling: Constraints to Gravity Modelling 
As mentioned above, ITRESC needs some reliable constraints to the basement depth 

for modelling the residual gravity. In the case of the Fucino Plain, several seismic lines, 
along with a number of shallow drillings, provided a set of information that were care-
fully examined in this study as possible constraints. 

A large number of water wells were drilled in the Fucino Plain, but only a few of 
them intercept the bedrock. We selected as valid constraints only the wells for which re-
liable borehole data are available, concerning the lithology of the top of the detected 
carbonate basement with related depths (Table 1). 

Table 1. Boreholes used to constrain the gravity modelling. 

Borehole 
Depth to the Meso-Cenozoic 

Carbonate Basement 
(m. Below Ground Level) 

Data Source 

Avezzano (code 164216) −80 [46] 
Avezzano (code 164110) −80 [46] 
Avezzano (code 164243) −40 [46] 

Pescina (code 165016) −50 [46] 
Celano (code 164250) −6 [46] 

ISMES19 −22.5 [19] 
ISMES18 −88 [19] 
ISMES17 −140.4 [19] 

S1 −25 [2] 
S2 −88 [2] 
S3 −145 [2] 

Magliano dei Marsi −56 m [47] 
 
However, most constraints come from the interpretation of seismic surveys carried 

out in the area in the last decades (e.g., [5]). 
It must be observed that most of the research carried out in the last two decades 

about the structural and stratigraphic setting of the Fucino Basin [6,1,48,49] all make ref-
erence to the Plio-Quaternary base depth model proposed by [2], starting from the anal-
ysis of several commercial seismic lines and the regional CROP11 line ([50,51]). Such a 
model consists in an isochron contour map of the alluvial and lacustrine deposits of the 
base of the Plio-Pleistocene sedimentary sequences showing a maximum of 900 ms TWT 
(two-way time) in the central-eastern part of the basin to the west of the San Benedetto 
fault. Cavinato et al. [2], assuming a Vp constant value of about 1850 m/s, estimated a 
depth of 850 m for this depocenter. 

On the other hand, the interpretation of seismic sections [2,4] would also allow the 
reconstruction of a deeper reflector, related to the top of the marine carbonate basement 
of Meso-Cenozoic age. This interface shows a more articulated morphology than the 
shallower Plio-Pleistocene base, better reflecting the results of the fault displacements 
driving the tectonic evolution of the basin. 

We remark that special attention is needed when selecting constraints to the gravity 
modelling, as these will have a direct impact on the estimated depths. In fact, interpreta-
tion seismic data for this area could suffer from uncertainties related to: (1) the some-
times-unclear recognition of the reflectors, and (2) the simplistic time/depth conversion 
procedure adopted in previous studies. Concerning point 1, weak or noisy signals within 
the mentioned seismic sections often made long stretches of reflective interfaces too faint 
and uncertain to be correctly individuated and reliably interpreted, so we decided to 
assume as constraints only the most clear and unquestionable ones. Regarding point 2, 
we assigned realistic velocity values to the stratigraphic sequence of the basin infill for a 
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correct time/depth conversion by means of a critical assessment of information discussed 
in more detail in Appendix A. 

Our conclusion is that the wide range of velocities estimated in Apennine inter-
montane basins cannot be successfully approximated by a single average value, unless 
accepting to make gross errors in the reconstruction of the depth to reflective interfaces. 

Considering the above issues, we considered it necessary to ensure the reliability of 
the seismic information chosen as a constraint for the gravity modelling by making an 
independent analysis of each seismic line. 

To achieve this, we selected only the reflective segments whose evidence is unques-
tionable, neglecting all the reflectors affected by interpretative ambiguity or consisting in 
uncertain or faint signals. We focused our attention on six seismic lines carried out by an 
Elf-Agip joint venture from 1980 to 1982. Four of these lines are a reprocessed version of 
the lines 1, 2, 3, and 4 interpreted by [2] and were released since 2009 within the ViDEPI 
Project ([50]). After selection, only data from three seismic lines (1-82-AZ-03, 1-82-AZ-05 
and 1-80-AZ-03) were chosen as reliable constraints for our modelling, given the overall 
poor data quality as recognized by [2] and in the original report of the dealer-oil com-
pany ([5]). 

Taking into account the results of the time/depth conversion based on the local ve-
locity variation patterns described in the Appendix A, we build a set of constraints to the 
gravity modelling by sampling the depth to these reflectors along the seismic lines, each 
250 m, to ensure a resolution similar to that of the gravity data. 

As better explained in the previous section, our gravity inversion approach does not 
require assuming a function describing the variation of the density contrast with the 
depth, which is instead estimated during the modelling. However, it may be useful to 
assess the available information (see Appendix A) about the densities of the Mesozo-
ic-Cenozoic carbonate units (namely the bedrock) and of the overlying Plio-Quaternary 
alluvial/lacustrine sediments. These data will allow a comparison with the density con-
trasts estimated during the gravity modelling and a critical discussion of the modelling 
results. 

From the density information discussed in the Appendix A, we can expect an aver-
age density contrast between marine carbonate bedrock and infilling alluvial/lacustrine 
formations of about 0.5–0.6 g/cm3, with values increasing up to 0.8–0.9 g/cm3 for shal-
lower and younger sediments and decreasing to 0.4–0.3 g/cm3 for the basal and flysch 
sediments. 

In principle, both the strong reflectors seen on the seismic reflection profiles (related 
to the top of the Meso-Cenozoic carbonates and to the base of the Plio-Quaternary de-
posits) could represent a density boundary, with the density increasing with depth. 
However, we expect a significant compaction of the Plio-Quaternary lacustrine sedi-
ments subject to burial in the Fucino basin and a consequent increase of their density, 
from very low values (<2.0 g/cm3) at the surface to densities progressively higher, up to 
becoming similar to that of the clayous/marnous flysch lithologies (about 2.2–2.3 g/cm3). 
This scheme should imply the presence of a relatively small vertical density contrast at 
the base of the Plio-Quaternary sediments. A major density contrast of 0.3–0.4 g/cm3 

should instead characterize the deeper surface separating the Cenozoic flysch (density of 
2.2 to 2.3 g/cm3) and the Meso-Cenozoic carbonates (average density of 2.6 g/cm3). 

Based on the above reasoning, we can assume that the residual gravity anomalies 
are essentially shaped by the oscillations of the top of the Meso-Cenozoic carbonates, so 
that we will primarily use the constraints coming from the depth to this specific surface 
as constraints to the gravity modelling. However, to verify the correctness of this choice, 
in the next section, we will test the constraints related to the shallowest reflector, related 
to the base of the Plio-Quaternary sediments. 

5.2.3. 3D Modelling: ITRESC Application to the Fucino Gravity Anomaly Field 



Geosciences 2021, 11, 398 11 of 26 
 

 

As discussed above, our gravity modelling aims at recovering the shape of the top of 
the Meso-Cenozoic basements, considered as the geological discontinuity at which the 
strongest lateral density contrast occurs. Consequently, we assume that the residual 
gravity anomalies are mostly responding to the undulations of this surface. 

As the topography of the Fucino plain is almost flat, we considered a single constant 
average altitude of 677 m asl (the standard deviation from this average is as small as 27 
m). The first step of the ITRESC modelling is the building of the depth–gravity plot. The 
residual gravity amplitude is interpolated at the locations of the seismic and borehole 
constraints. The plot shows a distribution of points well approximated by a sec-
ond-degree polynomial, as suggested by both ANOVA and AIC criteria (Figure 4). We 
use this polynomial as a rescaling rule, valid across all of the Fucino basin area, to convert 
the gravity values into basement depths. This rescaling produces a first-approximation 
model of the top of the basement, with a procedure that is completely independent from 
the density contrast. We then use this model to obtain a depth-density function and refine 
the estimated basement surface. This procedure starts by computing the unit-density 
gravity field generated by the first-approximation model and comparing it with the re-
sidual gravity data (Figure 5a). The points cloud is again approximated using a sec-
ond-degree polynomial curve. The slope in each point of this curve gives an estimate of 
the density at each depth within the basin infilling. However, the ITRESC method does 
not run with a continuous density variation but needs a discrete density model consisting 
in a finite number of intervals, each of which having a constant density. 

For this reason, the polynomial curve in Figure 5a was simplified in a set of linear 
segments (eight in our case) using the Douglas and Peucker (1973) method [42] and rep-
resenting a good approximation of that. 

Each of these segments shows a slope related to the density expected within the 
depth range identified in Figure 4 by the observed gravity endpoints of the considered 
segment shown in Figure 5a. Each depth range identifies a layer so that a depth-density 
function can be established ([11], Figure 5b). 

  
Figure 4. Depth–gravity plot obtained using a constraint set relative to the top of the 
Meso-Cenozoic carbonate rocks, including the deeper seismic horizon and borehole data. 
The black line is a second-degree polynomial curve approximating the distribution of the 
constraint points. 
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Figure 5. Estimation of the depth-density function for the Fucino basin. (a) Unit-density 
gravity field generated by the first-approximation model vs. the residual gravity data. 
The points cloud is approximated using a second-degree polynomial and simplified in a 
set of 8 linear segments using the Douglas and Peucker (1973) method [42]. (b) The 
depth-density function estimated by using the slope of each segment in a) and the ob-
served gravity relative to their endpoints following the procedure [12]. In this plot, an 
average elevation of 677 m asl is considered for the Fucino plain. 

The estimated depth-density function shows an almost linear decrease of the density 
contrast with depth, from values slightly less than 1.08 g/cm3 to about 0.30 g/cm3 in the 
deepest portions of the basin. Assuming a carbonate bedrock density of 2.6 g/cm3, the 
estimated density contrasts would lead to densities of 1.52 g/cm3 at surface and up to the 
first 80 m depth, and of 2.30 g/cm3 in the deepest parts of the basin (for depths greater 
than 900 m from the ground surface). The surficial density is rather low, but it is con-
sistent with peat layers or loose young sediments, and similar values are sometimes 
measured at the shallowest layers of sediments, as reported in [52]. 

However, we have also tested the shallowest reflector (interpreted in the original 
reports [5] as relative to the base of the Plio-Quaternary sediments) as a possible con-
straint, following the same procedure as above. In this case, the shallow depths indicated 
by the reflector, combined with the strong amplitude variation of the residual gravity 
anomalies, implied an estimated depth-density function with unrealistically high-density 
contrasts, with a maximum at the surface of about 1.8 g/cm3 and values greater than 1 
g/cm3 up to 300 m below ground. This test allowed excluding the hypothesis that the 
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most significant density contrast, shaping the residual gravity anomalies, be that relative 
to the base of the Plio-quaternary sediments (the shallowest reflector). Thus, we support 
the hypothesis that from the point of view of the gravity modelling the deepest reflective 
surface clearly visible in the seismic sections mentioned above can be safely identified 
with the Meso-Cenozoic carbonate rocks. 

The estimated depth-density function (Figure 5b) is then used to compute the grav-
ity field generated by the first-approximation model. This field is subtracted to the ob-
served gravity to obtain a misfit field. An iterative phase is then started, where the misfit 
gravity field is rescaled using a constant (the iteration step size, having dimensions of 
m/mGal) and the obtained depth correction is summed to the current model. The process 
is repeated until the rms of the gravity misfit falls under the error associated to the grav-
ity data (0.20 mGal). The iteration step size can be arbitrarily set, as it has only the func-
tion to rule the speed of the convergence [53]. 

Using a step size of 10 m/mGal, after eight iterations, the process converges to a 
model (Figure 6) predicting a gravity field with an rms of the misfit of 0.2 mGal (Figure 
7). 

We can assess the reliability of the obtained basement model by computing the dif-
ference between the depth to constraints and the modelled basement depth at the same 
locations (Figure 8). The error ranges between −128 m and 191 m, with 80% of the control 
points having an error smaller than 87 m and with an average error of about 69 m. 
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Figure 6. ITRESC basement model. (a) Elevation map of the top of the Meso-Cenozoic carbonate 
basement; contour lines interval: 50 m. (b) Map of the thickness of the sediments overlying the 
carbonate basement; contour lines interval: 50 m. 
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Figure 7. ITRESC basement model. (a) Model-predicted gravity field (compared with the residual 
gravity of Figure 2); contour lines interval: 1 mGal. (b) Gravity misfit (difference between residual 
and predicted field). 
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(b) 

Figure 8. ITRESC basement model. (a) Histogram of the difference between the depth to constraints 
and the ITRESC basement depth at the same locations. (b) Empirical cumulative distribution func-
tion of the modulus of the difference between the constraints’ depth and model depth. 

6. Discussion 
Our model in Figure 6 represents the first map of the depth to the carbonate bedrock 

in the Fucino plain. In fact, our modelling considered that the gravity anomalies are 
mainly produced by the undulation of the interface between the Meso-Cenozoic car-
bonate rocks and the overlying flysch and Plio-Quaternary sediments. In Section 5, we 
tested the possibility that the main density contrast be relative to the base of the 
Plio-Quaternary sediments, but we rejected this hypothesis based on the extremely 
high-density contrast that would be needed to fit the gravity anomalies. 

Overall, the modeled basin is rhomboid-shaped, with two sides oriented as the 
Apennine main tectonic structures (NW-SE) and the other two oriented in a roughly W-E 
direction. 

The model predicts the foundering of the carbonate bedrock down to about 1400 m 
in the central-eastern area, this depocenter being eastwardly shifted from the geographic 
basin center, and shifted about 2.5 km south-westward with respect to the 
Plio-Quaternary depocenter shown by [2]. A possible reason for such a displacement 
could be related to the tectonic evolution of the basin (e.g., a gradual north-eastward shift 
of the basin depocenter since the Late Miocene until the Plio-Pleistocene). 
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Patruno and Scisciani [10] produced a basin model based on the same seismic data 
used in our analysis. However, their interpretation of the seismic horizons is different 
from that proposed by previous studies and adopted in the present paper. In fact, the 
deepest reflector is interpreted as the base of the upper Pliocene sediments, instead of the 
top of the Meso-Cenozoic carbonatic sequence. Geometrically, in contrast with our model 
and previous interpretations, the model presents two depocenters. The southern one is in 
correspondence to a short-length fault having a very high throw, about 2 km west of the 
main San Benedetto fault. The northern one do not corresponds to any gravity low, so 
that it appears incompatible with the gravity data. 

The gravity data misfit (Figure 7b) is evenly distributed across the area with 89% of 
the gravity grid having absolute errors lesser than 0.2 mGal and 97% lesser than 0.5 
mGal. Higher errors are present in the central-eastern area, in correspondence with the 
main gravity low, where the misfit reach its maximum absolute value of about 1.6 mGal. 
This area is characterized by a rapid variation of the basement depth in correspondence 
with the main San Benedetto fault. Here, the gravity model shows that the basement is 
vertically displaced for more than 1100 m (Figure 6). Thus, near this basement disloca-
tion, the amplitude and shape of the misfit may be an indicator of a model still too 
smooth. Florio [8] analyzed the gravity anomalies of a synthetic basement model (the 
“Bishop” model [54]) created to verify the performances of processing and modeling 
techniques of potential fields. This model contains numerous fault scarps with varying 
throws and orientations, analogous to basement fault structures within major sedimen-
tary basins. In this case, an ITRESC model of the basin generated a gravity misfit pattern 
similar to that found for the Fucino gravity data, localized in correspondence to steep 
faults and associated to a recovered model smoother than the true basement. 

An important assumption of the ITRESC method that may have some impact on the 
model reliability regards the lateral homogeneity of the basement and basin filling mate-
rials. While for the Plio-Quaternary sediments, the lateral homogeneity may turn out as 
an acceptable approximation, for the Cenozoic flysch (clay, marl and sand) formations, 
this may be a gross simplification of the geological truth. At the interface between the 
Cenozoic flysch formations and the Plio-Quaternary sediments a density contrast is ex-
pected, so that part of the gravity signal may be produced there, if this interface is not 
horizontal. This may represent a source of modelling error, as we interpreted the residual 
gravity as if it originated uniquely from the density contrast between the carbonate 
basement and overlying sediments. However, seismic reflection profiles (e.g., [5]) show 
that the thickness of the Cenozoic flysch formations tend to increase where the basement 
is deeper, so that their top surface tends to be sub-horizontal. This would significantly 
reduce the amplitude of the gravity signal generated by the lateral density contrast with 
the Plio-Quaternary sediments. In fact, a gravity anomaly arises from lateral density 
contrasts, absent in the case of horizontal layers with different densities. Thus, we can 
conclude that the assumption about the lateral homogeneity of the basin filling materials 
should not very strongly affect the overall result of the gravity modelling. 

The modelling of the top of the Meso-Cenozoic carbonates is helpful for properly 
characterizing the behavior of the whole basin infill under seismic loading conditions. In 
this regard, available information about the mechanical properties of the Miocene terri-
genous sediments in Apennine chain are still scarce and sometimes ambiguous as far as 
quantitative measurements and classification criteria are concerned. The European 
Standard Specifications [55] assign to the physical properties (i.e., vs,30, NSPT, and cu) of the 
flysch values closer to those of lithotypes representative of continental alluvial/lacustrine 
sediments (e.g., the Plio-Quaternary series infilling the Fucino Basin), rather than to those 
consisting in compact rocks (e.g., Meso-Cenozoic marine carbonate units). 

Therefore, the terrigenous units, including alternate sands, marls, and clays forming 
the Miocene flysch units, could also play a crucial role for the determination of the 
ground-motion amplification and peak frequencies. Therefore, it is important to estimate 



Geosciences 2021, 11, 398 18 of 26 
 

 

the thickness of the entire non-rigid sediment series overlying the bedrock for outlining a 
reliable scenario of the Fucino Plain seismic hazard based on local site-response effects. 

As mentioned above, a direct check of the quality of the ITRESC model of the 
basement can be made by comparing the depth to the seismic reflector interpreted as the 
top of the carbonate rocks, used as a constraint for the gravity modelling, and the mod-
elled gravity basement along the same seismic profiles. This comparison (Figures 9–11) 
shows an overall good agreement between the two surfaces, especially along the W-E 
trending profile (Profile 3 in Figure 2; Figure 11). Along this profile, the jumps seen in the 
seismic reflector in correspondence with fault scarps having offsets of about 100 m are 
smoothed out in the gravity model, which is in a very good agreement with the general 
trend of the seismic surface. A good general agreement is seen also along the western-
most N-S seismic profile (Profile 1 in Figure 2; Figure 9), although in its central part, in 
correspondence to a slight gravity high, the seismic reflector deepens as the effect of two 
normal faults. Thus, the resulting discrepancy between the gravity and seismic basement 
depths (about 100 m) derives directly from the different geophysical data rather than 
from modelling errors. The same could be said for the other N-S profile to the east of the 
Fucino Plain (Profile 2 in Figure 2; Figure 10). Here, the gravity and seismic basement 
depths are generally similar, but the seismic reflector becomes shallower in the central 
part of the profile in correspondence to a gravity low, causing a misfit of almost 200 m. 

 

Figure 9. Comparison of the depth to the seismic reflector interpreted as the top of the carbonatic 
rocks, and the gravity basement along the seismic profile 1 (see Figure 2). (a) Observed and mod-
el-predicted gravity; (b) gravity basement (green) and seismic reflector (triangles). Brown shading 
represents the density contrast variation with depth estimated in the ITRESC modelling. 
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Figure 10. Comparison of the depth to the seismic reflector interpreted as the top of the carbonatic 
rocks, and the gravity basement along the seismic profile 2 (see Figure 2). (a) Observed and mod-
el-predicted gravity; (b) gravity basement (green) and seismic reflector (triangles). Brown shading 
represents the density contrast variation with depth estimated in the ITRESC modelling. 

 
Figure 11. Comparison of the depth to the seismic reflector interpreted as the top of the carbonatic 
rocks, and the gravity basement along the seismic profile 3 (see Figure 2). (a) Observed and mod-
el-predicted gravity; (b) gravity basement (green) and seismic reflector (triangles). Brown shading 
represents the density contrast variation with depth estimated in the ITRESC modelling. 

When assessing the error of the gravity model comparing it to depths derived from 
seismic interpretation, one should also consider that the seismic interpretation has its 
own associated error, which, unfortunately, is only rarely estimated. Sometimes, the re-
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flector depth error, deriving from uncertainties in the estimated body-wave velocity, is 
quantified in about the 10% of the reflector depth ([56]). 

In order to describe in more detail, the carbonate basement morphology, we visual-
ized the ITRESC basement model along three sections (Figure 12). 

 

 

Figure 12. Sections through the basement model. (a) Basement map with the location of the sections 
(white lines) and of the maxima of the EHD as identified in Figure 3 (colored squares); (b) Profile A; 
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(c) Profile B; (d) Profile C. Red lines are the inferred faults located on the base of the EHD analysis 
(Figure 3). Brown shading represents the density contrast variation with depth estimated in the 
ITRESC modelling. 

In Figure 12, the position of the main faults inferred from EHD trends is also shown 
in relation to the morphology of the modelled bedrock. As described in Section 5.2, the 
main faults crossing the Fucino Plain, recognized in some studies [2,8,9], are individuated 
by EHD with good precision. We point out that, in some cases, EHD also allows outlining 
tectonic lineaments where their presence on previous maps is uncertain (e.g., the north-
ernmost portions of the Trasacco and Ortucchio Faults). Moreover, a structure not pre-
viously known is clearly associated to a maxima trend in the EHD map, NE of the San 
Benedetto fault, here referred to as Venere fault. 

The EHD maxima are mostly related to morphological features of the bedrock shape 
retrieved by ITRESC modeling. In some cases (namely, in the presence of large fault 
throws), such features consist in straight, high-angle dipping segments of the bedrock 
profile, clearly indicating the position of fault scarps (e.g., San Benedetto fault). In other 
cases (e.g., when minor faults with smaller throw occur), the tectonic structure can be 
anyway inferred by the presence of some slope change in the bedrock profile as in the 
case of the Ortucchio antithetic fault and of the Trasacco fault. 

The basement modeled by ITRESC shows the presence of a second, minor depo-
center on the western side of the basin, also reported by [2]. It corresponds to a small 
downward displacement of the hanging wall occurring on the western side of the Tra-
sacco fault. This fault extends outside the southern rim of the Fucino Plain, striking more 
than 15 km in the SSE direction and individuating a narrow valley. Given the small am-
plitude of the local gravity minimum related to this structural low, ITRESC modelling 
retrieved a relatively thin depocenter, limited within a depth range of only ~100 m. 

The three sections in Figure 12 clearly show the overall asymmetry along the SW–
NE direction of the bedrock shape modelled by ITRESC, thus confirming for the Fucino 
Basin the typical features of a half-graben as hypothesized by most studies. 

Moreover, the hanging wall of the San Benedetto fault shows a bedrock with an 
eastward increasing dip angle, toward the depocenter, interpretable as a rollover anti-
cline, a typical feature related to low-angle normal faults. This could support the hy-
pothesis that the San Benedetto-Gioia dei Marsi tectonic line, driving the evolution of the 
Fucino half-graben, could be a listric fault, contrary to what has been assumed in some 
previous studies [57]. Consistent with this interpretation, the large parts of the cover 
sediments above the carbonate basement should be syntectonic deposits with increasing 
thickness towards the San Benedetto fault. 

Finally, along the northern side of the basin, the ITRESC model and the EHD trends 
show, in partial agreement with previous studies ([2]), a certain complexity of the Tre 
Monti fault system individuating a minor basement high. 

The outcome of our study is compatible with a half-graben model such as the sim-
plified one shown in Figure 13. 
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Figure 13. 3D conceptual sketch of the structural scheme of the Fucino half-graben (eastern side) as 
achieved from our study (figure not to scale). Modified from [58]. 

7. Conclusions 
Gravity data analysis can be very useful for the spatial reconstruction of the mor-

phology of the bedrock and the tectonic setting of a region. In the Fucino basin case, 3D 
seismic models of the sedimentary body are based on detailed information of the depth 
to a reflector only along a few seismic lines. This implies that large areas of the model, far 
from seismic lines, can be reconstructed only by interpolation, thus resulting in poor de-
tail. Gravity data, regularly distributed throughout the entire basin, can instead represent 
a valid constraint to build reliable 3D models, even in these areas. 

We applied the ITRESC method for a 3D modelling of the basement and the EHD 
tool to horizontally locating lateral density contrasts in the Fucino basin. These ap-
proaches to the modelling of gravity data reduce to a minimum the a priori assumptions 
needed to counteract the interpretation ambiguity associated to this geophysical kind of 
data. The ITRESC method does not need assumptions about the density contrast, while 
other approaches must assume it with a consequent direct impact on the depth recov-
ered. Instead, it integrates previous knowledge about the depth to the basement. In the 
case of the gravity modeling of the Fucino plain, these constraints consisted in a few 
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shallow boreholes and in estimates of depth to the carbonate bedrock as obtained from an 
analysis of some seismic profiles. 

Our results represent the first model of the depth to the carbonate bedrock for this 
area. They confirm the large foundering of the bedrock to almost 1400 m as the result of 
the action of the San Benedetto normal fault. The fact that this depocenter appears 
south-westward shifted from the Plio-Quaternary depocenter shown by [2] may high-
light the effects of the tectonic evolution acting since the Late Miocene until the 
Plio-Pleistocene. Another minor depocenter is present on the western side of the basin, 
whose evolution seems to be linked to the action of the Trasacco fault. 

We have provided additional constraints on the position of several faults, which 
were already known and mapped based on the local information obtained along the few 
seismic profiles available in the Fucino plain. In contrast, the areal distribution of gravity 
data allowed a continuous spatial positioning of these faults, which in some cases were 
recognized even over their known ends. Moreover, the analysis of the gravity data al-
lowed the identification of a previously unknown fault (Venere fault). 

Our model provides new information useful for tectonic and structural studies and 
represents base knowledge useful for seismic site characterization in an intermontane 
Apennine basin characterized by a high seismic hazard. 
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Appendix A 
Seismic velocities. Here, we discuss the most reliable seismic velocity values to be as-

signed for the time/depth conversion necessary for using seismic sections as constraints 
for the ITRESC modelling. Previous studies assumed a single Vp value of 1850 ms−1 [2] or 
of 2000 ms−1 [6,8] as representative for the whole sedimentary cover overlaying the top of 
the Meso-Cenozoic carbonate rocks. The problem is whether or not this value allows a 
reliable depth positioning of the reflective interfaces. In previous studies, different au-
thors find variable Vp values for the sediments filling intermontane Apennine basins. 
Barchi and Ciaccio [7] consider Vp = 3500 ms−1 and Vp = 2000 ms−1 for pre-Pliocene terri-
genous units and overlying continental sediments, respectively. Differently, other au-
thors do not indicate single Vp value as representative of the whole Plio-Quaternaty units. 
Chiarabba et al. [59] indicate P-wave velocities ranging between 2000 and 3000 ms−1 for 
Plio-Quaternary basin filling sediments, and 3400 to 4000 ms−1 for syn-orogenic sedi-
mentary and flysch (foredeep and thrust-top basins). A seismic tomography study car-
ried out in an intermontane basin close the Fucino Plain (Mid Aterno Valley, [60]) indi-
cated wide ranges for P-wave velocities (from 1000 to 3000 ms−1, with peaks of 3500 ms−1 
for the deepest sediments). Finally, a more recent high-resolution seismic investigation 
[61] carried out on the 600 m thick Plio-Quaternary sequence in the same area confirmed 
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the presence of many different seismic facies in this succession, with Vp varying from 
1500 ms−1 to 2250 ms−1. 

Time/Depth conversion. To perform an accurate time/depth conversion, we used the 
analysis of the velocity variation patterns reported for specific points along these seismic 
lines, which were used as input to obtain a velocity model by polynomial fitting of var-
ious degrees in x (distance along the line) and y (TWT—two-way time). Such a 
time/depth conversion procedure provides differences in terms of reflectors depth and 
geometry with respect to the simple assumption of a constant velocity value of Vp = 1850 
ms−1 or 2000 ms−1 (as assumed in [2,6]). These depth differences can be as great as 200 m in 
the case of the reflector related to the top of the Meso-Cenozoic carbonates. 

Density contrasts. Here, we discuss the most realistic density values to be assigned to 
the Mesozoic-Cenozoic carbonate units (namely, the bedrock) and to the overlying 
Plio-Quaternary alluvial/lacustrine sediments (namely, the basin infill) for a comparison 
with the density contrasts resulting from gravity modelling. In earlier studies, several 
authors assigned an average density of 2.3 g/cm3 to Plio-Quaternary sediments filling the 
intermontane valleys and the extensional basins along the Tyrrhenian side of the Apen-
nine Chain [62–65]. However, more recent and detailed investigations support smaller 
values. D’Aringoli et al. [66] assign an average density of 2.1 g/cm3 to the fine-grained 
sedimentary cover of quaternary age, with a density as low as 1.5 g/cm3 for the shallowest 
peat deposits. The same authors confirm a density of 2.6 g/cm3 for the calcareous base-
ment rocks, in agreement with literature data (e.g., [67]). Studies focused on intermon-
tane basins close to the Fucino Plain (e.g., [68]) confirm densities ranging from 1.99 g/cm3 

and 2.14 g/cm3 (average value: 2.07 g/cm3) for pleistocenic silts, sands, and clays. Finally, 
geotechnical analyses confirm densities ranging from 2.05 g/cm3 to 2.07 g/cm3 for 
Plio-Pleistocene palustrine and alluvial deposits of intermontane basins in Central Italy 
[69]. 
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