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1 INTRODUCTION

SUMMARY

It has long been observed that damage due to earthquakes depends greatly on local geological
conditions. Alpine valleys represent a typical populated environment where large amplifica-
tions can take place owing to the presence of surface soils with poor mechanical properties
combined to complex topography of the rock basin. In the framework of the EU Interreg I1IB
SISMOVALP Project ‘Seismic hazard and alpine valley response analysis’, a stretch of the
Tagliamento River Valley (TRV), located in the north-western part of the Friuli Region (Italy)
and close to the epicentre of the 1976 M,, = 6.4 earthquake, has been investigated with the
aim to define the buried shape of the valley itself.

Two non-invasive, low cost, independent geophysical methods were used: (i) detailed gravity
survey and (ii) H/V spectral ratio (HVSR) of microtremors.

Because of structural geological complexity and active tectonics of the Friuli region, an
irregular valley shape was expected in this area. The independent analysis performed by gravity
and passive noise, and complemented with refraction seismic velocity profiles, confirms this
hypothesis and leads to two models that were consistent, but for some small scale details. The
maximum depth estimated is about 400—450 m in the southern part of the valley, while a mean
value of 150-180 m is estimated in the northern part. The sediment thickness obtained for this
stretch of the TRV is quite large if compared to eastern Alps Plio-Quaternary rates; therefore
the valley shape imaged by this study better corresponds to the top of carbonate rocks.

Finally, on the basis of the obtained morphology and some direct measurements, we conclude
that the TRV features an overall 1-D seismic response (i.e. the resonance is related only to the
sediment thickness rather than to the cross-section shape), but in its deepest part some limited
2-D effects could take place.

Key words: Gravity anomalies and earth structure; Earthquake ground motions; Body waves;
Site effects; Wave propagation.

and very difficult to evaluate. In the last decades a large amount
of numerical studies (e.g. Bard & Bouchon 1985; Sanchez-Sesma

The importance of local geological conditions and shallow site
structure in sedimentary basins for seismic site response is well
known and recognized throughout the scientific literature (e.g.
Faccioli 1991; Aki 1993; Noganoh ez al. 1993). Amplification mech-
anisms are well known and documented in many situations and
their effects can be estimated quite accurately for the 1-D case (e.g.
Sing et al. 1988; Borcherdt e al. 1989; Lermo & Chavez-Garcia
1993; Bonilla et al. 1997). However, mountain valleys often feature
irregular morphology, sharp edges and high impedance contrasts
which may give rise to pronounced 2-D to 3-D local effects that
are usually strongly dependent on the seismic wavefield direction
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et al. 1993) and experimental observations (e.g. Field 1996; Steimen
et al. 2003; Roten ef al. 2006) demonstrated the importance of the
detailed knowledge of the physical properties of shallow soils for
interpreting the complex 3-D seismic response. To this aim, an ac-
curate model for the subsurface structure should be obtained. Mul-
ticomponent reflection seismic and borehole surveys can provide
an accurate subsurface image, however these methods are expen-
sive and environmental impact is a concern especially in urban
areas.

Alternative geophysical techniques, based on passive measure-
ments and available at lower cost, are gravity surveying and the H/'V
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spectral ratio (HVSR) technique applied to ambient noise recording
(Nakamura 1989).

The gravimetric method with dense acquisition surveys has been
applied to alluvial basins or glacial valleys with the aim of imaging
the shape of the underground bedrock and estimate the thickness
of the sediments (Vallon 1999; Nishida et al. 2001; Moller et al.
2007). The success and accuracy of this approach is obviously
linked to the presence of an appreciable density contrast between
the bedrock and the sediments above as well as the availability of
some external data (i.e. borehole data) to be used as a constrain for
the inversion.

The HVSR method is nowadays extensively used within the
geophysical community for estimating the fundamental resonance
frequency of shallow soils. The technique, originally proposed by
Kanai & Takanaka (1961) and based on a simple spectral analysis
of microtremor measurements, was mainly improved by Japanese
researchers in the following 30 yr as an exploration tool (e.g. Ohta
et al. 1978; Kagami et al. 1982; Nakamura 1989; Akamatsu et al.
1992; Yamanaka et al. 1994). In the last 15 yr, several authors
have investigated both the nature of the environmental noise and
the phenomenology behind the HVSR in order to better under-
stand the overall physics as well as to improve the processing tech-
niques and its interpretation in term of underground structure (e.g.
Tokimatsu et al. 1997; Bard 1998; Ibs-von Seht & Wohlenberg
1999; Delgado et al. 2000; Parolai et al. 2002; Fah et al. 2003;
Uebayashi 2003; Bard et al. 2004; Parolai et al. 2004; Di Giacomo
et al. 2005; Bonnefoy-Claudet et al. 2006; Carniel et al. 2006; Fah
et al. 2007; Carniel et al. 2008; Herak 2008). Although the limits
of the accuracy and applicability of this approach are still debated
(Delgado et al. 2000; Bindi et al. 2001; Gueguen et al. 2007), it has
became a common practice, under some simplifying conditions, to
evaluate the thickness of soft sediments from the frequency of the
HVSR main peak—if any—or even to invert the whole geological
structure from the whole HVSR curve (Herak 2008), provided that
some additional information on the geological structure is available.

Gravity data and ambient noise HVSR has been interpreted to-
gether with the aim of recovering the underground structure of
alluvial basins only in few cases. Noguchi & Nishida (2002) de-
termined the subsurface structure and shape of the Tottori Plain by
considering together the information coming from residual grav-
ity anomaly, HVSR curves, and S-wave velocity structure de-
rived from array records of noise. Few studies of joint inversion
of gravity data and surface wave velocities (Hayashi et al. 2005;
Maceira & Ammon 2009) are performed to define geological fea-
tures. Gueguen et al. (2007) pointed out for a very investigated
area such as the Grenoble basin that the effects of deeply engraved
basins (i.e. with small apex ratio) can disturb the estimation of the
fundamental frequency of vibration made by the HVSR method and
therefore mislead the interpretation of the bedrock depth especially
at the basin edges, where subsurface layers are characterized by
larger heterogeneities and where the basin topography is accentu-
ated.

This study has been carried out within the Interreg IIIB
SISMOVALP Project of the European Union (http:/www.
alpinespace.org/sismovalp.html). The general aim of this project
was that of improving the overall knowledge of the seismic haz-
ard for the alpine valleys in order to reduce the vulnerability to
earthquakes in the alpine space. One of the workpackages was de-
voted to gather and organize old and newly acquired geological and
geotechnical data into a transnational geotechnical database for a
number of ‘pilot’ valleys (Lacave et al. 2006). Then, starting from
the evidence that all alpine valleys comes from the same orogenic

process and share the same geological evolution (Lemeille 2004),
it was possible to identify some common features and draw some
generic characterization, including some ‘generic’ models, to be
used for other alpine valleys where detailed information is missing
(Lacave & Lamille 2007).

Within this framework, this paper presents the case-history on a
stretch of the Tagliamento River Valley (TRV), between Tolmezzo
and Cavazzo Carnico municipalities, in the northeastern part of
the Friuli-Venezia Giulia Region (NE Italy). The area is close to
the epicentre of the 1976 (M, = 6.4) Friuli earthquake and it was
struck in the past by several earthquakes of M > 5.5.

A first 3-D model of the buried shape of the valley and the appli-
cation of low-cost and low-impact methods suitable to define it, rep-
resent the main goals of this paper. In this study, gravity and ambient
noise HVSR methods have been considered separately in order to
get mutual benefit of the independent pieces of information provided
by them. Hereinafter, all the geological and geotechnical informa-
tion available for this area and the results obtained from shear wave
profiling, gravity measurements and ambient noise recordings are
presented. The comparison between the results obtained separately
by interpreting both gravity anomalies and fundamental frequen-
cies estimated from HVSR provide a first image of the seismic rock
basement in this sector of the TRV.

2 GEOLOGICAL/GEOTECHNICAL
SETTING AND INITIALLY
AVAILABLE DATA

The study area is located in northeastern part of Italy, in the TRV,
between Tolmezzo town (TZT) and Cavazzo Carnico plain (CCP)
(Fig. 1). The flood plains of Tagliamento river and its tributary,
the But river, are surrounded by Permo-Triassic carbonate rocks
of Mt Strabut, Mt Amariana and Curions Hill. A small outcrop of
Carnian shallow-water deposits (thinly laminated dolomites, marly
sandstones and gypsum) is also present north of Curions Hill, and
buried under the Rivoli Bianchi fan (Ponton, personal communica-
tion, 2008). The Tagliamento conglomerate, a polygenic and het-
erometric carbonate alluvial deposit of middle-upper Pleistocene
age, outcrops on the right side of the valley—the river flows from
NW to SE in the figure, while alluvial fans of cobbles and gravels
characterize the left-hand side of the area (Carulli 2007).

Tectonics plays an important role in the area: normal faults and
thrusts are evidenced in geological surface mapping. Most of them
are hypothesized to be buried under the Quaternary coverage, and
their geometrical characteristics and age are not easy to interpret.
According to Carulli (2000) the structural pattern is very com-
plex and three main directions of faulting have been identified (i.e.
NNE-SSW, E-W and SE-NW, respectively).

This area is close to the epicentre of the 1976 Friuli earthquake
(M,, = 6.4) and was struck by several earthquakes in the past
(Ambraseys 1976; Slejko et al. 1987). In addition, it is densely
inhabited and a large chemical plant and many small-scale pro-
ductive assets are located in the southern part of Tolmezzo on the
Quaternary deposits.

Although several borehole measurements and hydrogeological
and geotechnical investigations were available, the knowledge of the
soils and underground structure of the valley was very poor. A large
number of these investigations are dated back to the 1976 Friuli
earthquake rebuilding. Most of them penetrated only the shallow
soils, up to a maximum depth of 10 m, while for several boreholes
that were drilled in the 1960s the stratigraphic description is not
available. No boreholes reach the hard rock within the valley and
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Figure 1. Top panel: sketch of the Tagliamento River Valley (North Eastern Alps, Italy) study area. Lithology, main tectonic elements (from Carulli 2007,
simplified), boreholes and S-wave velocity surveys are mapped (TZT, Tolmezzo town; CCP, Cavazzo Carnico Plain; CCT, Cavazzo Carnico Town). AA’, BB’
and CC’ show the position of Fig. 2 stratigraphic boreholes. The coordinates are given in kilometres of the Italian coordinate system (Gauss—Boaga system).
Bottom panel: perspective geological section of the outcropping rocks (from Carulli & Ponton 2002, redrawn and simplified). The location of the section is
shown by the thick white line in the map. The abbreviations indicate the main geological formations: SD, WT, Sf, Af: shallow water carbonate platform deposits;

CS: dark grey limestones; DL, DP: limestones and massive dolostones.

no detailed seismic reflection line pass across it. Moreover the few
available pieces of information on the S-wave velocities and density
of shallow soils was limited up to 10-20 m and not always reliable.

Only in the northern part of the Tolmezzo, the bedrock is better
identified. Thanks to five drills that penetrate the soil along the But
River Valley and are aligned along a transversal direction (AA’ in
Figs 1 and 2 top panel) it is possible to sketch a limestone bedrock
dipping gently to W along the eastern (i.e. left-hand) side of the
valley (A’ in Figs 1 and 2), with maximum observed depth of about
60 m. The borehole in the middle and middle-left part of the river
bed, 148 and 104 m deep, respectively, do not reach the hard rock;
however on the base of the surface topography it is possible to infer
a possible maximum bedrock depth of about 180 m. Along this
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section, the sediment fill is represented by cobbles and gravels with
small percentage of sands.

Softer sediments are found in the Cavazzo Carnico area (CCT
in Figs 1 and 2 bottom panel), at the right edge of the valley and
southern part of the investigated area. Representative lithologies
and stratigraphy can be derived only from shallow drills located in
the western part of the village where fine sands and clays are found.
A deeper borehole at the edge of the plain evidences the presence of
carbonate bedrock at 20 m of depth (Bressan 1981). At present, no
other information is available for the bedrock in this area. A GPR
survey has recently been carried out by the University of Basel
to detect the shallow sedimentary pattern. The preliminary results
show that sediments in this area consist mainly of fine, horizontally
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Figure 2. Stratigraphy of the three borehole groups: AA’ (top panel; loca-
tion across the But River, in Fig. 1), BB’ (middle panel; location within the
Tolmezzo town) and CC’ (bottom panel; location within Cavazzo Carnico
town).

layered strata, often with a high content of clay rather than gravels
(Pfister, personal communication, 2007).

3 S-WAVE VELOCITY PROFILING

In order to better characterize the seismic properties of the shal-
low soils (i.e. unconsolidated sediments) of the TRV, S-wave array
measurements have been carried out by analysing and inverting the
dispersion curves of Rayleigh and Love wave’s fundamental and
higher modes. Seismic signals are induced by an active seismic
source. Three sites (C1, C2 and T1) have been investigated: their
location is shown in Fig. 1, while the seismic acquisition parameters
and geometry used are described in Table 1 (note that the acquisition
parameters adopted for T1 are different from those of C1 and C2).

The acquisition has been performed using an array of six seismic
stations equipped with three components 1 Hz sensors. Multiple
weight drops were used to record redundant seismic data. The lay-
out of the seismic profiles was oriented along the longitudinal axis
of'the valley, in order to meet the physical conditions of 1-D medium
and remove apparent surface wave arrivals. The vertical and trans-
verse components of the recorded waveforms at sites C1, C2 and T1
are shown in Fig. 3. All the seismic sections show a well developed
ground roll fan, with coherent surface wave dispersion typical of
the propagation through a 1-D layered medium.

A 2-D transform has been applied to the recorded wave field
to enhance the detection and separation of the surface wave phase
velocities. The algorithm was developed by Herrmann (2005) and
follows the formalism described by McMechan & Yedlin (1981).
The phase velocity dispersion curves are obtained from an array of
seismic traces by using a p — 7 stack followed by a transformation
into the p — w domain. Fig. 4(a) shows the Rayleigh and Love wave
dispersion diagrams used for the determination of the fundamental
and higher modes for the three investigated sites. Since the seismic
line spread for T1 is larger than for C1 and C2, the T1 dispersion
curves are measured by using data recorded at 110-280 m of offset
from the source.

The interpreted modes, in terms of frequency—phase velocity
values and associated standard error, are shown in Fig. 4(b). The
phase velocity error Ac comes directly from the value of the coher-
ence function (i.e. the stack values). It is proportional to the square
of the phase velocity, according to the relation Ac = oc?, where
o is the standard error of the ray parameter normal distribution
estimated from the coherence function in the frequency—phase ve-
locity domain. More details about the error estimation can be found
in Herrmann & Ammon (2002). The phase velocity error ranges
from about 5 to 300 ms~! for the high and low frequency bands,
respectively. In per cent units, the error ranges from a minimum
of about 2 per cent to a maximum about 35 per cent; the average
error is of about 10 per cent. Since accurate phase velocity mea-
surements have been obtained in the frequency band ranging from
3—4 to 30 Hz, reliable Vs models can be determined down to a
depth of about 120—130 m at all sites. This depth is useful for either
constraining the shallow sediments average S-wave velocity and for
defining the bedrock velocity at the valley edge (C1).

The Rayleigh and Love phase velocity curves are used jointly to
determine the Vs structure of the sediments by applying a linearized
inversion scheme (SURF96, Herrmann & Ammon 2002). The initial
starting models are derived from a seismic refraction analysis of the
same data (see Fig. 3) using two different options (see Xia et al.
1999, and Luke & Calderon-Macias 2007), that is,

(1) Manual selection of all the layer parameters accordingly with
the seismic refraction profiles.

(2) The number of layers N and the thickness increasing ratio
are selected by taking into account the rules of thumb described in
Xia et al. (1999).

To limit the number of inversions, an inversion procedure is fol-
lowed close to that described by Cercato (2009), where dispersion
curve sensitivity with respect to perturbations applied to layer pa-
rameters is checked together with initial model misfit. This kind
of selection of the input model parametrization, together with a
smoothing constrain that prevents large variations between layer
velocities, guarantees the robustness and stability of the inversion
algorithm. In order to evaluate the stability of the results and the
error induced, several inversion runs of 10-20 iterations each have
been performed using different starting models as well as different

© 2009 The Authors, GJI, 180, 715-733
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Table 1. Main acquisition parameters used for seismic site characterization of sites C1, C2, T1.

Site  Source weight(kg)-height(m)  Offset interval (m)  Intergeophone distance (m)

Geophone natural frequency (Hz)

Cl1 120-3 10-130 1 1

C2 120-3 10-130 1 1

T1 600-6 80480 10 1
Vertical Transverse
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Figure 3. Seismic recordings of the vertical (left-hand panels) and transverse (right-hand panels) components at C1, C2 and T1 sites (see Fig. 1 for location).
The seismic arrays are deployed parallel to the longitudinal axis of the valley (i.e. parallel to valley direction): in this way the surface wave trains, identified by

a white line, are well correlated for all the offsets.

smoothing and damping values. The constrained linear inversion
provides a number of possible models, which display sharp veloc-
ity contrasts or velocity gradients and feature theoretical disper-
sion curves consistent with the observations. For all the resulting
models, the main features (i.e. peaks and throats) of HVSR from
microtremors at nearby sites are then matched with the Rayleigh
wave ellipticity curves computed from the inverted S-wave veloc-
ity models (Herrmann 2005). S-wave velocity models at the three
sites are selected on the basis of the consistency between the main
peaks/throats of computed transfer functions (ellipticity curves for
the Rayleigh waves) and the HVSR curves.

© 2009 The Authors, GJI, 180, 715-733
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Fig. 5 compares the preferred S-wave models with the models de-
rived from refracted S-wave arrival peaks. The standard deviation
estimated for the models defined from the surface wave velocity
analysis is of about 10-25 per cent the average value. Uncertain-
ties related to Vs profiling are determined by considering several
different parametrizations of the initial model for the inversion pro-
cedure, that is, number of layers, level of smoothness of the allowed
perturbations and Vp/Vs dependence. The three investigated sites
feature somewhat different Vs profiles. Site C2, in the middle of
the valley, has a slowly increasing velocity with depth from about
800 to 1200 ms~!, but for the shallowest 15 m. No strong velocity
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Figure 4. (a; this page) Phase-velocity stack values of the seismic data shown in Fig. 3. The colours indicate the stack value (the largest values in red). The
black symbols represent the peaks chosen from the stack after a 2-D search over the phase velocity—frequency grid. The solid white curves represent the
theoretical Rayleigh (left-hand panels) and Love (right-hand panels). (b; next page) Rayleigh (left-hand panel) and Love (right-hand panel) fundamental and
first higher mode wave dispersion diagrams for the three investigated sites in terms of frequency—phase velocity effective picked from the f—c spectrum of
Fig. 4(a). Error bars are estimated using the procedure described in Herrmann & Ammon (2002) and based on the value of the coherence function.

contrasts are detected within the maximum depth of investigation.
On the other hand, both sites C1 and T1, which are located at the edge
of the valley although in two different areas, reveal lower velocity
values of about 600 ms~' for a 60-m-thick portion of shallow sedi-
ments. These velocity values are consistent with those found in the
literature for gravelly soils and coarse sediments at shallow depths
(Pedersen et al. 1995; Frischknecht & Wagner 2004; Havenith et al.
2007). It can be also noticed that the three profiles feature quite

similar velocity values in the shallowest portion of unconsolidated
sediments, that is, above the first velocity contrast, independently
of the position of each site within the valley. Fig. 6 shows how
the resulting models match the HVSR curves of ambient noise, ac-
quired at the three sites (see also Section 5). Note that both the main
peaks/throats of computed transfer functions and singularities of
the ellipticity curves for the Rayleigh waves do correspond to those
of the HVSR for frequencies larger than 1-2 Hz.
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the average and average =+ the first standard deviation, respectively) and seismic refraction interpretation of the first S-wave arrival peaks (dotted line).

4 VALLEY MODEL FROM GRAVITY
DATA

4.1 Gravity survey

A detailed gravity survey has been carried out in the study area. A
total of 266 gravity stations (see Fig. 7 for the layout of measure-
ments), spaced about 200 m, have been measured with a Lacoste &
Romberg (L&R) gravity meter model D, equipped with a feedback
developed by Zero Length Spring (ZLS). A first order gravity net
has been established and it has been tied to the absolute gravity
station of Trieste.

The data acquisition of the gravity survey followed the loop-
ing technique in order to monitor the instrumental drift, that span
from —0.002 to +0.002 mGalh™!' (1 mGal = 103 Gal, 1 Gal =

© 2009 The Authors, GJI, 180, 715-733
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0.01 ms~2) and to assess the loops’ error closures, that span from
—0.003 to +0.003 mGal. Besides, to check the instrumental repeata-
bility, roughly 10 per cent of the stations have been remeasured: the
results show that 80 per cent of the resulting gravity differences lie
in the interval £0.004 mGal.

The gravity data resulted from the network adjustment has been
used to calculate the Bouguer gravity anomaly, following standard
techniques (La Fehr 1991a):

(1) Geodetic Reference System 1980 for the normal gravity.

(2) Free air correction, up to 2nd order in height.

(3) Bouguer correction considering also the Bullard B term that
takes into account the Earth’s curvature (La Fehr 1991b).

(4) Terrain correction, considering vertical right prisms
(Banerjee & Das Gupta 1977), up to 25 km with curvature




722  C. Barnaba et al.

1 2 3 4 5 6 7 8 91

0
Frequency (Hz
P ——HVSR ql Y .] ] o
: HV mean T1
=—Ell0
—EINl

1 2 3 B 5
Frequency (Hz)

Figure 6. Comparison of the HVSR of ambient noise (dashed lines), the-
oretical transfer function (blue bold line), and ellipticity of some Rayleigh
modes (red solid lines) computed for the reference models of C1, C2 and
T1 sites (see Figs 1 and 8 for the site location and reference models, re-
spectively). The green bold dashed line represents the mean value of the
observed HVSR curves (thin dashed lines). The ellipticity is represented for
the fundamental (ElI0, red thick solid line) and first higher (Ell1, red thin
line) Rayleigh modes.

correction beyond 18 km, using several DTM cell size according to
the distance from the gravity station.

All the above mentioned calculations have been carried out us-
ing a density of 2500 kgm™3. Therefore, considering the errors
that arose from the data acquisition and processing, an error of
+0.015 mGal has been estimated on the Bouguer anomaly.

The Bouguer anomaly map (Fig. 7a) presents a regional trend
with a northward negative regional field. It is probably dominated
by the effect of northward isostatic crustal thickening due to the
increasing alpine topography (e.g. Braitenberg ef al. 2002; Ebbing
et al. 2005; Zanolla et al. 2005). As the regional signal masks the
local signal generated by the shallow sediments, the regional field
has been removed.

In order to isolate the regional signal different filtering and math-
ematical functions have been tested. The second-degree polynomial
expression of the Bouguer anomaly field (Fig. 7b) results to be the
most appropriate regional field, since it reproduces well the NS trend
and is not correlated with the morphology of the valley. The resid-
ual anomaly map obtained (Fig. 7c) features the shallower density
variations (present and past river beds, lateral fans and carbonate
rock highs). The gravitational effect due to the TRV and But Val-

ley is clearly recognizable as the residual negative anomalies. The
lowest negative residual values could be related to the thick allu-
vial sediments dominated by low density and located at the bottom
of Rivoli Bianchi fan and the CCP. The higher positive residual
anomalies are located near Mt Dobis (NW corner of the map),
Curions Hill (southwestern part of the map), and the western edge
of Mt Amariana (eastern part of the map), where compact carbonate
rocks outcrop.

4.2 Gravity modelling

The subsurface structure of the valley has been investigated by inter-
preting the second order polynomial residual anomaly using 3-D for-
ward modelling technique (IGMAS, Gotze & Schmidt 2005). The
modelling procedure is based on ‘trial and error’ method. The algo-
rithm used for gravity field calculation discretizes the volume into
tetrahedral (Gotze 1978). The 3-D geological bodies in the model
are bounded by triangulated surfaces (layer boundaries), which limit
domains with constant density. These triangulated surfaces are de-
fined by polygons along several vertical 2-D sections parallel each
other (Fig. 8). The construction of the final 3-D model structure is
then performed automatically by IGMAS from the 2-D sections.
Interactive modification of the model parameters (i.e. geometry and
density) is performed through a direct, simultaneous visualization
of both the calculated and measured gravity. Once the gravity is
computed for the 3-D model, the computed and observed residual
anomalies are compared each other, and the modelling process starts
again with another step or stops in the case of good convergence.
At a preliminary stage, some tests have to be performed in order to
define the most suitable number of sections and bodies, the density
values, and the initial geometry.

The model here presented as the ‘final model” (Fig. 7d) is the
most accurate one obtained after the whole iterative process. Its
geometry is defined along 16 NS sections spaced by about 200 m
in the denser part (Fig. 8a). The 3-D structure consists of five 3-D
bodies with constant density. Table 2 summarized the characteristics
of each body, while one of the vertical sections used for defining
the model is shown in Fig. 8(b). The starting density values have
been assigned mainly on the basis of literature data specific for the
alpine environment (Lacave & Lamille 2007). The alluvial/glacial
sediments are divided into two different bodies (i.e. layers) repre-
senting unconsolidated and consolidated sediments, respectively. A
specific constrain for the shallow sediments of this study comes
from bibliography Vp velocity value measured in shallow refraction
seismic survey located in the northern area of Tolmezzo munic-
ipality which falls in the range 1100-1370 ms~' (Petris 1996).
The density range of 1780-1850 kg m~ obtained after conversion
(Gardner et al. 1974) agrees with those of literature and has been
used for the top-sediments. For the consolidated sediments, the den-
sity has been selected on the base of the indications provided by
SISMOVALP project (SISMOVALP Project — WP6 Generic alpine
ground motion 2007) and agree with those adopted in the other
few similar studies performed for alpine valleys (e.g. Frischknecht
et al. 2005). The goodness of this approach is supported by the
comparison between the density vertical profiles of the final model
and those obtain converting the Vs profiles acquired in this study.
Fig. 8(c) shows the results: the solid line represents the density val-
ues derived from the new acquired Vs using empirical conversion
laws applied in two sequential steps, that is, from Vs to Vp (Brocher
2005) and then from Vp to density (Gardner et al. 1974). The dotted
line shows the final density values obtained by 3-D forward gravity
modelling.
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Figure 7. Bouguer anomaly map (a), regional gravity field (second degree polynomial definition of the Bouguer anomaly) (b), residual gravity field (c),
residual gravity calculated from 3-D model (d), and difference between measured and modelled residual gravity fields (d). The difference values are explicitly
written at some measurement points in panel (d). Black dots indicate the measurement points. Coordinates are given as in Fig. 1.
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Figure 8. (a) Plan of the 2-D transects used to define the 3-D gravity model with IGMAS. The final model is defined by 16 sections; (b) for each section
IGMAS calculates the gravity field and displays the computed and observed gravity anomaly. The example shown here highlights the misfit obtained at the
valley edge owing to a inadequate value of bedrock density: at south, the adopted density value of 2500 kg m~3 is lower than the real one, while the contrary
happens at north. (c) comparison between the density final model (dotted line) and the density profiles derived from the new acquired Vs using empirical

conversion laws (see text for more details).

Table 2. Parametrization of the gravity model.

Geological description Depth (m)  Density (kgm™3)
Body 1  Top alluvial sediments (unconsolidated clays and sands) 0-30m 1800
Body 2 Alluvial sediments (consolidated clays and sands) >30m 2100
Body 3 Alluvial fans - 2300
Body 4 Bedrock (carbonatic rocks) - 2500
Body 5 Reference density - 2500

In order to define the model gravity anomaly, a reference model
must be chosen. A reference density of 2500 kg m— has been used,
which corresponds to the value adopted for the Bouguer anomaly
calculation and the value assumed for the valley bedrock. Thus,
the resulting anomaly represents only the effect of the shallower
modelled bodies (loose sediments and alluvial fans). In the man-
ual iterative process, the parameters that have been changed are
boundaries (among sediments-basement and sediments-fans) and
densities (of the loose sediments and fans).

The main density contrast is defined between the alluvial deposit
and the underlying rock (carbonate rock). The interface between
consolidated and unconsolidated sediments is defined at 30 m of
depth. In the iterative process, the depth of this interface has been
held fixed while the density of the top sediments has been left to
vary within the range indicated above. No lateral density variation
(i.e. from the centre to the edge of the valley) has been introduced,
since the available data (e.g. the already mentioned GPR survey
and the borehole description) do not allow to improve the adopted
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plane layer model in this sense, but arbitrarily (Pfister, personal
communication, 2007). The value of 1800 kg m~ (Table 2) is the
final result of the iterative modelling process obtained for the top
sediments. The geometry of the other buried boundaries (bedrock-
valley sediments, bedrock-fans and fans-loose sediments) as well as
the density of the alluvial fan is the result of the iterative procedure
of modelling, since no other constraint is available at present.

For the final model, the shape of the calculated gravity anomaly
field is well correlated with the measured field (correlation coef-
ficient equal to 0.90). The difference between the measured and
calculated gravity anomaly fields (Fig. 7e) always is lower than
+0.2 mGal, that is, less than 3 per cent of the measured residual
gravity anomaly, within the valley. It becomes significant (with val-
ues of about £2 mGal) only at the border of the study area where
the bedrock outcrops, that is, at the foot of Mt Dobis, at and near
the Curions Hill, and at the foot of Mt Strabut. These discrepancies
are an effect of the difference between the real density distribution in
the bedrock versus the one defined in the model: positive/negative
values correspond to higher/lower density than the assumed one.
Thus the formations of the Curions Hill, Mt Amariana and Mt Do-
bis feature density higher than 2500 kgm™3, while the opposite
holds for Mt Strabut and the hills SW of Tolmezzo. This result
agrees with the observed lithologies, as the dolomite of the Curi-
ons Hill and Mt Amariana is expected to be denser than the other
surrounding formations (Faccenda et al. 2007).

The morphology of the TRV resulting from the gravity inter-
pretation is displayed in Fig. 9. It shows two deeper trenches with
maximum depth of 400—450 m, one located at SE of Tolmezzo, be-
tween Mt Strabut and Curions Hill, and the other at East of Cavazzo
Carnico, at the edge of the study area.

The study here presented aims at providing a first image of the
buried morphology of the TRV, hence the accurate modelling of the
rock structure, in order to get rid of the discrepancies obtained in
the residual gravity anomaly already discussed, and possible con-
sequences in terms of tectonics are out of the scope of this paper.
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However, some tests have been performed in order to evaluate the
error on the reconstructed shape of the valley. It has been found
that the reconstructed valley shape is rather stable and its depth
depends mainly on the density contrast between bedrock and al-
luvial sediments, that is, the lower (higher) the density contrast
between the bedrock and alluvial sediments the deeper (shallower)
and narrower (wider) becomes the valley. In particular, a variation of
+100 kg m~3 in the density contrast between the bedrock and the al-
luvial sediments—considering that the reference density contrast is
400 kg m~> (Table 2), this value corresponds to a variation of about
25 per cent and represents an upper limit of the uncertainty—results
in a maximum variation of about 70 m in the deeper parts of the
valley (CCP), that is, less than 20 per cent of the maximum depth.

5 VALLEY MODEL FROM
MICROTREMORS

Ambient seismic noise has been recorded at 260 sites throughout
the valley (Fig. 10), with major detail in the areas of TZT and
CCT. The recording equipment consisted of a Reftek C130 station
with a three-component 1 Hz sensor (Lennartz 3-DLite/1 s). The
recording duration ranges from 20 to 60 min, in order to ensure good
quality signal windows. About 10 per cent of the measurements were
repeated 2 yr later for verifying the stability of the results. When
possible, the measurements were performed at or close to the sites
where borehole data were available.

All the recorded data have been analysed using the single station
H/V method. A manual selection of the time windows has been
performed in order to retain the most stationary parts of noise and
avoid anomalous spikes or transients often associated with specific
sources (e.g. walking, traffic). The spectral analysis was performed
on multiple cosine tapered 180 s long windows of the signal. The
overall processing procedure is consistent with the recommenda-
tions of the SESAME Project (2004). More details can be found in
Priolo et al. (2001).
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Figure 9. 3-D IGMAS model of the buried morphology of the Tagliamento River Valley. The thickness of the sedimentary coverage above the geophysical
bedrock is obtained by interpolating the results of gravity modelling. The location of the boreholes and seismic profiles is explicitly shown.
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Figure 10. Right-hand panel: distribution of the fundamental frequency of vibration estimated from the HVSR of ambient noise for this study area. The panels
surrounding the map show the average HVSR computed for selected zones with similar HVSR.

Fig. 10 shows the distribution of the fundamental frequency of
vibration f estimated from the HVSR of ambient noise as the
frequency of the first HVSR peak. It must be said that, for the
HVSR observed in this area, the first peak is sometimes fuzzy and
it does not always correspond to the maximum HVSR amplitude.
In general, the HVSR feature a single peak only in few zones, while
in most cases they feature more peaks (e.g. at the valley edges) or
a quite smooth behaviour. Notwithstanding, the observed HVSR
feature a very good spatial coherence in the short distance range
(i.e. about 200-300 m). The panels surrounding the map of Fig. 10
illustrate the situation described above. Each panel represents the
average HVSR computed for selected zones with similar HVSR.

It is commonly acknowledged (e.g. Lachet & Bard 1994; Ibs-von
Seht & Wohlenberg 1999; Scherbaum ez al. 2003) that, under some
assumptions about the underground structure (e.g. 1-D resonance
model), the HVSR method reveals the fundamental resonance fre-
quency of sites very easily, and the amplitude of the HVSR at the
fundamental frequency f is an indicator of the S-wave velocity
contrast between bedrock and sediments (Féh et al. 2001). In a
complex geological setting such as that of an alpine valley, where
the basic assumptions are not always satisfied, it may be trickier to
distinguish between 1-D and 2-D to 3-D resonance as well as to
identify the fundamental frequency of resonance. This matter will
be discussed in a further section.

The fundamental frequency of resonance f (Fig. 10) has been
used to estimate the thickness / of the sediments within the valley.
Owing to the lack of detailed data for the S-wave velocity, it has been
preferred to use the simpler, classical formula /o = Vs/(4f ) valid for
1-D models, where Vs represents the average S-wave velocity of the
sediment, to the more accurate formula based on a gradual increase
of velocity with depth introduced by Ibs-von Seht & Wohlenberg
(1999). Fig. 11 shows the map of the sediment thickness computed

using the value of Vs = 900 ms~', estimated as the average of

the S-wave velocity profile at site C2 located in the middle of the
TRV. The estimated thickness varies from a minimum of 25 m to a
maximum of about 450 m, with an error evaluated at about 20-25
per cent. The map reveals a relatively shallow sediment fill in the
alluvial fan of Rivoli Bianchi and within the Tagliamento river bed
(TZT in Fig. 1), while the deeper part of the valley is found at the
southern part of the CCP. The results obtained here are consistent
with the information of the few deep boreholes available, that are
located along the But river and in Tolmezzo (Fig. 2), and where
no bedrock is reached at 148 and 90 m, respectively. Note also
that additional peaks in the HVSR have often been observed in
similar cases and can be ascribed to surface layer with relatively
high impedance contrast (e.g. Frischknecht et al. 2005).

6 1-D VERSUS 2-D RESPONSE FROM
RESONANCE ANALYSIS

Since the 2-D resonance patterns are the results of the interference of
vertical and horizontal propagating waves, they can only appear in
relatively deep basins and valleys. The first attempt to parametrize
the 2-D response is due to Bard & Bouchon (1985). In order to
distinguish 1-D from 2-D resonance effects in a simplified way,
they introduced the concept of critical shape ratio (i.e. the ratio
between the maximum sediment thickness 4 and the valley half-
width w), that, depending on the velocity contrast between sediment
and bedrock, controls the kind of resonance (Fig. 12).

For valleys which have shape ratio and impedance contrast that
induces 2-D resonance or other complex geometry, the approach of
relating the frequency of HVSR first peak directly to 1-D frequency
of resonance can lead to a wrong interpretation of the valley struc-
ture. This happens especially at valley edges or for deep and steep
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Figure 11. 3-D model of the buried morphology (i.e. thickness of the sediments above the geophysical bedrock) of the Tagliamento River Valley inferred
from the interpolation both the fundamental frequency of resonance estimated from the HVSR of ambient noise and Vs profiles. This model can be directly
compared to that displayed in Fig. 5, obtained from the gravity inversion. The white triangles indicate the array of stations used for the analysis based on the
Reference Site Method. The location of the boreholes, seismic profiles and single station measurement points is also mapped.
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Figure 12. 1-D to 2-D critical shape ratio curve as proposed by Bard &
Bouchon (1985). Rectangles represent results obtained for the cross-sections
(additional panels) of the Tagliamento River Valley at TZT and CCP (see
Fig. 1 for location).

basins, where the horizontally propagating surface waves interfere
with vertically propagating waves (e.g. the case of the Grenoble
area in Isére Valley (Gueguen et al. 2007) or the Rhone Valley
(Frischknecht et al. 2005; Roten ef al. 2006). In these cases, the 2-D
resonance may become dominant and 1-D model cannot be used for
interpreting the HVSR of single station measurements (Roten et al.
2006).

By applying Bard and Bouchon’s criterion (1985) to the structure
of the TRV depicted in Figs 9 or 11, it comes out (Fig. 12) that
the northern part (e.g. TZT and its surroundings) features clear 1-D
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resonance while only in the CCP 2-D effects could arise, although
neither 1-D nor 2-D resonance effects would prevail.

In order to verify the hypothesis above and evaluate the nature of
the valley response in the area of CCP more accurately, two distinct
methodologies have been applied, that is (1) the reference site spec-
tral ratio method (RSSR) applied to simultaneous noise recordings
as suggested by Roten et al. (2006) and (2) a 2-D numerical simula-
tion of the valley response using a fast numerical method (Paolucci
1999).

6.1 The reference site spectral ratio method

The RSSR method was first developed for and applied to earth-
quake data (Borcherdt 1970; Lermo & Chavez-Garcia 1994). The
application to noise recordings is more recent (e.g. Kagami et al.
1982; Kagami et al. 1986; Yamanaka et al. 1994; Steimen et al.
2003; Roten et al. 2006) and answers to the necessity of a quicker
and cheaper method for estimating 2-D or 3-D amplification effects
in regions with low seismicity.

The RSSR method compares the amplitude Fourier spectra of in-
dividual components recorded on a soft-soil site to those recorded at
areference station located on rock (e.g. Field ef al. 1990; Yamanaka
et al. 1993; Lermo & Chavez-Garcia 1994). The original method
uses signals from long-distance earthquakes under the assumption
that source and path effects are identical at the soil and bedrock
stations. When using ambient vibrations, this important condition
is not necessarily fulfilled. However, long-period microtremors are
caused by oceans waves and have a long-distance source when
measured in inner continental regions. Therefore, they have sta-
ble spectra for long periods of time (Bard 1998). Field & Jacob
(1993) assumed that the noise spectra were white before entering
the sediment valley: this condition would ensure that the source and
path effects were statistically equal at the two stations over long
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recording periods. According to Roten et al. (2006), ambient noise
records recorded simultaneously by a linear array perpendicular to
the valley axis can be used for identifying the resonance modes in
sediment-filled valleys.

Noise records have been acquired by an array set out across
the TRV in the area of CCP, where models predict the maxi-
mum thickness of the alluvial sediments (Fig. 11) and the shape
ratio is supposed to be maximum. One station (CAO1) was de-
ployed nearby, on outcropping rock. CMG40 Guralp sensors with
eigen frequency of 40 s have been used together with Lennartz 3-
DLite/1 s sensors. About 60 min of noise wavefield were recorded.
The sensors were oriented so as to have the two horizontal com-
ponents aligned with the longitudinal (N150E degrees, correspond-
ing to the valley elongation) and transversal (N60OE degrees) axes
of the wvalley, respectively. Note that the direction of the lon-
gitudinal and transversal axes of the valley correspond to the
polarization direction of the Rayleigh and Love surface waves,
respectively.

Fig. 13 shows the results obtained by this approach, separately for
the three components, together with the HVSR computed for each
single station. As already observed by other authors (e.g. Steimen
et al. 2003), the RSSR of the horizontal components allows an
easier identification of the low frequency resonance, since peaks
appear sharper than those displayed by HVSR. In this case, the fun-
damental frequency is estimated at 0.55 and 0.6 Hz for the Love and
Rayleigh waves, respectively. Note also that the fundamental peak
of the horizontal components changes its characteristic frequency
and amplitude across the valley, that is, as the sediment thickness
changes. This fact strengthens the interpretation of a 1-D-type val-
ley response.

6.2 Paolucci’s method

In 1999, Paolucci introduced a fast method based on the Rayleigh’s
principle to compute the 2-D resonance frequencies of the funda-
mental and first higher modes, respectively, for any shape of valley
and S-wave velocity contrast at the bedrock. This method has been
applied to the transversal cross-section of the Tagliamento Valley
across the CCP, which corresponds to the array described in the
previous section. For major convenience, the valley profile was ap-
proximated by a cosine asymmetric shape. The valley half-width has
been set at 750 m, while two different thicknesses of the sediment
fill, set at 350 and 450 m have been evaluated. The corresponding
shape ratio is 0.49 and 0.6, respectively. The S-wave velocity of the
sediment fill and bedrock have been set at 900 and 1900 ms™', re-
spectively, consistently with the average values of the three profiles
available (Fig. 5). Note that, with Paolucci’s method, the velocity
of the bedrock does not affect the frequency of vibration but only
the magnitude of the mode. We have also performed an additional
test, by using a lower limit value of 600 ms~' for the velocity of the
sediment, in order to take into account any possible variability.
The results obtained by this analysis are summarized in Table 3.
The 2-D resonance frequencies predicted for the two valley depths
and the SH and SV fundamental mode of vibration (0.93, 1.07) Hz
for A =350 m and (0.76, 0.93) Hz for # = 450 m for the two modes,
respectively) do not explain the values of 0.55 and 0.6 Hz estimated
for the same modes from microtremors. Only using the very low
limit of 600 ms~! for Vs the 2-D resonance frequencies approach
the observed ones. It comes out that the observed frequencies of
resonance correspond better to a 1-D resonance of the sediment fill,
rather than 2-D resonance. It also confirms what was illustrated by
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Figure 13. Spectral ratios to reference station of noise recorded along the array deployed across the Cavazzo Carnico Plain (see Figs 1 and 11). The three
components of the motion are shown. The reference site is CAQ1. The bottom panel shows the HVSR of noise computed separately for each station of the array.
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Table 3. Comparison between the resonance frequencies measured at
Cavazzo Carnico Plain (CCP) and those predicted by Paolucci’s method.
The frequencies for the lower Vs velocity (i.e. 600 ms~!) are indicated in
brackets.

Paolucci’s method Vs = (600—)

Mode Measured 900 ms~!

h=350m h =450 m
SH 0.55 Hz (0.61—) 0.93 Hz (0.5—) 0.76 Hz
SV 0.6 Hz (0.71—) 1.07 Hz (0.62—) 0.93 Hz

Fig. 12, that is, that the seismic response of that part of CCP lies
halfway between the two kinds of responses, and gives a reason for
the dependency of the resonant frequency on the position of station
within the valley observed in Fig. 13.

7 DISCUSSION

The main goal of this study is the definition of the buried shape of
the TRV near Tolmezzo and Cavazzo Carnico municipalities (NE
Italy). Due to the lack of detailed seismic reflection profiles and
borehole logging data at depth, two indirect, low-cost, geophysical
methods of investigation were applied, such as the gravity method
and ambient noise measurements integrated by surface wave disper-
sion analysis. Since these two families of methods measure different
physical quantities, they provide two nearly independent ways of
imaging the underground morphology of the seismic bedrock. The
gravity method exploits the variations in the Earth’s gravitational
field arising from lateral variations of the density between rocks
and soils, while the seismic noise records can be used to determine
the resonant frequencies of the sediments due to S-wave velocity
contrast at the valley bottom. The surface wave dispersion analysis
provides eventually a good way for constraining the S-wave velocity
at depth locally and integrating the interpretation of the HVSR in
terms of sediment thickness.

The two images of the buried topography of the TRV obtained
in this study (Figs 9, 11 and 14) look reciprocally very coherent,
besides some minor details. Gravity model shows a gentler shape
of the valley, while that interpreted from HVSR features a stronger
dependency on the data locally. It must be said, in this concern, that
the construction of the latter model is based on the interpretation of
the first peak frequency and that this assignation may be uncertain
when the HVSR features complex shape (e.g. multiple peaks or a
weak low-frequency peak). Note also, in Fig. 14, the different level
of the bedrock predicted by the two methods at the western edge of
profiles 4-7 that can be due to a not perfect correspondence between
density and S-velocity of the surface structure of the model in
those parts. However, being the result of independent methods, they
represent the first, reliable indication on the overall underground
structure of the TRV in this area. Both interpretations suffer the lack
of suitable calibration points—it would be very important to have
even few but well-constrained data about either the depth and the
lithology of the bedrock or the density at some points, however the
errors of the predicted bedrock depth have been roughly estimated
in 20-25 per cent for both methods.

What is important for the gravity model is that the shape of
the valley has been obtained by modelling the gravity anomalies
with no heavy a priori assumptions. Since there is no evidence of
lateral variation of the sediment density, the gravity anomaly reflects
directly the average underground morphology of the density contrast
at depth beneath the measurement point. The model obtained from
the gravity interpretation represents a smooth image of the valley
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basement. It is the best result of a trial-and-error process, where
the geometry of the few modelled bodies has been let vary. The
differences between the measured and modelled gravity anomaly
(e.g. Fig. 7e) at the edge of the valley can be interpreted as a density
variation in the bedrock (i.e. the larger the measured anomaly the
denser the real rock). This means that the final model here proposed
(Fig. 9) could be shallower near the Curions Hill and deeper near
Mt Strabut.

Some uncertainties affect the model based on the HVSR method
too. The HVSR analysis of single station records can lead to an
erroneous/non-unique interpretation of the fundamental resonance
frequency. This may happen especially close to sharp valley edges
or if the horizontal components have not previously been aligned
to the valley axis. The RSSR method applied to array records has
revealed a strategic tool for the overall interpretation of the reso-
nance behaviour of the valley. In this case, it has become clear that
the TRV features a prevailing 1-D response. This fact simplifies the
analysis of the HVSR and allows for an easier interpretation of the
resonant frequency in terms of sediment thickness.

The overall shapes of the valley obtained by the two approaches
(Fig. 14) are reciprocally consistent, even though some differences
exist especially where data are lacking and considering the dif-
ferent ‘resolution power’ of the methods. Both models predict the
maximum sediment thickness of about 400-450 m in the area of
CCP. This value seems very large if one considers that a similar
thickness has been documented for the Quaternary coverage only
in the southern part of the Friuli region, 50-70 km from Tolmezzo
(Nicolich et al. 2004). It corresponds to rates of Plio-Pleistocene
sedimentation which are typical of the western Alps, while they jar
with the geological history of the Friuli region (Venturini, personal
communication, 2007). Therefore, this depth could be consistent
with that of the top of carbonate rocks. The HVSR measured of
this study would confirm this hypothesis, since they show that the
low frequency peak at 0.6 Hz becomes the dominant peak (Fig. 10)
only in the eastern part of the valley, where the carbonate rocks are
supposed to be buried under the sediments, while it is weak or lacks
where conglomerates are found (e.g. North of Curions Hill).

8 CONCLUSIONS

Two passive, low-cost geophysical methods are evaluated with the
aim of investigating the buried shape of the TRV in North East Italy.
They are: (1) a 3-D gravimetric forward modelling and (2) the HVSR
of microtremors integrated by surface wave dispersion analysis.
Since these two methods measure different physical quantities, they
provide two nearly independent ways of imaging the underground
morphology of the seismic bedrock. The gravity data and ambient
noise HVSR were interpreted separately since no joint inversion
method has been developed to date for this kind of data. During this
study several new data have been acquired and are presented here,
that is, gravity data, seismic noise data, both at single station and
array and active seismic refraction data. The latter have been used
to constrain the S-wave velocity at depth at three sites.

The analysis and modelling of the underground structure per-
formed by gravimetric and microtremor methods separately have
lead to geophysical models (Figs 9, 11 and 14) that feature a high
degree of consistency, beside some minor details. The common
image thus depicted shall not be meant as a detailed and highly
constrained representation of the valley bedrock; however, being
the result of independent methods, it represents the first reliable re-
construction on the subsurface morphology of the TRV in the area
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Figure 14. Comparison of the buried morphology obtained by gravity and microtremor analysis. Top panel: map of the study area with the posting of the
measurement points (red for gravity and black for microtremors) and the transects along which the two models are compared. Other panels: subsurface alley
bottom (elevation on the mean sea level) along the transects shown in the map (ground level in black).

surrounding the town of Tolmezzo. This image represents a useful
starting point for future activities such as further surveys, numerical
models, and seismic hazard or microzonation studies. Considering
the very low-impact of these methods, the overall approach of a joint
application of gravimetric and microtremor surveys is confirmed as
a powerful tool of investigation for the aims above depicted.

The basin of the TRV in this area features a width ranging from
about 750 m to 2.5 km. The bedrock morphology features two main
trenches (Fig. 11). That located in the area of Tolmezzo is wider
and has an average depth of about 200-300 m; the other, located

beneath the CCP, is much narrower and deeper and it reaches a depth
of about 400-450 m. This value seems very large for the eastern
Alps and could correspond to the top of carbonate rocks. The two
trenches are separated by a saddle that joins the Curions Hill to the
foot of Mt Amariana where the sediment thickness decreases to less
than 100 m.

On the basis of the obtained morphology and some direct mea-
surements, it comes out that the TRV features an overall 1-D seis-
mic response (i.e. the resonance is related only to the sediment
thickness and not to the cross-section shape). Even in its deepest
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part, that is, the area of the CCP, the 1-D resonance is well docu-
mented although some limited 2-D effects could probably take place
here in addition.
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