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The urban area of Gemona (NE Italy) is mainly built on alluvial fan sediments that 

contributed to its destruction during the Friuli earthquake, May-September 1976. In this 

work, we provide a better insight of Gemona del Friuli alluvial fan area, especially with 

respect to the location of the boundary between the sediments and crystalline basement 

(bedrock), and its variation with depth. We use gravimetric data to characterize a model 

with a homogeneous sedimentary layer of variable thickness along five profiles. The 

procedure starts with raw gravity data and leads to the characterization of a model for the 

sedimentary layer along each profile. This approach is based on gravity inversion applied 

to the residual Bouguer anomaly that is associated to the gravity effects of the basement 

upper boundary. The constraints used in the modelling were two boreholes that reach the 

bedrock, geological outcrops and intersection points on the profiles. We derive the mean 

thickness along all the profiles and the bedrock undulations. The knowledge about the 

thickness of the sedimentary layer over the fan area provides an important input for seismic 

risk studies, in particular for modelling of site effects. 



 2

 

Keywords: Gravimetry; Gemona del Friuli; Alluvial fan structure; Seismic risk 



 3

1 Introduction 

 

The Friuli Venezia Giulia (NE Italy) seismic region is characterized by a N-S directed 

compressive tectonic regime related to the interaction between the Eurasian plate and the 

Adriatic microplate (Anderson and Jackson 1987). In the past several moderate-to-high 

intensity events have occurred in this area (Ambraseys 1976). In particular, the Gemona-

Tolmezzo area suffered from several destructive earthqukes, the most recent being the 

May-September 1976 (Intensity X) one. This area is characterised, therefore, not only by a 

high seismic hazard, but also by a high seismic risk, due to its dense population and the 

presence of important site effects related the type and thickness of the sedimentary layers 

that cover most of the inhabited valleys. 

The Friuli Venezia Giulia Accelerometric Network (RAF) was installed by the Department 

of Earth Sciences, University of Trieste, in the framework of international scientific 

projects, in the period 1993-1995. At present, the network is regularly updated in 

collaboration with the Civil Defence of the Friuli Venezia Giulia (FVG) Region. 

Nowadays RAF consists of 14 broadband digital accelerometers, which allow the 

recording of both local and regional events. RAF configuration allows to record ground 

acceleration values at 14 sites, some with peculiar site characteristics, others near 

populated city centres in the FVG area, that experienced damaging during the big 1976 

earthquake.  

Some stations of the network are installed to study the seismic response of sites 

characterized by a sedimentary cover that amplifies the signals at frequencies of 

engineering interest (< 5Hz). In particular, three RAF strong-motion stations are located in 

the Gemona area: GEPF, the reference station on bedrock, GESC, located on alluvial fan 

sediments, GETM (operating from 1993 to 2000 and then replaced by GEDE station), 
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positioned in the sedimentary basin. Comparisons between the spectral amplitude values of 

GESC and GEPF records for the same event show that alluvial fan sediments (GESC) 

amplify the seismic signal 5-6 times with respect to outcrop rock (GEPF) (Costa et al. 

2006; Furlanetto et al. 2006; Marrara et al. 2001). The seismic signal amplifications 

recorded at different strong-motion stations have to be analysed if a seismic scenario is to 

be estimated in the FVG area. To quantitatively explain and then estimate the site effects in 

the area it is important to characterize the local subsoil structures, in particular the 

thickness of the sediments and their lateral variations. 

Our aim in this paper is to gain a better insight of the Gemona alluvial fan area, especially 

about the thickness of alluvial fan sediments, upon which most of the city is built, and its 

lateral variations. 

Previous geotechnical explorations in this area date back to 1977. During the months 

immediately following the destructive Friuli 1976 event, a large amount of data on 

earthquake effects was collected, in particular data on the soil stability regarding 

construction works (Broili 1982; Martinis 1977). For this reason, some boreholes were 

drilled to evaluate the stability of the top (first 30 m) soil layers. A few of these boreholes 

did reach the calcareous bedrock and provided the thickness of the sedimentary cover. 

Some deeper perforations were made in 1981 in the Gemona-Osoppo field (Stefanini 1986) 

and then used to obtain a rough estimate of the bedrock depth (Giorgetti  and Stefanini 

1989) in the valley delimited by the Tagliamento River and the moraine hills. 

The existing data however do not permit to estimate the bedrock depth in the city of 

Gemona. The large amount of borehole data and the related detailed stratigraphic columns 

are anyway very useful to: 



 5

• provide some constraints on the bedrock depth, both where the borehole reaches it 

(holonomic constraint) and where it does not reach it (an inferior limit for the 

bedrock depth); 

• notice that the same lithotype is found at different depths, also at nearby locations, 

and that there is no regular stratification within the sedimentary cover; 

• evaluate the mean density of the whole sedimentary cover on the basis of the 

lithotypes found in the area. 

Another constraint comes from the work of Martinis (1977), a geological map updated 

with observations collected right after the 1976 earthquake. The outcrops around the fan 

are mainly made up of limestones, calcareous dolomia and dolomia. 

 

Due to the geological feature of the surveyed area discussed above, the urban conditions 

and logistic possibilities, gravimetric data were used to investigate the bedrock topography. 

For this we need to sample the gravity field with a resolution high enough to discriminate 

the density contrast between the sedimentary cover and the calcareous bedrock and to 

estimate the bedrock depth.  

The available gravity data set, that covers the surveyed area, has a minimum station 

spacing of about 1 km (Zanolla et al. 2006). The data set was formed in the perspective of 

global studies that allow quantitative interpretations of the gravity field across the Eastern 

Alps and the determination of the Moho depth. We are, on the other hand, interested in a 

boundary that lies at a depth of about hundred meters or less and with undulations of the 

order of tens of meters.  

For our purpose, it was therefore necessary to construct a gravity data set that samples the 

investigated area with greater detail. A sampling step of about 40 m is found to be 

appropriate to investigate the depth range and the heterogeneities we expect to find. 
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Logistics forced us to plan the data acquisition along some profiles in order to investigate 

the alluvial fan structure along a few cross-sections. In fact, a dense building environment 

and a large number of fenced private fields prevented us to sample all the fan area with 

regular 40 m spacing. We have chosen to use for our profiles the pre-existing streets 

whenever possible, in particular the N-S directed ones with very limited traffic.  

The range between the profiles has to allow a good coverage of the fan from its top, on the 

East, to its bottom, on the West. A few more constraints led to the selection of the 

appropriate profiles: the need to evaluate the sedimentary thickness under some specific 

points (existing strong-motion RAF stations) and the requirement that the modelling of the 

gravity residual field be as unambiguous as possible. 

On the basis of these constraints, it was possible acquire the gravity data during the field 

campaign with the desired resolution and to compute the Bouguer anomaly along the 

selected profiles. The computed anomaly curves and the information collected from pre-

existing studies permit to achieve a reasonable model of the thickness of the sedimentary 

cover along several profiles on the Gemona alluvial fan. 
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2 Gravity Database 

 

Field operations were performed in the periods June 8-17, 2004 and February 23-25, 2005. 

The deployed instruments were a LaCoste&Romberg mod. D-018 gravimeter with ZLS 

feedback, for microgravimetric measurements, a total station Sokkia (SET4-CII) and two 

GPS receivers Ashtech Z-Xtreme connected with two “geodetic IV” antennas, for stations 

positioning measurements. 

Some profiles were selected by the requirement that they pass through existing RAF 

accelerometric stations: GEPF location is a constraint to the modeling, since the station is 

sited on a rock outcrop, whereas the profile through GESC is chosen in order to estimate 

the soil thickness under it. 

The constraints on the location of the profiles were the following: 

• two points of the profiles have to contain the locations of the two RAF stations; 

• the three main surveyed profiles have to be oriented N-S, more or less parallel to 

each other, and have to cover as much as possible the fan extension; 

• the other two profiles have to be created along the E-W direction and to connect the 

N-S profiles with “anchoring” points; 

• one of the profiles has to overlap the location of a borehole that reaches the 

bedrock. 

These requirements are useful to create unrelated boundary conditions for the gravity 

inversion. The boreholes that reach the bedrock, and that represent an excellent constraint 

for this work (Table 1), are borehole n. 328 and borehole n. 427 (Stefanini 1986). 

 

A gravimetric station belonging to profile no. 5 is at the location of borehole n. 382, this 

station representing a gravimetric “anchoring” site. We faced some logistic problems to set 
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a gravimetric station, belonging to profile no. 1, in correspondence of borehole n. 427. In 

order not to lose the constraint represented by this borehole, we have set a gravimetric 

station on Profile no. 1 very near the borehole location, and at the same height. 

The locations of all five selected profiles are shown in Figure 1. The profiles are drawn on 

a topographic map and the locations of the two boreholes, as well as those of the two RAF 

stations and of the gravimetric station that connect and constraint the profiles are clearly 

marked. It is easy to notice that N-S profiles were extended as much as possible so that 

their end points reach the outcrop. Such points represent an additional constraint for the 

gravimetric inversion. 

The gravity data set includes 163 stations. The step ranges from about 40 m to about 50 m. 

The position of all the gravity stations was determined with theodolite, connected to DGPS 

measurements over 10 selected stations. The reference receiver was mounted at a station 

with known coordinates belonging to the Italian GPS Net IGM95. In this way we 

determine the latitude, longitude and height of the gravity points in the WGS84 system. To 

define the orthometric height for all stations, a receiver has been put on a levelling 

benchmark, linked to the Italian high precision levelling net (IGM95) and close to the end 

of a gravity profile, in order to know the geoid undulation. Orthometric height is 

determined with an error of ±0.05 m. 

A standard acquisition was used for the gravimetric field data. A well constrained first-

order gravity net, based on four stations, has been established in the surveyed area. One of 

these points (Rif. 301, Lessi) has been tied with the absolute gravimetric site of Basovizza 

(Trieste). The detailed gravity points were then acquired using the loop method, starting at 

one station of the first-order net and closing, before, at another one belonging to the first-

order net, to check the error closure, and then to the same opening station. The drift is in a 
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range between –0.3×10-7 and +0.3×10-7 ms-2, and an error closure, that spans between –

0.4×10-7 and +0.4×10-7 ms-2. 

The first-order gravity net has been adjusted by means of the least square method, and the 

g values show a standard deviation of ±0.2×10-7 ms-2. In the detailed loops, before the 

instrumental drift has been linearly distributed proportionally to the time along the 

measured stations, and then the closure error has been distributed in proportion to the 

number of gravity intervals of the considered loop. 

 

Hereafter we report briefly the usual assumptions used to calculate the Bouguer anomaly: 

• Geodetic Reference System 1980 (Moritz 1984) for the normal gravity; 

• Free-air correction, up to 2nd order, in height (Heiskanen and Moritz 1967); 

• Bouguer correction using Bullard B formula (LaFehr 1991); 

• Terrain correction for distances up to 25 km (Banerjee-Das Gupta 1977). 

 

All calculations are made using a constant density of 2.6×103 kgm-3 and the orthometric 

heights. The terrain correction is based on the DTM of Friuli Venzia Giulia Region, using 

prism cells with a square base of variable size dependent on the distance from the station. 

The distance ranges are three, from 10 m to 1 km, from 1km to 2.5km, from 2.5 km to 25 

km, with a square side of 20 m, 40 m and 120 m, respectively. The estimated error linked 

to these corrections is ±0.1×10-6 ms-2, due mainly to the height error, and is dominating 

over the field gravity measurements error (±0.8×10-7 ms-2). 

To consider only the heterogeneities corresponding to the boundary between sediments and 

limestone bedrock, we need to filter out the trend associated with the regional field. The 
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Bouguer anomaly over all five profiles shows a linear trend that is associated to the 

regional anomaly. This trend can be interpolated from the data and then filtered out. 

In Figures 2a, b, c, d, e, we show the residual anomaly of the profiles with the offset on the 

x axis. The profiles 1, 2 and 3, are N-S directed: the zero offset is located in the 

northernmost point of each profile. The profiles 4 and 5 are traced in a W-E direction: the 

zero offset is located in the westernmost point of each profile. In the graphics we also show 

the Bouguer anomaly, the regional field related to each particular profile and the residuals 

that have to be modelled.  
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Modelling 

 

The software employed for the modelling in this study is GravModeler 1.1 (Geotools 

Corporation): it uses the Talwani algorithm (Talwani 1959) that computes the gravity 

response of a single body at each observation point. The software is interactive, so it is 

very fast to check the fit between the observed data and the gravity response calculated 

from the model. The observed data are the residual anomaly values calculated from field 

measurements, the computed gravity response is the Bouguer anomaly beloging only to the 

modelled block. Both residuals and the Bouguer anomaly are relative values of the gravity 

field, so the matching is done between the trend of the two curves and not between the 

single exact values. 

All the data set was analysed and modelled from one profile to the other, the sequence of 

the modelled profiles being defined by the constraints discussed previously.  

 

The starting model is created in the same way for all five profiles: 

• bedrock density of 2.6×103 kgm-3, equivalent to the density of massive limestone 

rocks that form the bedrock in the study area; 

• bedrock polygon bottom at zero height (geoid reference surface); 

• upper boundary of the bedrock polygon equivalent to the field topography, 

extended for 1 km at the end points. These extensions are extrapolated from the 

DTM of the FVG Region and are useful to avoid border effects, arising from an 

unrealistic deficit or surplus of mass in the bedrock laterally surrounding the 

surveyed area, during the modelling phase. 
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The model used to compute the Bouguer anomaly is a polygon that maps the sedimentary 

layer: a single layer placed in the bedrock block with constant density and variable 

geometry. The sedimentary layer polygons were drawn interactively: the upper boundary 

matches the topographical surface of the bedrock polygon, the bottom one can be freely 

modelled, whereas the density is locked. The modelling of the lower boundary could 

change the polygon shape and so requiring a new calculation for the anomaly at the 

topographical surface.  

 

Before the modelling of the subsoil, we need to fix geometrical constraints to the profile. 

This is useful to a quasi-univocal modelling and fixes the order to follow in modelling the 

profiles. 

 

During field measurements, the station 502, profile no. 5, was set overlapping hole no. 382. 

This constrains the bedrock at station 502 to be at a depth of 115m from the topographical 

surface. This constrain is the starting point used to model profile no. 5. The shift between 

the residual curve and the gravity response curve is calibrated using this input and 

maintaining it fixed during the whole modelling of the profile. 

The profiles have common points used as constraints for each next profile to model: 

• point 116 from profile no. 5 to constrain profile no. 1; 

• point 421 from profile no. 1 to constrain profile no. 4; 

• point 212 from profile no. 4 to constrain profile no. 2. 

The fixed order to analyse the profiles is the following: 5, 1, 4, 2 and 3. 

N-S profiles are extended far enough to reach the alluvial fan borders. This gives the 

advantage of two fixed constraints: the outcrops at the end of the profile and the inclination 
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of the cliffs, which we assume similar both under the topographical surface and for the 

outcrop surface itself. 

 

Profile no. 1. 

The southernmost station (152) is located over an outcrop, station 151 is at the same height 

of the borehole no. 427 where the subsoil thickness is fixed at 43.3m and the northernmost 

station of this profile ends on Mount Ciamparis. 

 

Profile no. 2. 

Both ends extend to outcrops and are modelled according to the relative cliff’s slope. 

 

Profile no. 3. 

This profile is not connected to the others. We constrained the south end of the profile to 

the cliff’s slope of the outcrop of Mount Glemina. We also assumed, for geological 

reasons, that the sedimentary layer’s thickness does not exceed the one modelled on profile 

no. 2. 

 

Modelling was always developed on two steps: a first rough one to set the constraints and a 

second one to obtain a better agreement between observed data and response curve. In this 

second step vertices were added to the bottom line of the polygon and then were displaced 

to obtain the best fit. We paid attention to add no more vertices than useful and to avoid 

vertical jumps or steps that were not supported by geological features.  

The contrasts in density we focused in the interpretation of the residual field are shallow so 

that, building up the model for the sedimentary layer, the variations in gravity residuals 

were attributed only to topographical variations of the bedrock. In this way modelling has 



 14

allowed the identification of these variations profile by profile (Figures 3a, b, c, d, e) and to 

obtain the depth of the bedrock below the RAF accelerometric stations. We bear in mind 

that station 152 (profile no. 1) overlaps GEPF location (Figure 3b) and that station 230 

(profile no. 2) overlaps GESC location (Figure 3d). 

Boundary conditions, boreholes that reach bedrock depth, outcrops at both ends of N-S 

profiles and stations at intersection points between two profiles are crucial to a quasi-

univocal modelling of the profiles.In the case of E-W profiles, where boundary conditions 

were not available, the model was built up extending the calculations outside the observed 

data points to avoid border effects due to non-realistic environment cuts. 
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Discussion  

 

The residual anomaly can be attributed both to undulations of the bedrock or to massive 

intrusions incorporated within the alluvial fan having a higher density than that of the 

sedimentary matrix. Our preferred model is the simplest one: a single homogeneous 

sedimentary layer with no intrusions with a significant density contrast. In fact, from the 

information at our disposal, it was not possible to propose a more complex structure of the 

sediments. The average density of the sedimentary layer is fixed to 1.8×103 kgm-3 using 

previous studies: mean density tables for different lithotypes in the Gemona area and 

lithostratigraphic descriptions from the borehole drilled through the fan (Broili 1982). The 

study area covered by the inversion extends along the five profiles with a length changing 

from 792 m (profile 3) to 2032 m (profile 1). 

The misfit between the gravity data and the gravity response of the model usually does not 

exceed 0.05mGal, except for a few points that can be easily found out in the five modelled 

profiles. In profile no. 1, the southernmost points have a larger misfit. In any case the 

iteration process during modelling calculations was stopped when the variations in model 

depths or slopes, where not constrained, did not decrease the local misfit values. 

In some points of profile no. 2 there is a local step in gravity. In these points the iteration in 

modelling was not pursued to too much detail since this was leading to a geologically 

incorrect modelling of the sedimentary layer. 

Some steps in gravity data are found, e.g. at the southern end of profile no. 2. The step in 

gravity data affects the sedimentary layer modelling allowing a rapid variation in thickness 

that was not removed forcedly by modelling iterations. In fact the step can be an evidence 

for a strike-slip fault in a N-S direction as suggested in the tectonic model of the local fan 

area of Gemona del Friuli by Serravalle (1991) and Carulli (2006). 
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Also along other N-S profiles there are strong variations in the depth of the sedimentary 

layer, although not so rapid, connected to gravity steps. These cases can also be regarded 

as the evidence of a system of strike-slip faults along the N-S direction on the fan. 

A local thickening of the sediments along some profiles could be explained taking into 

account a deposit of a more erodable material, for example an intrusion of flysch, in 

contact with sediments. For this reason, a different modelling attempt was done on profile 

no. 3 which shows such thickening at its northern end. Locally the bedrock was tentatively 

replaced by flysch, with a density of 2.4×103 kgm-3, and the sedimentary layer was 

modelled again. It was impossible to reach a better fit by using a layer over the flysch area 

thicker than the one used over the carbonatic bedrock. From this attempt we can conclude 

that using micro-gravimetric data we are not able to discriminate and validate local 

variations in the bedrock density. 

Finally, other reasonable density choices have been used to see how density variations 

affect the results. The sedimentary layer density was found to be acceptable if in the range 

1.8 – 2.0 ×103 kgm-3 whereas acceptable values of the average density of the carbonatic 

bedrock were found in the range 2.4 – 2.6 ×103 kgm-3. Note that our original choice of the 

density values is based upon previous studies performed in the surveyed area and that the 

suggested variations (see below) are in agreement with the mean density values for the 

lithotypes present in the area. 

We have therefore tried the following combinations: 

• sedimentary layer: 2.0×103 kgm-3; bedrock: 2.6×103 kgm-3 

• sedimentary layer: 1.8×103 kgm-3; bedrock: 2.4×103 kgm-3 

and calculated the misfit between the data and the model response without changing the 

sedimentary layer geometry. The resulting misfit, after fixing geological and geotechnical 

constraints in every profile, was greater than that obtained with the original density choice: 
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no more than 0.2mGal for limited intervals of the curves. We have also found out that 

variations in misfit do not affect the connecting points or their neighbourhoods. 

The last step was to improve the modelling of the sedimentary layers, for the two new 

density combinations, in order to reduce the misfit values near those obtained for the 

original model. This test showed that the two alternative models have thickness of the 

sediments that differ locally from the original model by no more than 8 m. 
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Conclusions 

 

This paper is one of the first (e.g. Giraldo et al. 2005) that analyzes with microgravimetric 

data an entire alluvial fan (2 km in latitude and 3 km in longitude). The coverage of the 

data is not uniform but well distributed over the whole alluvial fan. The collected data have 

allowed us to achieve an accurate gravimetric modeling, within the considered 

approximations, that lead not only to the average depth of the bedrock, but also to its 

topographical variations. In the complete model (Figure 4) it can be noted that the 

thickness of the sedimentary layer, as expected, becomes less and less when going from the 

bottom to the top of the fan. In figure 4 the average thickness of the five profiles and the 

locations of the two seismological stations, GESC and GEPF are shown. 

The NS profiles show a minimum in depth at their ends, near the outcrops, and a maximum 

depth in the central area of the fan of 113 m for profile no. 1, of 119 m for profile no. 2 and 

of 82 m for profile no. 3. 

We have approximated the sedimentary layer as a homogeneous single layer, and 

associated the Bouguer anomaly variations to topographical variations of the basement 

uppermost boundary. These variations could be associated also to big rocks, with a 

different contrast density, located within the sediments. In fact, in the past and present days 

the fan area was quite exposed to rockfalls and huge amounts of material has been 

deposited from surrounding cliffs. Another possible explanation of the gravity anomaly 

variations could be the layering of flysch just above the bedrock, as found at a few 

outcroppings near the top of the fan.  

The selected model is however supported by previous studies and we do not have 

geotechnical data, or other source of information, for the entire fan area that could suggest 

us a different or more complex model than the one used. 
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Based on the considered assumptions and approximations, our results do provide a better 

insight of the subsoil structure of the Gemona del Friuli alluvial fan area. 
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Figures and their captions 
 

 
Fig. 1.Location of the 5 selected profiles in Gemona (see location on map) alluvial 
fan. On the map boreholes location (stars), stations location (white circles) and 
connecting points thought profiles (x) are marked. 
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fig. 2a Profile 1 fig. 2c Profile 3 

  
fig. 2b Profile 2 fig. 2d Profile 4 

 

Fig. 2. Shown for each profile: the 
residual anomaly (curve with stations id 
numbers), the Bouguer anomaly (solid 
curve), the regional field extrapolated 
along the profile (dashed curve). 

fig. 2e Profile 5  
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Fig. 3a. Model of the profile 5 

 
 

 
Fig. 3b. Model of the profile 1 
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Fig. 3c. Model of the profile 4 

 
 

 
Fig. 3d. Model of the profile 2 
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Fig. 3e. Model of the profile 3 

 

 

 
Fig. 4. Complete view of the surveyed area topography with gravimetrical models. The average thickness of the 5 
profiles and the location of the two seismological stations, GESC and GEPF are shown. 
 


