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Abstract: The NW-SE trending Udine-Buttrio Thrust is a partly blind fault that affects the Friulian
plain southeast of Udine in NE Italy. It is part of a wider fault system that accommodates the
northward motion of the Adriatic plate. Although seismic reflection data and morphological evidence
show that the fault was active during the Quaternary, comparably little is known about its tectonic
activity. We used high-resolution digital elevation models to investigate the surface expression
of the fault. Measured vertical surface offsets show significant changes along strike with uplift
rates varying between 0 and 0.5 mm/yr. We then analyze a topographic scarp near the village of
Manzano in more detail. Field mapping and geophysical prospections (Georadar and Electrical
Resistivity Tomography) were used to image the subsurface geometry of the fault. We found vertical
offsets of 1–3 m in Natisone River terraces younger than 20 ka. The geophysical data allowed the
identification of deformation of the fluvial sediments, supporting the idea that the topographic scarp
is a tectonic feature and that the terraces have been uplifted systematically over time. Our findings fit
the long-term behaviour of the Udine-Buttrio Thrust. We estimate a post-glacial vertical uplift rate
of 0.08–0.17 mm/yr recorded by the offset terraces. Our results shed light on the Late Quaternary
behaviour of this thrust fault in the complicated regional tectonic setting and inform about its hitherto
overlooked possible seismic hazard.

Keywords: active tectonics; tectonic geomorphology; geophysics; Udine-Buttrio thrust; Adria;
paleoseismology

1. Introduction

The border area between northeastern Italy and western Slovenia marks the northeastern margin
of the undeformed Adriatic microplate, which rotates counter-clockwise and moves north with respect
to stable Europe at a rate of 2–3 mm/yr [1,2]. It reveals the highest historical and instrumental
seismicity in the entire Alpine region and consequently, a high seismic hazard [3]. The Italian Database
of Individual Seismogenic Sources (DISS) identifies 16 active or dormant structures in this area (Figure
1) capable of generating destructive earthquakes [4]. The majority of these structures, west of the
Tagliamento River, belong to the eastern Southern Alps, striking in the (S)W–(N)E direction. East of
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the Tagliamento River, the tectonic framework is more complex. Here, NW–SE oriented right-lateral
strike-slip faults accommodate transpressional deformation and interact with the Alpine thrusts [5].
Such structures hamper a straightforward correlation of the main historical earthquakes to their seismic
sources in the area between Friuli and western Slovenia. For many strong events, the causative faults
are still debated.

Figure 1. Seismotectonic setting of the northeastern corner of Adria. IT = Italy, AUT = Austria,
SLO = Slovenia, HR = Croatia. Red polygons represent the fault plane projections of the Composite
Seismogenic Sources, the unsegmented fault systems of the region capable of M ≥ 6 earthquakes.
The black circles represent the largest historical earthquakes that occurred in this region, data taken
from EMEC 2012 [6]. The black rectangle indicates the area shown in Figure 2, which encompasses the
Udine-Buttrio Thrust (UB), main subject of this study and not included in the DISS. The hillshaded
DEM was taken from the SRTM1 data from NASA. Coordinates here and in all following figures are in
WGS 84/UTM zone 33N.

Partly blind thrust faults have been identified in the area between Udine and Gorizia in the
Friulian plain (Figure 2). Tilted and uplifted surfaces located along the Udine-Buttrio, Pozzuolo, and
Medea thrust systems testify to their Late Quaternary tectonic activity. Among these structures, only
the Medea Fault is considered capable of M ≥ 6 earthquakes, while the potential of the other two
needs to be investigated further [7]. Low deformation rates, high sedimentation rates, and the lack of
strong instrumental earthquakes have hitherto hampered the assessment of fault activity in this area.
By means of high-resolution digital elevation models (DEMs), field mapping, and near-subsurface
geophysical surveys, we present evidence for the post-LGM (Last Glacial Maximum) activation of
the main Udine-Buttrio Thrust and one of its splay faults. We show that a careful examination of
high-resolution DEMs allows the measurement of surface offsets along the entire fault. In the area
of the Buttrio Hills near the village of Manzano, vertical offsets in 20–8 ka old river terraces have a
tectonic origin and we are able to calculate post-LGM vertical slip rates for this splay fault. Our study
helps to better understand the regional tectonic framework and provides important input data for the
seismic hazard assessment of the region.
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1.1. Tectonic Framework

Adria is generally considered to be an independent rigid microplate, encompassing the Po Plain,
the Adriatic Sea, and Apulia [1,8–11]. After a first tectonic phase in which Adria acted as a promontory
of Africa, the two plates decoupled around the late Cretaceous-Paleocene transition [11]. Since then
the Africa - Eurasia convergence triggered the rotation of the newly generated rigid microplate [1].
Geodetic data are compatible with a counterclockwise rotation of Adria with a rate between 0.25 ±
0.15 ◦/Myr [12] and 0.297 ± 0.116 ◦/Myr [9] , or even up to 0.52 ◦/Myr [13], with respect to Eurasia
about an Euler pole located in the Western Alps. The N–S convergence of Adria vs. Europe amounts
to ≈2–3 mm/yr at the longitude of the Eastern Alps [14].

The northeastern margin of Adria corresponds to the junction between the S-verging eastern
Southalpine Chain (ESC) and the NW–SE trending Dinaric fault system. The Eastern Southern Alps are
characterized by low-angle thrusts striking WSW–ENE to WNW–ESE. To the west, they are bounded
by the Schio-Vicenza and the Giudicarie faults; the northern boundary is the Pustertal-Gailtal segment
of the Periadriatic Fault [15]. The External Dinaric fold and thrust belt consists of Eocene NW-SE
trending, SW-verging thrusts [16,17]. During the Pliocene, a new set of NW–SE striking, right-lateral
strike-slip faults was activated. These new structures are thought to cut both the Eocene Dinaric and
the ESC thrusts [5,16], although it is difficult to determine the cross-cutting relationships in detail. In
1998 and 2004, two moderate earthquakes occurred on the Ravne Fault, one of the NW–SE striking
structures in Slovenia. Aftershocks of the 2004 Mw5.2 earthquake showed right-lateral slip in NW–SE
direction and oblique right-lateral reverse mechanisms in E–W direction, which may indicate that the
older thrust systems and the Pliocene-Recent strike-slip system still interact today [18,19].

In the area between Udine and Gorizia three WNW-ESE trending, blind thrusts show clear
evidence of Late Quaternary activity, from North to South: the Udine-Buttrio, Pozzuolo, and Medea
thrusts [7] (Figure 2). These segments partly form prominent morphological scarps and are responsible
for the uplift of several hills like the Buttrio-Dolegna del Collio and the Pozzuolo-Orgnano systems as
well as the Medea hill [20]. Based on the interpreted geological sections reported by Galadini et al. [7],
the fault planes of the Udine-Buttrio and the Pozzuolo thrusts have low dip angles and reach down to
only 4 km depth before soling out in flat detachments [21]. Therefore, they are considered capable of
rupturing in intermediate magnitude earthquakes only. Conversely, the Medea segment displays a
deeper frontal ramp reaching 5–8 km depth with a steeper dip. This geometry was used to define it as
an independent seismogenic source capable of M ≥ 6 events [5]. The Medea Thrust has an estimated
vertical slip rate of 0.15–0.22 mm/yr based on geological and seismic data [7].
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Figure 2. Structural sketch of the area between Udine and Gorizia. Locations of the inferred thrust
faults are taken from the geologic map of the Friuli-Venezia Giulia region [22]. The black segments
represent the composite seismogenic sources.

1.2. Geological Setting

The NW–SE trending Udine-Buttrio Thrust shows only little relief along most of its strike in the
LGM megafan systems that form the Friulian Plain in this area [7,20,23]. West of Udine, it forms a
scarp near the village of Pasian di Prato [7]. The Udine-Buttrio Thrust marks the southern margin of
the Buttrio-Dolegna del Collio Hills that are the prominent morphological features in the study area.
The thin-skinned fault is 31 km long and forms a decollement layer between the Eocene Flysch and
Mesozoic-Paleocene carbonates [7]. The Savorgnano Marls and Sandstones, also known as Cormòns
Flysch, are a Middle Ypresian—Early Lutetian basinal deposit made up of sandstones and/or siltstones
alternations with calcareous-siliceous marls, and occasionally quartz clasts. It reaches up to 700 m
thickness in this area, based on deep borehole data [22]. The top of this unit is vertically offset by the
Udine-Buttrio Thrust by at least 80 m and similar offsets have been reported for Pleistocene deposits [7,
24]. This implies a vertical uplift rate of at least 0.03 mm/yr in the Quaternary. The Pliocene-Recent
activity of the Udine-Buttrio Thrust not only led to the uplift and tilting of the Buttrio-Dolegna hills,
but also to a significant variation in the thickness of the Pleistocene successions [20,24].

The NNE–SSW trending valley of the Natisone River separates the hills of Buttrio and Rosazzo
(Figure 2). The river system encompasses Late Pleistocene fluvioglacial and alluvial gravels and sandy
gravels of the Premariacco Synthem [24]. The Premariacco fan developed during the LGM phase when
the Natisone drained the melting waters provided by the high-energy Isonzo glacier system. These
deposits involve layers with different consolidation levels from silty-sandy gravels to conglomerates,
cropping out along the Natisone River [20,24]. Around the hillslope margins, the fluvioglacial deposits
are covered by a thin layer of Late Pleistocene-Recent silty-clayey colluvial and eluvial sediments.
These correspond to the degradation material of the turbiditic unit, provided by the erosion of small
catchments like that of the Rio di Case [20,24]. During the post-glacial incision, the river developed a
terrace system and deposited gravels and sandy-gravels with intervals of silty sands that characterize
the Po Synthem in this area. This unit forms the present-day riverbed and the younger terraces along
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the valley [20,22]. At the outflow of the low relief area, the depositional system of the Natisone merges
with the Torre stream system.

1.3. Seismicity

Instrumental data show that most of the earthquakes in the wider study area are concentrated
along the Southalpine front. They are characterized by prevailing reverse faulting mechanisms with
shallow epicentral depths of less than 12 km [5,21,25,26]. Less seismicity and more widely distributed
epicentres of moderate earthquakes characterise the NW-SE trending faults in western Slovenia. The
few available fault plane solutions from moderate earthquakes show prevailing right-lateral strike-slip
mechanisms [25,27–29]. Using relocated microseismicity data, Vičič et al. [30] demonstrated swarm
activity for some of these faults, with hypocenters aligned almost vertically down to no more than
20 km depth. No increased instrumental seismicity was observed from the Udine-Buttrio Thrust.

The most important instrumental earthquakes in the study area are the 1976 Friuli sequence
with a main shock of Ms6.5 [31], the 1936 Alpago event of Mw6.06 [32], and the 1998 Bovec-Krn
mountain earthquake with Ms5.7 [33]. Based on the analysis of historical data (Figure 1), at least
six additional earthquakes with M ≥ 6 struck the area between Veneto-Friuli and western Slovenia
in the last 700 years [32,34,35]. The strongest historical events on the territory of Italy include: the
1348 Carnia-Villach event (Mw6.63), the 1695 Asolano earthquake (Mw6.4), and the 1873 Bellunese
earthquake (Mw6.29). Moreover, additional smaller events occurred between 1389 and 1812 and led to
damage in the localities of Tolmin, Gemona, Cividale, Tramonti, and Maniago. In Slovenia, the most
significant historical event was the 1511 Idrija earthquake. Based on the model outcomes of Fitzko
et al. [36], it had a magnitude of Mw6.9 and ruptured 50 km of the right-lateral strike-slip Idrija Fault.
However, there is an ongoing debate about the causative fault [26,37]. A recent paleoseismological
study [37] in northeastern Italy found a surface-rupturing earthquake that dates back to the 16th
century along a fault that may represent the seismogenic source of the 1511 earthquake.

2. Materials and Methods

In order to investigate the active tectonics of the Udine-Buttrio Thrust, we analyzed
high-resolution DEMs, conducted near-surface geophysical surveys, and mapped scarps in the field.

2.1. LiDAR Data and DEMs

We analyzed 1 m-resolution LiDAR (light detection and ranging; also referred to as airborne
laserscanning) data, collected from the “Protezione Civile” department of the Italian Government
in the 2006–2010 survey period. One of the main advantages of the LiDAR technology is the
acquisition of multiple signals [38], which allows filtering out the vegetation and calculating the
ground surface model [39]. The digital elevation model, available from the Friuli-Venezia Giulia
Region website [40], was generated from a point cloud with a mean density of 4 points/m2. For
larger-scale analyses we used the 10 m TINITALY DEM [41,42]. We used the QGIS software (v. 2.18) to
calculate elevation, hillshades, slope, and terrain ruggedness index (TRI) maps (Figure 3) [43]. These
different visualizations were then used to detect tectonic signals in the landscape [44].

2.2. Topographic and Swath Profiles

From the DEMs, we extracted a series of linear and swath topographic profiles using the Terrain
profile and the Swath QGIS tools. The linear profiles were used to highlight different geomorphological
elements, to identify their borders, and to constrain vertical offsets along a fault scarp. The offset
estimates were determined by calculating the regression lines of the two surfaces on either side of the
scarp, respectively. In cases where the slopes of the two portions were similar, the vertical distance
was calculated at the steepest point. Conversely, when significant variations in slope angle occurred,
we estimated vertical offsets by running a series of measurements along strike. Swath profiles were
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extracted in order to analyze the offset along the Udine-Buttrio Thrust (Figure 3) and the general
elevation trend of the Buttrio hill (Figure 4).

2.3. Normalized Steepness Index

In order to see if the Udine-Buttrio thrust has left its imprint on the river network, we computed
the normalized steepness index (ksn) for the main rivers that cross the fault and their tributaries, which
are from west to east Tagliamento, Cormor, Torre, Natisone, Corno, and Judrio Rivers (Figure 5).
Normalized channel steepness is used as a measure for tectonically driven deviations in river profiles
as it varies with spatial differences in rock uplift, climate or substrate lithology [45,46]. Elevated
ksn-values correspond to reaches that could have been perturbed by tectonic uplift. We calculated
normalized steepness indices as described in Wobus et al. [45], using a reference concavity index
of 0.7, which was previously determined from the trunk channels using the integral method [47].
Catchment areas and stream networks were calculated from the 1 m LiDAR DEM [40] resampled to
five meter resolution using algorithms provided by TopoToolbox2 [48], an open-source software for
DEM analyses.

2.4. Geophysical Surveys

We used Ground-Penetrating Radar (GPR) and Electric Resistivity Tomography (ERT) to image
the internal structure of the Natisone River terraces in the Manzano area.

The GPR system manufactured by GSSI consisted of a SIR 3000 controller system, 100 and
270 MHz antennae, and a survey wheel. These frequencies provide a good compromise between a
high resolution of up to 0.02–0.08 m [49] and a possible penetration depth of more than 5 m, depending
on the subsurface conditions, mainly the electric conductivity of the material. Trace distance was set
to 2 cm. We used the ReflexW Software (v.7.2.2 by Sandmeier, Karlsruhe, Germany) and a standard
processing including static corrections, background removal, bandpass filtering (Butterworth bandpass,
usually using half and double the central instrumental frequency), gain adjustments, and topography
corrections based on the 1 m LiDAR DEM. We recorded eleven GPR profiles that crossed the Manzano
scarp perpendicularly.

For the ERT survey, we employed the 4-Point Light geoelectric system from Lippmann Geophysical
Systems and the software GeoTest. Compared to the GPR method, it reaches greater investigation
depths, but in turn, the ERT requires longer acquisition times and has a much lower resolution. Thus,
a single profile line was prepared with 47 electrodes separated by a constant distance of 2 m. We used
both Dipole–Dipole and Wenner configurations. The former is the most sensitive to vertical resistivity
boundaries and presents a good penetration depth. On the other hand, the latter should better
detect features with greater lateral continuity, such as depositional layers. Therefore, a comparative
analysis of the results obtained with the two configurations could provide a better understanding of
the subsurface characteristics. The processing was done with the RES2DINV Software (by Geotomo
software, Gelugor, Malaysia) for calculating the resistivity model, applying a Least-Squares inversion
algorithm. A series of seven iterations was applied in order to reduce the error estimate to below 5%.

3. Results

3.1. Swath Profile Analysis

Swath profiles across the trace of the Udine-Buttrio Thrust reveal significant vertical offsets along
its strike (Figure 3). At the westernmost tip of the fault, we measured ≈ 8.5 m of vertical separation of
the correlating hanging wall and footwall surfaces west of the Cormor River (Profile 1 in Figure 3).
The scarp is degraded and about 300–400 m wide. In the hanging wall, we observed an up to 2 m-high
and ≈ 300 m-wide hill right above the scarp, which may hint to incipient folding. Assuming an age of
≈ 20 ka for the fluvial deposits around Udine [20,22,23], the fault has a post-LGM vertical uplift rate of
0.43 mm/year here. Profile 2 is located south of Udine (Figure 3) on the eastern side of Cormor River.
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Although the fault trace is clear on the TRI map, no systematic offset was found in the swath profiles.
A hill of a similar size to that in profile 1 produced the anomaly in the TRI values. West of the Torre
River and the Buttrio Hill, profile 3 exhibits a ≈ 1700 m-wide zone of gentle folding with a flat top and
3 m vertical offset at its southern limb. The scarp is ≈ 500 m wide. Combined with an LGM age of the
sediments of 20 ka, this height would correspond to a vertical uplift rate of ≈ 0.16 mm/yr. However,
there are no direct dates for the age of the offset surface. A radiocarbon age of 22.707–21.314 ka calBP
was reported by Fontana et al. [23] for the southern part of the Torre megafan. Given the proximity to
the Torre River that is not deeply incised, the sediments could be younger than 20 ka, which would
lead to a higher uplift rate. Profile 4 covers the scarp east of the Torre River at the western edge of
Buttrio Hill. The hanging wall exhibits a flat 1000-m-long, backtilted surface. Here, we measured 10 m
of vertical offset, which would correspond to a vertical uplift rate of 0.5 mm/yr if all the deformation
were accommodated post-LGM. Between the Buttrio and Rosazzo Hill in the Natisone River valley, a
≈ 5 m high scarp is located not at the mountain front, but between the two hills (Profile 5 in Figure
3). This observation led us to run a more detailed study of the valley and the surrounding hills. As
we will discuss in more detail later on, this vertical throw is a composite of tectonic deformation
and terrace risers. Profile 6 east of the Rosazzo Hill exhibits no distinct scarp, but long-wavelength
convexity. This is the opposite of what is to be expected from an alluvial fan or a steady-state river
profile. We thus interpret this as the surface expression of anticlinal folding in the hanging wall of the
Udine-Buttrio Thrust.

As already noticed by Carobene [50], the relief between Buttrio and Dolegna del Collio is likely
related to the tectonic activity of the Udine-Buttrio Thrust, which runs along the southern boundary of
the hills. We extracted a 2250 m-wide swath profile of the westernmost Buttrio Hill. The swath profile
runs perpendicularly to the fault strike (Figure 4A).
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Figure 3. Terrain ruggedness index (TRI) map of the study area based on the 10 m TINITALY DEM. The
trace of the Udine-Buttrio Thrust is visible as a band of elevated TRI values. The triangular artefacts are
due to the used DEM. Note that the colour scale of the TRI values saturates at a value of 0.2 in order
to visualize faint geomorphic features. The red arrows mark the fault scarp and the blue numbered
lines refer to the topographic profiles shown below. The six swath profiles sample a 500 m-wide band
of the DEM (250 m on either side of the profile trace) with 50 parallel tracks. The grey lines mark the
minimum and maximum elevations extracted and the thick black line represents the mean. The red
and green lines are linear trends fitted to subsets of the mean data in the hanging wall and the footwall
of the fault, respectively, with their equations. The red arrows indicate the location of the fault scarp as
visible in the TRI map and the red numbers next to the arrows are the vertical offsets calculated at that
profile distance using the equations of the linear fits. The vertical offsets vary significantly along strike
from 0 m to 10 m, and profiles 3 and 4 show folding of the hanging wall. All the profiles are vertically
exaggerated.
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Figure 4. (A): Geological sketch of the study area. The black dashed polygon represents the boundary
of the swath profile analyzed with QGIS. The black full line represents the baseline of the same profile.
(B): Outcome of the swath profile extraction. The green, black and red lines are the minimum, mean
and maximum elevation values, respectively. The regression line is calculated assuming the origin of
the coordinate system at the baseline. Vertical exaggeration 13 : 1.

In Figure 4B, we plotted the 4 km-long topographic swath profile with the minimum, maximum,
and mean elevation values. From SW to NE, the profiles are characterized by a gentle slope towards
SW, representing the upper Friulian plain surface. Then, a sharp SW-dipping scarp is developed at a
distance between −700 and −400 m from the baseline position. The mean height of the scarp is ≈ 50 m,
the maximum height is ≈ 80 m. Finally, the profile is characterized by a gentle NE-dipping slope until
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1400 m distance. Such a trend was also obtained by Carobene [50], who developed a statistical analysis
of the elevation peaks of the whole group of four reliefs. He suggested a rapid uplift process related
to the Miocene-Quaternary activity of the Udine-Buttrio Thrust, which affected the southwestern
boundary of the hills. We interpret the presence of the sharp, SW-facing scarp and the back-tilted,
NE-dipping surface of the hills as caused by the ongoing SW-directed thrust motion of the fault.

Figure 5. (A): Normalized steepness index (ksn) map of the main rivers and their tributaries in the
study area. The red arrows indicate the fault as in Figure 3. Note the logarithmic scale of the ksn-values.
Although the fault clearly offsets the LGM deposits, the ksn-values do not change systematically from
the hanging wall to the footwall. This is probably due to the low rate of tectonic deformation and the
dynamic river system. Hillshade is from the 10 m TINITALY DEM. (B): Close-up view of the area
marked in (A). Lineaments in the Buttrio Hill are parallel to the scarp we investigated in detail in the
Natisone terrace system. One of the lineaments aligns with the scarp. Note the terracing on the hill
that hosts vineyards. Hillshade is from the 1 m LiDAR DEM.

3.2. Normalized Steepness Index

In order to check whether the Udine-Buttrio Thrust also affects the present-day drainage network,
we computed normalized steepness indices (ksn) of the main rivers and their tributaries in the study
area (Figure 5). These values do not show a systematic change across the fault in the main rivers. The
tributaries exhibit lower ksn-values than the main rivers and in general, more tributaries are present in
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the hanging wall than in the footwall of the fault. However, we conclude that the normalized steepness
index does not provide additional data to better understand the fault’s activity. The lack of a significant
signal may be due to the rather low slip rate of the fault and the very dynamic river system that quickly
levels any tectonic perturbation of the landscape.

Figure 6. (A): Elevation map of the study area encompassing the Buttrio Hill in the west and the
Rosazzo Hill in the east. The black rectangle indicates the area shown in panels (B) and (C). (B): Slope
map calculated from the LiDAR DEM [40]. The red arrows highlight the scarp. (C): Terrain ruggedness
index (TRI) map calculated from the LiDAR DEM. The black arrows indicate the location of the scarp.

3.3. River Terraces Analysis in the Natisone River Valley

The Natisone valley is located between the hills of Buttrio and Rosazzo, on the western and
eastern margins, respectively. By means of slope and elevation maps (Figure 6), we reconstructed the
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terrace system (Figure 7), developed by the Natisone River during successive, internally stationary
phases between aggradation and incision. We identified the flat land areas as terrace surfaces and
the sharp erosional escarpments as terrace risers. Then, based on the different elevation levels, we
developed a time-hierarchy from the youngest T1, the present-day riverbed, to the oldest T4. The
terraces are characterized by a general southward-dipping trend, corresponding to the river’s flow
direction.

Figure 7. Hillshaded DEM of the area between the hills of Buttrio and Rosazzo. The coloured areas
represent the different river terrace generations. The two red arrows highlight the scarp. The black and
red segments indicate the two sets of topographic profiles shown in Figures 8 and 9, respectively. The
black rectangle marks the area shown in Figure 10A.

The oldest T4 terrace is composed of deposits of the Upper Pleistocene Cividale Unit, encompassed
in the Premariacco Synthem, which reaches a maximum thickness of almost 20 m in the study
area [24,51,52]. The terrace surface is divided into three parts that are preserved only on the eastern side
of the riverbed. They share a common slope of around 0.5%–0.6%, dipping towards SSW (Figure 8E).
This terrace is located along the western and southern foothills of the Rosazzo relief and is bounded to
the west by the terrace riser of the T3 terrace (Figure 8A). The riser has an average height of 7.7 m, as it
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was measured from a series of W-E profiles. The central surface is disturbed by the incision of the Rio di
Case. This gully flows along the foothill in N–S direction and eroded mainly in the southern part of this
surface. The effects of this erosion process are represented by the eastward dipping slope, displayed
at the eastern edge of profile Pr1, Figure 8A. The southern T4 area is more isolated. It displays no
riser along the N–NW margin, just a N-dipping surface, which dips gently towards the Rio di Case,
displayed between 900 and 1200 m along Pr5, in Figure 8E.

Figure 8. Topographic profiles extracted from the DEM (see Figure 7 for location of the black profiles).
The black arrows highlight the points where the terrace surfaces are disturbed either by terrace risers or
by scarps. The offset estimates are displayed by red vertical segments. The red dashed lines represent
the slope trends of the terrace surfaces. On the y-axis, we plotted the relative elevations instead of the
absolute values. “V.E.” stands for “Vertical Exaggeration”. (A): W-E topographic profile across the
Natisone valley. (B): Topographic profile along the central part of river terrace T2. (C): Topographic
profile along terrace T3, on the western side of the river. (D): Topographic profile of the central part of
terrace T3, on the eastern side of the river. (E): Topographic profile that crosses the scarp on terrace T4.

Terrace T3 is widely preserved on both sides of the Natisone River. Its deposits, as well as those of
terrace T2, belong to the Grado Unit, encompassed in the Po Synthem. The deposition period is dated
approximately from 8 ka B.P. until the present and the sediment thickness is up to 5–10 m [24,51,52].
In the study area, the T3 terrace encompasses three large surfaces and other smaller isolated areas. On
the eastern side of the river, it develops along the riser of T4. On the western side, where T4 is not
preserved, it is directly connected to the Buttrio Hill. Towards the centre of the valley, T3 is bounded
either by narrow surfaces of the terrace T2, or directly connected to the riverbed level T1 (Figures 7
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and 8A). The central part of T3 on the eastern side of the river is described by profile Pr4 (Figure 8D).
It runs along the entire surface south of the Sossò channel, with a south-dipping slope changing from
0.2% to 0.7%. A knickpoint is located at around 500 m profile distance. On the western side of the river,
the terrace is characterized by a slightly gentler S-dipping trend, around 0.3%, as seen in profile Pr3
(Figure 8C). The smooth shape of the surface is disturbed by a W–E trending warped feature, which
can be seen from 900 m profile distance until the southeastern end of the profile.

Terrace T2 is also preserved on both sides of the Natisone River. It is split into three surfaces,
two narrow areas developed between the T3 and T1 terraces and a wider region at the southern
margin of the map. Profile Pr2, sampling the central N–S elongated portion (Figure 8B), illustrates
the SSE-dipping trend of the terrace. The homogeneous slope of around 0.5% is affected by a subtle
folding feature at about a 400-m profile distance. This fold is ≈ 20 cm-high and 150 m-wide.

According to Zanferrari et al. [51], Tunis et al. [52], and Croce [24], the T1 riverbed surface started
to develop around the 4th century AD and its deposits, still modified by the river, belong to the
Monastero Subunit, encompassed in the Po Synthem.

On the western side of the river, only two smooth surfaces, T2 and T3, were identified. The
eastern side of the river has a more complex system, T1–T4. A first discontinuity is formed by the
NE–SW, striking Sossò channel incision, separating terraces T3 and T4 into northern and central parts.
Towards the south, a second significant morphological element is represented by a WNW–ESE striking,
south-facing scarp. This lineament develops along the southern margin of the central T4 surface. At the
scarp location, T3 extends towards the east almost until the Rosazzo Hill. This feature is characterized
by a slope of about 7%–10%, measured at its steepest point along profiles Pr9 and 10 (Figure 9D,E).
These values are much lower than those of the terrace risers in the study area. The strike of this scarp
is perpendicular to the river terrace system.

3.4. Tectonic Scarp Analysis

The WNW–ESE striking scarp on the eastern side of the river is a significant perturbation of the
flat landscape, highlighted by arrows on the slope and TRI maps in Figure 6B,C. From these maps, it is
possible to observe the scarp for ca. 350 m, from the terrace riser between terraces T4 and T3 to the Rio
di Case. The strike direction of the scarp is parallel to the Udine-Buttrio Thrust and perpendicular
to the Natisone Riverbed, suggesting a tectonic origin. Furthermore, it aligns with lineaments in the
hills on either side of the valley (Figure 5B). On the eastern side of the river, terrace T3 is affected
by the scarp but it is inhabited and hosts industrial buildings, which limit access to the feature. On
the western side of the river, the agricultural land covers terraces T2 and T3, but they do not exhibit
significant breaks in slope.

3.4.1. Geomorphological Analysis—Offset Estimates

We used topographic profiles from the high-resolution DEMs to measure the offset across the
scarp. As shown in Figure 7, the scarp develops along the southern border of the central T4 river
terrace. Its vertical offset decreases from west to east from 9.3 m in profile Pr9 to 4.3 m in profile
Pr10 (Figure 9D,E) because of the erosion produced by the Rio di Case. Therefore, we considered
the westernmost estimate in order to minimize the effect of the erosion on our calculations. This
offset corresponds to the vertical separation between terraces T4 and T3. However, if we consider the
7.7 m-high terrace riser between T4 and T3, averaged among a series of four W–E trending profiles
and we subtract it from the total offset estimate, then we can attribute the remaining 1.6 m to tectonic
uplift. Further estimates of this deformation were based on profiles Pr5 and 11 by fitting the slope
trends of the central and southern T4 portions. We found that the latter is slightly tilted compared
to the former, as shown in Figures 8E and 9F. This tilt may be of tectonic origin but apart from the
topographic profiles, there is no way to prove this. Thus, the vertical tectonic offset values vary for T4
between 1.0 and 3.4 m (Table 1).
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Figure 9. Topographic profiles from the DEM, drawn through the WNW–ESE striking scarp on different
terraces (see Figure 7 for location of the red profiles). The black arrows indicate the locations of the
maximum vertical offsets. The offset estimates are displayed by red vertical segments. The red dashed
lines indicate the slope trends of the terrace surfaces. Relative elevations are plotted on the y-axis.
(A): The topographic profile along the T1 riverbed surface shows a bulge which deviates from the
main slope trend. (B): Topographic profile along the terrace T3 on the eastern side of the river. The
warped feature around 450 m and 600 m is probably related to industrial buildings crossed by the
profile. (C): Topographic profile along terrace T3, almost 100 m east of Pr7. Pr8 is drawn along a road
of the village. Therefore, the scarp is smoothed out. (D): Topographic profile from central T4 to eastern
T3 passing through the scarp. The blue dashed line represents the slope trend of the scarp. The offset
estimate is located at the steepest point. (E): Topographic profile drawn parallel to Pr9, ca. 200 m
further east. (F): Topographic profile through the central and southern T4 surfaces. The offsets were
estimated at the projected contact of the two terrace remains. The topographic trough between 600 and
1000 m results from erosion and deposition of terrace T3.

Terrace T3 also displays deformation. On both sides of the Natisone River, the surface presents
a break in slope accompanied by a warped pattern, outlined in profiles Pr3, 4, and 7 (Figures 8C,D,
and 9B). On the eastern side of T3, such concave-shaped features can be attributed to the presence
of industrial buildings. A rather different behaviour is obtained by extracting profile Pr8 along a
road. As displayed in Figure 9C, the perturbation is homogenously distributed along a ≈ 400 m-long
slope, which terminates with a sharp knickpoint. By extracting a series of five profiles, we estimate
the vertical offset to 0.7–2.5 m (Table 1). On the western side of the river the bulge pattern, displayed
in Figure 8C, cannot be related to man-made structures, since the land is only agriculturally used.
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Therefore, we ascribed the observed bulge pattern to shortening. Unfortunately, no offset estimates
could be obtained from this feature because the southern continuation of the terrace surface is missing.

Table 1. Estimated vertical offsets along the Udine-Buttrio Thrust and at the river terraces in the
Natisone River valley. The values were obtained by extracting a series of topographic profiles
perpendicular to the scarp (see Figures 3, 7, 8, and 9).

Profile/R. Terrace Estimated Offset Age Vertical Uplift
(m) (mm/yr)

Profile 1 8.62 post-LGM 0.43
Profile 3 3.34 post-LGM 0.16
Profile 4 10.00 post-LGM 0.5
Profile 6 Long-wavelength folding - -

Buttrio Hill swath 80 Pleistocene-Recent ≥ 0.03
T1 Incipient folding post-8 ka -
T2 Incipient folding post-8 ka -
T3 0.7–2.5 post-8 ka 0.08–0.31
T4 1.0–3.4 post-LGM 0.05–0.17

We detected subtle signs of an incipient contractional deformation also along profiles Pr2 and
6, related to the youngest river terraces T1 and T2, respectively. Both profiles, reported in Figures 8B
and 9A, display a 0.15–0.20-m-high fold with ≈ 150 m wavelength, similar to the one reported by
Grützner et al. [44] from a thrust fault in the Tien Shan. These observations are consistent with the
overall deformation pattern. Thus, the younger terraces display less deformation than the older ones.

3.4.2. Geophysical Surveys

With the geophysical surveys, we aimed to image deformed or tilted strata that would allow
further insights into the active tectonics of the area. Geophysical profiles were recorded across the scarp
on a field. Eleven GPR profiles were collected with the 100 MHz and 270 MHz antennae. Two profiles
were surveyed with ERT in Wenner and Dipole–Dipole configurations. In total, the geophysical data
cover six different tracks (Figure 10A).

Figure 10. (A): Geophysical profiles (red lines) with the slope map displayed as background image
(see Figure 7 for location of the area). The black arrows indicate the scarp. The black rectangle marks
the area shown in panel (B). (B): Field photos of the scarp (from south). The red arrows indicate the
uplifted T4 terrace surface.

Profiles g1 and g6 were recorded with both 100 and 270 MHz antennae. They were 220- and
180-m-long, respectively. In Figure 11A,B we only show the sections that are located around the scarp.
The 270 MHz radargram (profile g1) is characterized by a set of north-dipping reflectors that are visible
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down to 4 m depth. The dip direction is opposite the S-dipping slope and the river course. We interpret
these reflectors as back-tilted layers in the hanging-wall of a blind fault. On the other hand, such
geometries could also represent a primary depositional pattern of a fluvial system. An effective way to
prove this would be to dig a trench and to run a sedimentological analysis, but we did not undertake
this yet. Due to high noise, no interpretation was attempted beneath 5 m depth (130 ns). Profile g6,
reported in Figure 11B, is characterized between 2 and 4 m depth by a similar north-dipping reflection
pattern. Below the scarp location, we observed a set of high-amplitude, north-dipping reflectors in the
other GPR profiles as well, with the exception of profile g2. GPR profile g5 is mainly characterized
by attenuated reflection patterns, with persistent horizontal layers and sporadic small perturbations
(Figure 12A). These characteristics are the same as those that we encountered in profiles g2, g3, and g4.

Figure 11. Processed and interpreted radargrams, recorded along the profiles g1 and g6 (see Figure 10A
for location). The figure only shows the section that covers the scarp. Depths were calculated assuming
a constant velocity of 0.07 m ns−1. (A): Radargram recorded along profile g1 with the 270 MHz
antenna. The black lines highlight the north-dipping trend of the high amplitude reflections. The
black dashed line represents the limit of penetration beyond which no interpretation was possible.
(B): Radargram recorded along profile g6 with the 100 MHz antenna. North-dipping reflectors were
detected, but the noise level is high.

The electrical resistivity section reported in Figure 12B was recorded along the same profile as GPR
profile g5. Both sections, recorded in the Dipole–Dipole and in the Wenner modes, are characterized by
a high-resistivity layer that developed in the middle of the section from the surface down to 10–15 m
depth. We interpret this layer as a locally developed, well cemented conglomerate in the gravelly
fluvio-glacial soft sediments of the Premariacco fan sequence. The high-resistivity layer terminates
at around 75 m of profile distance. Another high-resistivity layer then seems to continue at a greater
depth. We interpret this as the most likely location of the fault reaching the surface. Around 50
m of profile distance a peculiar low-resistivity, plume-shaped feature determines a second, rather
sharp discontinuity. However, there is no evidence that indicates whether the two discontinuities
are connected to the same structure or not. Unfortunately, due to limited property access, it was not
possible to run a longer profile, which would have enabled a better image of this section.
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Figure 12. Processed and interpreted GPR radargram and ERT section, recorded along profile g5 (see
Figure 10A for location of the profile). (A): Radargram recorded with the 270 MHz antenna. The black
segments highlight two sets of north-dipping reflectors, one between 50–60 m and the second between
65–80 m. Noise becomes dominant beyond 4 m depth. The depths are calculated assuming a constant
velocity of 0.07 m ns−1. (B): ERT section recorded in the Dipole–Dipole configuration. The high
resistivity layer terminates rather sharply around 75–80 m. This vertical discontinuity was interpreted
as the fault reaching the surface. At greater depth, between 40–60 m, the profile is characterized by
a plume-shaped feature. The model was computed with seven iterations in the inversion. Vertical
exaggeration is 1 : 0.6.

4. Discussion

The presence of vertically offset LGM and post-LGM surfaces all along the main Udine-Buttrio
Thrust proves that the fault is active. The vertical offsets vary between a few and ten metres (Figure 3,
Table 1). Folding in the hanging wall of the fault can be identified in some profiles, while at other places
no systematic offset can be detected. This may be either caused by changes in fault geometry at depth,
e.g., variations in dip angle or depth to decollement, or it is due to different ages of the sediments that
record the offset. We assumed an age of 20 ka for the sediments offset along the main Udine-Buttrio
Thrust [7,20,22–24]. The resulting vertical uplift rates since the LGM are ≈0.16–0.5 mm/yr (Table 1).
Instead of rather sharp offsets, we observe at the eastern end of the fault long-wavelength folding
(Profile 6 in Figure 3). Profiles 3 and 4 also indicate incipient anticlinal growth in the hanging wall of
the thrust.

Several lines of evidence support a post-LGM tectonic origin of the scarp in the Natisone River
valley. (i) The morphology and trend of the break in slope is different from that of the many terrace
risers found in the area. The slope angle of the scarp is much lower than that of the terrace risers, and
the scarp is not parallel to the terrace risers, but runs from WNW to ESE. This direction is parallel to
the Udine-Buttrio Thrust. This makes a fluvial origin of the feature unlikely. (ii) We identified vertical
offsets varying between 1.0–3.4 m in terrace T4, between 0.7 and 2.5 m in terrace T3, and incipient
folds in the younger T2 and T1 surfaces. Therefore, the scarp did not form in a single event, but must
have evolved systematically over time. (iii) The scarp is present on surfaces with different land uses
(agricultural, industrial, housing, modern riverbed). We can therefore rule out an anthropogenic origin.
(iv) The vertical offsets have the same direction as the long-term deformation trend in the area, that
is the tilt of the surface of the Buttrio Hills. The presence of long-term uplift processes affecting this
area was already suggested by Carobene [50]. (v) GPR data show north-dipping reflectors, which
may reflect either a back-tilted hanging-wall or an undisturbed channel depositional pattern. (vi) ERT
data show an abrupt termination of a high-resistivity layer that may correspond to the actual fault
location. (vii) Lineaments in the projected continuation of the scarp can be seen in the DEMs of the
hills on either side of the valley. In conclusion, we can rule out an anthropogenic origin as well as any
other geological process that would result in such a feature. We ascribe the scarp to a splay fault of the
Udine-Buttrio Thrust that affected the terrace system (see Figure 13). However, such a feature should
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not be confined to the Natisone River valley only. Although the swath profile across the Buttrio Hill
does not exhibit a fault scarp (Figure 4), in the hills on either side of the valley lineaments with a trend
parallel to the scarp can be identified in the LiDAR-DEM (Figure 5B). These lineaments align with the
scarp in the valley and were also mapped by Carobene [50] as faults, although not necessarily active.
We interpret them as the geomorphic expression of the splay fault found in the offset terraces.

Figure 13. Conceptual sketch of the study site encompassing the Buttrio Hill, outcome of the Quaternary
activity of the Udine-Buttrio Thrust, and the Natisone River terraces, affected by the activity of the
splay fault. The sketch is not to scale and the topography is exaggerated. Geology is adapted from
Galadini et al. [7].

Several uncertainties have to be taken into account when analysing the offsets in the river terraces.
In the area between the eastern T3 and the central T4 surfaces the scarp neither looks like a typical
terrace riser nor like a classical young tectonic scarp (see Figure 8E). We interpret its shape to be the
result of the erosion process, which took place along a newly generated tectonic discontinuity that
developed on the T4 terrace. Here, the total vertical offset measured at the steepest point of the scarp is
the sum of the T3-T4 terrace riser height plus the tectonic component. The back-tilted, NNW-dipping
surface between the Rio di Case and the southern part of T4 has a peculiar geometry. We attribute
its gentle slope trend to the same compressional tectonic effect that drove the relative subsidence of
this southern part. Because of the lowering of the depositional level, the two slopes were further
carved by the erosion process, developing a rather wide trough between the central and southern T4
terrace surfaces.

The vertical offsets (Table 1) extracted from the different terraces come along with uncertainties
that hamper more precise estimates. Since the vertical accuracy of the LiDAR data is in the order of
15 cm, the uncertainty derived from it is almost negligible. Conversely, a rather large contribution,
difficult to quantify, is introduced by the degradation level of the tectonic features. In fact, the
offsets were estimated on old surfaces, which do not correspond to the precise extent of the uplifted
morphologies as they were generated. Moreover, neither the western T3 surface, nor the GPR
radargrams contribute to better constrain the offset estimates, because they did not allow any
quantitative deformation measurement.

In order to get an age constraint on the scarp development, we dug a pit into terrace T4. We
encountered well-sorted fluvial gravels made of limestone, but no material suitable for radiocarbon
(no charcoal or organic sediment) or luminescence dating (too coarse, no quartz or feldspar). The only
option for dating would perhaps be a 36Cl depth profile for cosmogenic nuclide dating, but we did not
undertake this. Instead, we used the available stratigraphic information about the units of the area
to address the dating issue. The data reported by Zanferrari et al. [51] and Tunis et al. [52] allow to
assume a Late Pleistocene and 8 ka—Present age for terraces T4 and T3, respectively. Considering
that the entire Veneto-Friulian plain was affected by a drastic peneplanization process during the
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last glaciation period, we can use this information to better constrain the age of the oldest T4 terrace.
According to Fontana et al. [23], the main depositional systems developed from the Alpine valleys
recorded the end of the LGM-peak around 20–18 ka B.P. Therefore, we assume 20 ka and 8 ka as
maximum ages of the deformations recorded by T4 and T3, respectively.

We used these data to calculate a possible range of vertical uplift rates from the offsets recorded
by T3 and T4 (Table 1). The vertical uplift rate ranges between 0.08 and 0.17 mm/yr (Figure 14). These
rates fit the lower boundaries of the uplift rates estimated along the swath profiles in the Friuli Plain
(Table 1). The vertical uplift rate computed from the swath profile crossing the Buttrio Hill (80 m
height) and the offset of the Middle Ypresian - Early Lutetian Cormòns Flysch result in a rate of at
least 0.03 mm/yr, assuming that the hill has been forming since the Pleistocene. This is a lower bound
because the onset of the backtilt is not precisely known. In general, our values agree well with the
estimates reported by Galadini et al. [7] for the main seismogenic sources of the area, which range
between 0.15–1 mm/yr.

Figure 14. Diagram of computed vertical uplift rates related to the Udine-Buttrio Thrust. The black
dashed lines define the vertical uplift rate range, which matches both offset intervals of T3 and T4
(reported in Table 1) displayed by black vertical segments. The blue dashed lines indicate the vertical
uplift rate values measured by the swath profiles 1, 3 and 4 along the Udine-Buttrio strike (see Figure 3).
The blue diamonds represent the corresponding offset measurements (reported in Table 1). The blue
line corresponding to the offset of Pr3 was not reported since it overlaps the black one of terrace T4.
The red dashed line defines the vertical uplift rate related to the 80 m geological offset measured by the
swath profile crossing the Buttrio Hill (Figure 4). This value represents a minimum estimate based on a
conservative age of the deformation.

Our data do not allow us to decide whether the offsets were produced seismically in repeated
earthquakes, or if the fault creeps. The occurrence of strong earthquakes on nearby thrust faults and
historical evidence for large earthquakes in the region suggest that the faults here slip seismically.
Considering a 31 km-long fault, the maximum possible magnitude for an earthquake rupturing
the entire fault would be in the order of M6.8, based on the empirical relationships of Wells and
Coppersmith [53]. The role of the splay fault remains somewhat uncertain. Its short length may mean
that it is only a localized feature, although lineaments in the surrounding hills are probably also related
to it (Figure 5B). If the scarp formed in an earthquake, two options seem likely. The first one is that
the fault rupture trace in the neighbouring hills is removed quickly, for example, by mass wasting
processes and erosion. The other option is that very localized surface ruptures occurred. This was
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observed for example in the 1992 Suusamyr M7.3 thrust faulting earthquake, which produced an
isolated scarp of several metres height and less than one kilometre length [54,55].

5. Conclusions

We present a detailed morphotectonic study of the Udine-Buttrio Thrust in the upper Friulian
plain of NE Italy. We identified offset surfaces along the fault in high-resolution DEMs. We measured
the vertical offsets from swath profiles and, assuming an age of 20 ka, computed vertical offset rates of
up to 0.5 mm/yr. The analysis of high-resolution LiDAR data revealed the presence of a tectonic scarp
in the Natisone River valley. This scarp is located on the hanging wall of the Udine-Buttrio Thrust
and interpreted as a splay fault of the main structure. Geophysical imaging revealed north-dipping
strata, which are likely tilted deposits in the hanging-wall of the fault. We measured vertical offsets in
different terrace generations and computed a vertical uplift rate since the LGM of 0.08–0.17 mm/yr.
Future paleoseismological investigations should test our estimates providing evidence of single or
multiple earthquakes and precise dating of these events.
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