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Abstract Moulin and Benedetti (2018), https://doi.org/10.1029/2018TC004958 present a new
interpretation of the Neogene-Quaternary tectonic evolution of the Eastern Southern Alps (ESA) in
Veneto-Friuli. After the reinterpretation of literature field data by means of remote sensing analysis
(Digital Elevation Model interpretation), they calculated deformation rates of the tectonic structures
through age interpretation of geomorphological surfaces of the Veneto-Friuli piedmont plain. The authors
linked the result of surface analysis to the thrust and fold architecture of the ESA basing on the Castellarin
et al. (2006), https://doi.org/10.1016/j.tecto.2005.10.013 interpretation of TRANSALP project and the
Friuli geological map at the scale 1:150,000 (Carulli, 2006). Discussing their new architecture of the ESA,
the authors finally yielded rates of Europe-Adria plates convergence and suggested fragmentation of Adria
over the last 1-2 Ma. The present comment is aimed at discussing several critical points concerning: the
use of the geomorphological and chronological data; the misinterpretation of the Digital Terrain Model;
the reconstruction of the balanced geological cross section. Moreover, the application of a structural
model defined in a certain area to another without considering peculiar structural complexities available
in the literature results is geologically and methodologically questionable.

Plain Language Summary The late Quaternary sedimentary successions of Eastern
Southern Alps (ESA) recorded important deformations related to the ongoing Europe/Adria collision.
Their chronology has been updated in the last years, thanks to detailed surveys and analyses. Our
knowledge on the tectonic architecture of the ESA has been recently improved by the new Geological
maps of Italy (CARG Project: Zanferrari, Avigliano, Monegato, et al., 2008, Zanferrari, Avigliano,
Grandesso, et al., 2008; Zanferrari et al., 2013). However, the bulk of the tectonic and chronological data
was discarded or improperly used in Moulin and Benedetti (2018), https://doi.org/10.1029/2018TC004958
in their estimate of the shortening and associated rates and hence in the subsequent discussion on the
fragmentation of Adria.

1. Premise

Moulin and Benedetti (2018) (hereafter M&B18) present a new interpretation of the fragmentation of the
Adriatic “promontory” based on literature field data that were re-interpreted on the basis of remote sensing
analysis (Digital Elevation Model interpretation). Standing on previous ages of geomorphological surfaces
of the Veneto-Friuli piedmont plain, they also estimate deformation rates of some tectonic structures with-
in the Eastern Southern Alps (ESA) extending their inferences to the whole fold-and-thrust ESA orogenic
wedge between the southernmost thrust (referred to as “Udine Thrust” in M&B18) to the Periadriatic Fault
(Lineament). The kinematic-structural architecture suggested by the authors comes from a synthesis of the
Castellarin et al. (2006) interpretation of TRANSALP project (see page 14 of M&B18) and the Friuli geolog-
ical map at the scale 1:150,000 (Carulli, 2006). In the discussion of the newly proposed architecture, they
further argue on the Neogene-Quaternary Europe-Adria convergence rates, comparing them to the results
of D'Agostino et al. (2008) and Faccenna et al. (2014) based on present-day geodetic measurements.
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Figure 1. Tectonic sketch map of the Eastern Southern Alps and neighboring regions (modified from Zanferrari et al., 2013). Legend: AN: Ansiei thrust; AR:
Arba-Ragogna th.; BC: Bassano-Cornuda th.; BE: Bernadia th.; BL: Belluno th.; BU: Buia th.; BV: Bassano-Valdobbiadene th.; BFCF: Borgo Faris-Cividale
fault.; CA: Cansiglio th.; DA: Dof-Auda th.; DT: Monte Duranno-Tramonti th.; FS: Fella-Sava fault; GK: Gemona-Kobarid th.; HS: Hochstuhl fault; IA: Idrija-
Ampezzo fault; IS: Isel fault; MA: Magnano th.; MD: Medea th.; MT: Montello th.; MV: Musi-Verzegnis th.; PA: Palmanova th.; PI: Pielungo th.; PL: Periadriatic
Lineament; PM: Polcenigo-Montereale th.; PR: Predijama fault; PV: Pioverno f.; PZ: Pozzuolo th.; RA: Resiutta-Ponte Avons fault; RP: Ravne-Paularo fault; RS:
Rasa fault; SA: Selva di Cadore-Antelao th.; ST: Susans-Tricesimo th.; SU: Sauris th.; SV: Schio-Vicenza fault; TB: Thiene-Bassano th.; UB: Udine-Buttrio th.; VA:
Val d'Astico fault; VB: Valsugana-Val Bordaglia th. FF’ and AA’ geological cross sections of Figures 4 and 5 respectively. Ge: Gemona del Friuli.

The present comment is aimed at highlighting several critical points in the study by M&B18. Due to the
articulated and nested arguments and reasoning, we will start discussing the field data available for the
investigated area and those used by the authors, following a focus on some specific tectonic structures and
their use or interpretation, ending with a discussion on the final crustal interpretation and associated plate
convergence rates.

2. Geological and Geodynamic Background

The Southern Alps represent one of the major structural sectors of the broader Alpine Chain and corre-
spond to a late Cretaceous-Quaternary orogen (Castellarin et al., 1992, 2006; Doglioni & Bosellini, 1987;
Massari, 1990). The Eastern Southern Alps are the easternmost portion of the Southern Alps, from the
Mts. Lessini (Veneto) to NE-Friuli and W-Slovenia (Figure 1). They are bordered to the north by the
Periadriatic Lineament representing the polyphased (though mainly oblique-slip) backstop (Castellarin
et al., 1992, 2006; Schmid et al., 1996).

The present geological arrangement of the ESA in Veneto and Friuli has been strongly influenced by the
Mesozoic and Cenozoic evolution of the Adria microplate. During the Mesozoic, the region was part of
the passive margin of Adria, characterized by structural highs (i.e., carbonate platforms and plateaux) and
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basins associated to the extensional/transtensional tectonics. Since the Late Cretaceous, the ESA has under-
gone a complex, mainly compressive, polyphasic evolution.

Starting from the Late Cretaceous and during the Eocene, the ESA eastern sector (i.e., eastern Dolomites,
Camic and Julian Alps) was affected by the SW-vergence thrusting of the external Dinarides (Caputo, 1996;
Castellarin & Cantelli, 2000; Cousin, 1981; Doglioni, 1987; Doglioni & Bosellini, 1987; Massari, 1990; Mer-
lini et al., 2002; Ponton, 2010) causing a strong crustal shortening and stacking (Zanferrari et al., 2013).
Meanwhile, the central-western Veneto plain and western Dolomites were representing the corresponding
foreland.

Following the late Oligocene-Burdigalian transpressional regime, likely induced by the excape tectonics
occurring along the Periadriatic Lineament (Insubric phase in Massari, 1990; Castellarin & Cantelli, 2000),
the Veneto-Friuli region was pervasively affected by the Mid-Late Miocene-Quaternary folding and thrust-
ing activity characterized by a mean SSE direction of compression (Caputo et al., 2010; Castellarin & Can-
telli, 2000; Doglioni, 1992; Fantoni et al., 2002; Heberer et al., 2016). It is worth to note that several of the
Neoalpine ESA structures reactivated inherited Dinaric ones (Zanferrari et al., 2013).

From a broader geodynamic perspective, the end of subduction and slab pull along the eastern edge of the
Carpathians in the Early Pliocene (Horvath et al., 2006), coupled with the continuous northward motion
of Adria, gave rise to the inversion of extensional structures in the Pannonian basin (Fodor et al., 1998)
and, relevant to our investigated region, the onset of a counter-clockwise (CCW) rotation of the Adria mi-
croplate (Marton et al., 2003; Vrabec & Fodor, 2006). This geodynamic change affected both ESA and Di-
naric realms by inducing, since the Pliocene, a prevailing strike-slip kinematics on preexisting fault systems
both in Slovenia and in NE-Italy. Examples are represented by the NW-SE striking So§tanj and Hochstuhl
faults and the WNW-ESE Periadriatic Lineament, Fella-Sava, and Labot faults in the northern sector of the
ESA, whereas in central-western Slovenia and easternmost Italy, NW-SE striking dextral faults such as Di-
vaca, Rasa, Predjama, Idrija, Ravne and ZuZemberk (Bled-Mojstrana) were formed (Bajc et al., 2001; Fodor
et al., 1998; Geoloskj Zavod Slovenije, 2013; JamSek-Rupnik, 2013; Kastelic et al., 2008; Mlakar, 1969; Plac-
er, 1981, 1982; Placer et al., 2010; Poljak et al., 2000; Vrabec, 2001). These structures cut and displace either
the Palaeogene External Dinarides and the Neogene-Quaternary South-Alpine fold and thrust belt inducing
widespread transpressional and transtensional kinematics (Falcucci et al., 2018; Poli & Renner, 2004; Zan-
ferrari et al., 2013).

Recent Quaternary tectonic activity is documented not only by the moderate seismicity along the Rasa, Idri-
ja, and Ravne faults (Bernardis et al., 2000; Bressan et al., 2018; Kastelic et al., 2008; Poljak et al., 2000), but
also by the large dextral offset of geomorphological markers (Cunningham et al., 2006; Moulin et al., 2014;
Sustersi¢, 1996) and by the formation of pull apart basins along major strike-slip faults (Bajc et al., 2001;
Kastelic et al., 2008; Vrabec, 1994).

Note that interseismic geodetic data show a ca. 2-3 mm/yr northward movement of Adria relative to Eur-
asia (e.g., D'Agostino et al., 2008; Devoti et al., 2011; Serpelloni et al., 2016). It should be noted that short-
ening is accommodated not only by the WSW-ENE-trending thrust front of the eastern Southern Alps, but
also by the NW-SE-trending, right lateral strike-slip faults affecting western Slovenia and NE Italy.

3. (Mis)interpreted Land Surfaces

Concerning the age of the surfaces of the Veneto-Friuli Plain used by M&B18 in their research, we recall
that this morphological feature was characterized by widespread aggradation of alluvial fans and fluviogla-
cial megafans (Fontana, Mozzi, et al., 2014 and references therein) during the Last Glacial Maximum (LGM,
30-16.5 ka sensu Lambeck et al., 2014). However, their deactivation and consequent apex trenching was dia-
chronous among nearby river systems. In particular, the Cormor Megafan was deactivated at 19.5 ka cal BP,
as demonstrated by several constraining radiocarbon dates (Fontana, Monegato, et al., 2014), while the
Brenta Megafan was deactivated at 17.5 ka cal BP (Rossato & Mozzi, 2016; Rossato et al., 2018). Accordingly,
when inferring rates from these ages, these differences solely could induce at least a 10% variation.

The determination of the age of the terrace surfaces is one of the key data used by M&B18 for calculating
the deformation rates at different time scales. The authors (a) explicitly do not provide new chronologies,
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(b) refer to a study, where uncalibrated radiocarbon ages were deliberately presented (Fontana et al., 2008),
(c) neglect or ignore more recent works by the same researchers (Fontana et al., 2010; Fontana, Monegato,
et al., 2014; Fontana, Mozzi, et al., 2014) that provided more robust and updated chronologies for same sur-
faces. For example, the correct chronology of surface “a2” (Figure 6 in M&B18), representing the outwash
plain during the LGM, is 26.5-22.0 ka cal BP and not 22.0-18.0 ka BP as reported by M&B18. The terraces of
the Cornappo and Lagna valleys, whose age is reported by several radiocarbon datings as being >55 ka BP
(Zanferrari et al., 2013), were also erroneously attributed to the same “a2” surface.

The surface “al” should represent the outwash plain of the withdrawal phase of the Tagliamento glacier
within the end-moraine system, whose age was assessed between 22.0 and 19.5 ka cal BP (Fontana, Mon-
egato, et al., 2014; Monegato et al., 2007). This portion of the plain was, however, clearly separated by the
one related to the LGM maximum advance (Fontana, Monegato, et al., 2014; Zanferrari, Avigliano, Mon-
egato, et al., 2008), though in M&B18 (Figure 3b) only a small portion of the plain (a2) is attributed to the
LGM maximum advance. On the contrary, most of the plain has been considered younger (16.0-14.5 ka)
with a difference of 5 + 1 ka. As a consequence, all subsequent calculations based on the assumed ages are
obviously biased.

The age of surfaces “a3” in M&B18 (their Figures 3 and 6b) is considered as <26.5 ka, as if they were related
to the LGM peak. Nevertheless, in the same literature cited by M&B18 these surfaces are clearly ascribed
to the Middle Pleistocene (Zanferrari, Avigliano, Grandesso, et al., 2008; Zanferrari et al., 2013) and hence
much older. In addition, since the 19th century all available geological and pedological literature on the
Pozzuolo terrace agrees in attributing at least a Middle Pleistocene age to its top surface (e.g., Comel, 1955;
Feruglio, 1925; Fontana, 1999; Pirona, 1861). In this specific case, any calculated deformation rate would be
at least five times lower than that presented in M&B18.

A coarse error in their morphotectonic analysis has to be pointed out concerning the surface of the Monte-
belluna and Brenta megafans, where a scarp located about 9 km south of the Prealpine piedmont is deduced
from the digital elevation model (DEM) (Figures 1 and 5 in M&B18) (Figure 2a). As reported in Moz-
zi (2005), this southern scarp is a clear artifact of the DEM created at the boundary between different sheets
of the topographic maps (Carta Tecnica Regionale del Veneto) used for the DEM processing (Figure 2b).
Furthermore, M&B18 do not clearly describe the procedure adopted to obtain their DEMs. Focusing on
the Veneto one, they state that “5-m DEM was derived from accurate 1:5,000 topographical maps” (page 5)
and “5-m DEM derived from 1:5,000 topographical maps (1-m elevation curves and elevation points) provided
by the Veneto Region (http://idt.regione.veneto.it/app/metacatalog/)” (page 8). This statement is evidently
self-contradicting: topographical maps freely distributed by Veneto Region have 5-m spacing contour lines,
and only limited sectors have 1-m spacing contours. On the contrary, the microrelief of the Veneto plain,
freely distributed by ARPAV (Agenzia Regionale per la Prevenzione e Protezione Ambientale del Veneto;
http://www.arpa.veneto.it/dati-ambientali/open-data/dati-arpav-in-formato-shp/informazioni-territori-
ali-di-base/microrilievo-della-pianura-del-veneto) provides 1-m spacing contours. Moreover, if a DEM is
built based on contour lines and elevation points, the cell-size is arbitrary, and the authors should have
explained their choice (i.e., 5-m size). At the link proposed by the authors (http://idt.regione.veneto.it/app/
metacatalog/), the Veneto Region provides also ready-to-use DEMs corresponding to 1:10,000 topographic
map sheets, with 5-m cell size, based on the numeric version of 1:5,000 topographical maps. Such DEMs
are fairly different from the DEM shown in their Figure 5, as can be noted in our Figure 2c; there indeed,
there is no evidence of the linear anomaly, interpreted as a fault scarp by M&B18, probably due to the fact
that the elevation data set was newer and corrected from the previous acquisition biases (ASCII files down-
loadable from the source indicated by M&B18 http://idt.regione.veneto.it/app/metacatalog/ report as date
of creation August 2009, while the last issue of elevation data used in Figure 2c is December 2013 sourc-
es: https://www.dati.gov.it/dataset/dtm-regionale-celle-5-metri-lato and https://dati.veneto.it/opendata/
dtm_regionale_con_celle_di_5_metri_di_lato).

In summary, Figures 1 and 5 in M&B18 contain serious scientific errors and all of the related interpretations
and conclusions made by the authors in their section 4.2 “The Montello thrust” (e.g., “A 35-km-long linear
discontinuous I1-to-2 m-high scarp, which deforms the regular surface of the Veneto-Friuli Basin, is also identi-
fied 8.5 km further in the south between Bassano and Treviso”) are consequently untenable.
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Figure 2. (a) Reproduction of Figure 5 in Moulin and Benedetti (2018) (M&B18), showing with red arrows two linear
anomalies in the digital elevation model (DEM) crossing the Montebelluna and Bassano megafans, that are interpreted
by the authors as tectonic scarps. (b) reproduction of Figure 6 in Mozzi (2005), reporting the micro-relief map of the
apical portion of the Bassano megafan, with 1 m contour lines. Black arrows indicate the foot of a probable tectonic
scarp observed also in the field (Favero & Grandesso, 1982; MURST, 1997; Tellini & Pellegrini, 2001), while the light
gray grid corresponds to the boundaries of each 1:10,000 topographic map used for contour interpolation. A “false
scarp” due to aerophotogrammetric bias, corresponding to an incorrect junction between map sheets, is clearly visible
in the lower-left sector of the map, and corresponds to the western sector of the southern linear anomaly evidenced in
(a) and interpreted by M&B18 as a scarp of tectonic origin. (c) DEM zoom-in of the eastern box in (a) obtained from the
December 2013 data set and showing the lack of any linear morphological feature.

4. (Mis)interpreted Tectonic Structures

Following Carulli (2006), M&B18 show in their Figure 9 the activation and the S-ward propagation of three
main contractional structures: Monte San Simeone (MST), Staro Selo (SS), and Tricesimo (TR) thrusts. All
these tectonic features deepen northwards into the Adria upper crust, reaching a depth of at least 30 km,
and propagate southwards with a ramp-flat geometry in the sedimentary succession. Thrusts root in the
staircase-shaped Periadriatic Lineament.

Moreover, in the balanced cross section presented in their Figure 9, M&B18 do not discuss the activity
and the kinematic role of the prominent strike-slip fault-systems (Rasa, Predjama, Idrija, Ravne, Fella-Sava
faults) that propagate from W-Slovenia to NE-Friuli (Zanferrari et al., 2013). They similarly never discuss
the relationships between reverse and strike-slip structures.

In the following, we report our concerns and comments on the proposed structural model focusing on se-
lected structures.
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4.1. Inherited Dinaric Tectonics

In the text and in the drawing of their Figure 9, M&B18 do not adequately consider the presence of the
Late Cretaceous-Late Eocene inherited thrusts characterized by a SW-vergence that strongly thickened the
eastern Friuli upper crust relative to the western Dolomites and Veneto plain. Deformational structures
belonging to the External Dinarides represent a pervasive framework within the ESA in Friuli region, af-
fecting both its alpine and pre-alpine sectors (Merlini et al., 2002; Ponton, 2010; Zanferrari et al., 2013).
Based on the detailed geological and structural surveys, the upper crust in Friuli consists of a stack of Upper
Cretaceous-Paleogene tectonic units, while the associated thrusts are always strongly cut, folded, and often
partially reactivated by the Neogene deformational events (Zanferrari et al., 2013).

In particular, based on the analysis of ENI seismic lines (Amato et al., 1976; S. Venturini, 2002) and/or
detailed geological mapping (Venturini, 1987; Zanferrari et al., 2013), several Upper Cretaceous-Eocene
tectonic structures clearly belonging to the Dinarides have been identified in the Friuli piedmont area and
in the inner ESA Chain in Carnia; examples are the Palmanova (PA in Figure 1), Susans-Tricesimo (ST), and
Gemona Kobarid (GK) thrusts. All of these structural features recorded a polyphase history since they have
been reactivated during the Neoalpine tectonic phase, while Holocene seismogenic activity still persists
on some of them (e.g., ST and GK, Burrato et al., 2008; Galadini et al., 2005; Peruzza et al., 2002; Pondrelli
et al., 2001).

On the same issue, some more attention deserves the Monte San Simeone Thrust (or Rio dei Frari Thrust
in Zanferrari et al., 2013) given its importance in the structural model proposed by M&B18. The Monte
San Simeone Thrust represents the basal detachment of an isolated slice of a Dinaric tectonic inherited
unit (see Figures 3 and 4) outcropping near the city of Venzone, where it is cut by the WNW-ESE vertical
Pioverno fault belonging to the Idrija-Ampezzo strike-slip system (Zanferrari et al., 2013; see chapter 4.2
in this comment). Originally quoted by Selli (1963) as Monte San Simeone Line, it was tentatively extend-
ed both toward the east (MST-Uccea-Saga Thrust in Merlini et al., 2002; Ponton, 2002, 2010) and the west
(Dof-Auda-MST Thrust in Venturini & Carulli, 2002), without providing, however, any mesostructural
analysis. As a matter of fact, in the “Gemona del Friuli” Explanatory Notes (pages 175-179, Zanferrari
et al., 2013) it is clearly documented that this structure (i.e., the Dof-Auda-MST-Uccea-Saga Thrust in
Carulli, 2006) does not exist. Although the “Gemona del Friuli” geological sheet is cited in M&B18 (see
their Figures 2 and 9), for the geological model they curiously include the Monte San Simeone Thrust
sensu Carulli (2006), and neglect the more detailed mapping and newer data provided by Zanferrari
et al. (2013).

4.2. Strike-Slip Tectonics

The easternmost sector of the ESA is affected by the activity of several strike-slip faults (Rasa, Predjama,
Idrija, Ravne, Fella-Sava faults) that formed in Western Slovenia starting from the Pliocene geodynamic
rearrangement, and progressively propagated to NE Friuli (Falcucci et al., 2018; Placer et al., 2010; Pon-
ton, 2010; Zanferrari, Avigliano, Monegato, et al., 2008; Zanferrari et al., 2013). It is however crucial the
fact that M&B18 never discuss the relationships between reverse and strike-slip structures affecting the
investigated area. In particular, there is no explanation about the structural and kinematic relationships
between the MST and the NW-SE strike-slip fault system to the east (Figure 2a of M&B18). In this regard,
the strike-slip fault system clearly cuts the MST, though the former graphically ended east of the profile
trace and hence not considered in their cross-section (Figure 9 in M&B18). It is worth to note that detailed
geological and structural mapping (surveys at 1:5,000) carried out also in this specific area for realizing
the “Gemona del Friuli” geological sheet (scale 1:50.000), allowed the identification of a steeply dipping,
right lateral strike-slip fault zone along the Resia, Fella, and Tagliamento valleys (Zanferrari et al., 2013).
This is a broad and anastomosed right lateral N110°-115° strike-slip fault system, coupled with synthetic
(N135°-145° striking) and antithetic (N20°-30° striking) faults. NW- or SE-vergence reverse faults, en ech-
elon fold systems, strike-slip duplexes, contractional and releasing bends, as well as positive and negative
flower structures integrate the structural association. Zanferrari et al. (2013) and Poli and Zanferrari (2018)
define it as Idrija-Ampezzo Fault System (IA in Figure 1), considering it the continuation across the Friuli
region of the Idrija strike-slip fault system affecting western Slovenia. In summary, although the “Gemona
del Friuli” sheet (Zanferrari et al., 2013) is quoted in the references of M&B18, the really new structural
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Figure 3. Detail of the Gemona del Friuli geological map (Zanferrari et al., 2013). FF’ black line is the cross section of Figure 4. Red lines: RF (Rio dei Fraris
Thrust); PI (Pioverno Fault); IA (Idrija-Ampezzo Fault). Acronyms as in “Gemona del Friuli” sheet.

data seem to have been not considered by the authors and, what is worst, neither discussed. We suspect the
“Gemona del Friuli” geological map was only used to report the stratal attitude for their geological profile

(Figure 2c) simply because the Carulli (2006) geological map have no such information due to its small scale
of representation.

cross section of fig. 3

M. S. SIMEONE
Pl

M. NARUINT

F 500

1000 - L 1000

Figure 4. Geological section across the Monte San Simeone (from “Gemona del Friuli” sheet, Zanferrari et al., 2013). See trace in Figure 3. The Dinaric Rio
dei Fraris Thrust (RF) is cut by means of the subvertical dextral strike-slip Pioverno Fault (PI), belonging to the Idrija-Ampezzo strike-slip system (IA: Idrija-
Ampezzo master fault). Acronyms as in “Gemona del Friuli” sheet.
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Figure 5. N-S regional geological cross-section across the ESA thrust belt and its foreland in Friuli (modified from Zanferrari et al., 2013, table 2). The cross
section benefited from the geological and structural data acquired in the CARG Project (049-Gemona del Friuli and 066-Udine geological sheets) and the
interpretation of seismic lines gently supplied by ENI S.p.a. Magnetic basement from Cati et al. (1987). For the structural setting around the Periadriatic
Lineament (PL): C. Venturini (2002) and Geologische Karte der Republik Osterreich 1:50.000, 198-. Legend: 1. Undifferentiated Austroalpine; 2. Magnetic
basement (including the “Permo-Carbonifero Pontebbano”); 3. Upper Permian-middle Triassic successions; 4. Upper Carnian, mostly terrigenous-evaporitic
successions; 5. Upper Triassic carbonate platforms; 6. Lower Jurassic carbonate platform; 7. Lower and middle Jurassic-upper Cretaceous p.p., Carnian-
Slovenian basin successions; 8. Middle Jurassic-upper Cretaceous p.p., Friuli Carbonate Platform successions; 9. Upper Cretaceous p.p.-lower Eocene, Dinaric
Foredeep successions; 10. Aquitanian-Langhian, Cavanella Group successions; 11. Serravallian-lower Messinian successions (“upper Molasse”); 12. Pliocene-
Quaternary successions. 13. WSW-verging major Dinaric thrusts (MV: Musi-Verzegnis; GK: Gemona Kobarid; ST: Susans-Tricesimo; PA: Palmanova); 14.
Neoalpine faults (f) and thrusts (th) (BU: Buia th.; FS: Fella-Sava £.; IA: Idrija-Ampezzo f.; MA: Magnano th.; MD: Medea th.; PV: Pioverno f.; PZ: Pozzuolo th.;
RA: Resiutta-Ponte Avons f.; RP: Ravne-Paularo f.; UD: Udine-Buttrio th.). ENI wells: CR1: Cargnacco 1; LV1: Lavariano 1. IS: Isel fault.

4.3. Buttrio Thrust

The Quaternary most external front of the ESA thrust-belt in Friuli is represented by the Palmanova Thrust
(Figure 1). This polyphased tectonic element actually acts with a transpressive kinematics generating the
Pozzuolo Thrust that involves not only the Cavanella Group (Lower Miocene), but also the Friuli Supersyn-
them (Pliocene-Upper Pleistocene p.p.) and the LGM deposits (Fontana, Monegato, et al., 2014; Zanferrari,
Avigliano, Monegato, et al., 2008). It is noteworthy that the (Udine-)Buttrio Thrust is not a splay of the Pozz-
uolo Thrust as interpreted by M&B18 (their Figures 2 and 9), but it consists of two distinct tectonic struc-
tures. Their geometric and kinematic relationships have been indeed investigated and described by Galadini
et al. (2005; Figure 4), by Burrato et al. (2008; Figure 2), by Zanferrari, Avigliano, Monegato, et al. (2008;
Geological map of “Udine” sheet and geological cross sections) and by Zanferrari et al. (2013, plate n. 2). In
the aforementioned papers, the interpretation was based on detailed geological and morphotectonic surveys
and, above all, on the analysis of industrial seismic lines kindly made available by ENI S.p.a. It is thus clear
that also the Palmanova-Pozzuolo Thrust System should have been considered by M&B18 in the attempted
Quaternary shortening rate assessment, but we could not find any indication of such discussion in their
paper.

Contrary to what mentioned in M&B18, the (Udine-)Buttrio Thrust has not the same structural and seis-
motectonic meaning of the Montello Thrust in Veneto for the following basic reasons: First, the former is
not the most external compressive structure of the ESA thrust belt in Friuli (references above); Second, the
Udine-Buttrio Thrust roots at the top of the Friuli Carbonate Platform (i.e., at the base of the Palaeocene-Eo-
cene turbiditic units), that is, to say at a depth of about 3-4 km under the Friuli plain (Burrato et al., 2008;
Galadini et al., 2005; Poli et al., 2002; Zanferrari, Avigliano, Monegato, et al., 2008), while the basal branch
line of the Montello Thrust is at about 10-12 km depth (Castellarin et al., 2006; Galadini et al., 2005).

4.4. Tricesimo Thrust

Referring to Cheloni et al. (2012), M&B18 assume the (Susans-)Tricesimo Thrust as the causative fault of
the 1976 earthquake. Nonetheless, the structure reported in their Figure 2 has a different trace compared to
the original paper (Cheloni et al., 2012), where instead a consistent model with a fault plane localized in the
Buia area (Buia blind Thrust) is proposed.
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Above all and once again, M&B18 do not clarify the structural and kinematic relationships between the
Tricesimo Thrust and the regional strike-slip structure E-NE of Udine (as drawn in their Figure 1), referred
to by the same authors (Benedetti et al., 2000; Moulin et al., 2014) as an active fault (i.e., Raa Fault Auct.).
As it is graphically represented, the reverse and strike-slip faults are kinematically and structurally linked
suggesting that a single major unsegmented structure occurs with at least 80 km in length. In the light of the
assumption that the Tricesimo Thrust was responsible for the 1976 earthquake, this issue is not a trivial one
for defining the seismogenic potential of the region. Despite the subject of their paper, there is no discussion
at all about the kinematic relationships between the two “segments” and particularly the location and char-
acteristics of the segment boundary. According to empirical relationships (e.g., Wells & Coppersmith, 1994),
a similar unsegmented source would have a seismogenic potential much higher in terms of maximum ex-
pected earthquake magnitude also implying that the 1976 event (Mw 6.45 in Rovida et al., 2019) ruptured
only a relatively small part of it. If the above represents their view, they should have discussed about (a)
why the coseismic rupture halted SE along a straight fault and (b) based on which arguments they rule out
the possibility of a complete rupture of the fault with expected magnitude between 7.5 and 8. We think this
topic should be treated more cautiously and more in detail that how M&B18 did in their paper.

As a final note, the name “Tricesimo Fault” is misleading and should not be used in this context, since
in the literature it refers to another tectonic structure, well defined on the basis of seismic lines interpre-
tation (Amato et al., 1976; Galadini et al., 2005; Zanferrari, Avigliano, Monegato, et al., 2008; Zanferrari
et al., 2013). The Susans-Tricesimo Thrust Auct. has been indeed located ca. 1 km to the south in corre-
spondence of the southernmost flysch outcrop, also well constrained by boreholes stratigraphy.

4.5. Fella-Sava Line

The Fella-Sava Line is an active (Jamsek-Rupnik, 2013; Merchel et al., 2014) transregional complex struc-
tural element extending from the Carnic area to the Pannonian basin. In Slovenia according to Vrabec and
Fodor (2006), the Sava Fault merges with the Sostanj Fault and the Labot Fault, together forming the contin-
uation of the Periadriatic Lineament shear zone toward the Drava graben. The total cumulative horizontal
dextral offset along the Sava Fault was estimated by correlation of various Oligocene formations to be about
25 km (Hinterlechner-Ravnik & Plenicar, 1967), 40 km (Kazmer et al., 1996), and 65-70 km (Placer, 1996).
Whatever the exact value, there is a quite huge amount of horizontal offset that likely affected a comparable
crustal thickness.

In the Julian area, where it is commonly refered to as Fella Line, the fault was traditionally interpreted as an
Alpine (Neogene) high-angle back-thrust (Selli, 1963; Venturini, 1990). In particular, a detailed geological
survey between Pontebba and Tarvisio documented that the Fella Line is a complex wrench fault system
with both synthetic and antithetic structures (Jadoul & Nicora, 1986), while microstructural analyses car-
ried out in the western Carnic segment (i.e., Paularo-Comeglians Fault) clearly confirmed its mainly strike-
slip kinematics (Bartel et al., 2014). Also, Merlini et al. (2002), Carulli (2006), and Ponton (2010) interpreted
the Fella Line as a dextral transpressive structure. In spite of the available abundant literature on both
geometry and kinematics, M&B18 assume the Fella Sava Fault as a secondary (at the scale of the orogenic
wedge) accommodation structure representing it as an oblique-slip reverse fault of the (Susans-)Tricesimo
Thrust (see their Figure 9).

Contrary to the interpretation proposed by M&B18, the Fella-Sava Fault is actually one of the major tectonic
features of the whole Eastern Alps (Vrabec & Fodor, 2006), though in the M&B18 proposed cross-section
there is no argument to explain why a regional high-angle transpressive crustal fault is drawn at depth as a
flat secondary decollement. The proposal of such an “innovative” geometric-kinematic setting should have
been demonstrated for example, by modeling the deformation field derived from geodetic data (e.g., GPS
time series) and check if the low-angle segment at depth of the Fella-Sava Fault would fit the observed re-
gional kinematics. Other problematic issues of the proposed interpretation are (a) the necessary kinematic
decoupling between the shallow strike-slip subvertical ‘segment” and the deep subhorizontal reverse one;
(b) the peculiar kinematic transition with depth that would also imply strong variations of the crustal stress
regime in a wider area and the involvement of other tectonic structures.
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In conclusion, and notwithstanding the importance of the Fella-Sava Fault as a crustal scale strike-slip
feature capable of generating tens of kilometers of horizontal displacement (Hinterlechner-Ravnik &
Plenicar, 1967; Kazmer et al., 1996; Placer, 1996), and the transcurrent tectonics strongly affecting the Car-
nian and Julian Alps and Prealps during Neogene (e.g., Ponton, 2010; Poli & Zanferrari, 2018; Zanferrari
et al., 2013), M&BI18 clearly assume that the latter is negligible; however, they omit to support their hypoth-
esis and even to discuss it.

4.6. Periadriatic Lineament

According to a wealth of literature, the Periadriatic Lineament is a polyphased strike-slip regional scale
shear zone with a subvertical setting (e.g., Massari, 1990; Polino et al., 1990; Schmid et al., 1996, 2004 among
many others). Also in the TRANSALP crustal cross section (Castellarin et al., 2006), the Periadriatic Linea-
ment dips about 70°-75° northwards. Regardless of the literature, M&B18 draw it with a staircase geometry
and an average dip of about 45° (their Figure 9). No one geological, geophysical, nor geodynamic evidence
exists for supporting this choice that, in turn, obviously influences the proposed “balanced” cross section.
Concerning this critical point the authors simply state: “How the three main thrusts connect with the Peri-
adriatic fault at depth is not discussed in the present study.”

Moreover even considering the interpretations of Schmid et al. (2013), Handy et al. (2015), and Hetényi
et al. (2018), which strongly questioned the Castellarin et al. (2006) “Crocodile” model suggesting a NE-
wards “wrong way” subduction of the Adria lithosphere, the Periadriatic Lineament has been never pro-
posed to have a ramp-flat layout. In particular, Hetényi et al. (2018) show both the Periadriatic Lineament
and the Fella-Sava Fault as a subvertical strike-slip structures belonging to the ESA thrust belt.

5. (Un)balanced Cross-Section and Neogene Shortening-Rates

Last but not least, the NNE-trending cross-section proposed by M&B18 (Figure 9) explicitly assumes that
the crustal features imaged by the N-S-trending TRANSALP seismic profile (Castellarin et al., 2006), run-
ning across the Dolomites 70 km on the west, persist in their study area. At page 14, they in fact declare:
“The structure of the eastern Southern Alps upper crust has been imaged by the TRANSALP seismic profiles
running about 70 km west of our study area (Castellarin et al., 2006) and could be incorporated into our fault
geometry.” Unfortunately, this hypothesis does not hold at all because the Dinaric thrusts in the Dolomites
deform only the sedimentary cover, and not the basement (e.g., Doglioni & Bosellini, 1987), while in the
easternmost ESA sector (i.e., Friuli and Carnia) representing the M&B18 investigated area, the mountain
belt is characterized by a complex nappe architecture mainly built during the Late Cretaceous-Late Eocene
Dinaric tectonic phase, that caused the thickening of the upper crust.

Second, the lower plate indicated in their Figure 9 as “underthrusting of Adria” is not truncated by any
ramp; indeed the segment labeled as R4 is a footwall flat, parallel to the top and base of the crystalline
basement and not a ramp. Therefore, the antiformal stack suggested to overlay R4 segment implies a huge
amount of shortening along the proposed section: following a trivial graphical exercise the necessary ramp
cutting the Adriatic crystalline basement should be located (at least) further left of the section represented
in their figure.

Third, when playing and applying thin-skinned models in geological reconstructions some fundamental
assumptions must be fulfilled, among which is the conservation of the rock volume (area in plane strain).
As a very basic principle, this assumption will not be justified, (a) if oblique-slip occurs on thrust faults,
(b) if strike-slip faults intersect the cross-section line, or (c) if the line of section is oblique to the primary
movement direction of major rock volumes. None of the above fundamental conditions is satisfied in the
M&B18 reconstruction.

It is also hardly comprehensible the reason why, on one hand, M&B18 refer to the Castellarin et al. (2006)
model for the ‘shallow” part of the TRANSALP Profile and particularly for the Southern Alps. On the other
hand, they repudiate the first order geodynamic feature represented by the fact that it is the European plate
that undergoes the Adria block and not vice versa. Relative to the shortening and the inferred rates, M&B18
state that:
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1. “Although other styles of folding could exist, the poor resolution of the published seismic profiles makes
it difficult to estimate how important they are. Therefore, the presented interpretation is thus affected by
uncertainties, which cannot be quantified with the available data.” (pp. 11-12)

2. “The cross section is hence constructed by assuming that the main decollement horizons lie along D1
and D2 where drastic changes in the rheological properties occur.” (p. 12)

3. “Note that the geometry of the ramps as shown in Figure 9 is only indicative and could be better con-
strained with higher-resolution seismic profiles. Finally, equation 1 indicates that folding of the al sur-
face has resulted from 11.6 + 1.6 m of slip on D1.” (p. 13)

Given the uncertainties (1, 2) and assumptions (3) it seems unlikely to evaluate the amount of slip on D1
with the proposed sub-meter resolution, also considering possible graphical errors (their Figure 8b) greater
than the resolution of the calculated slip.

From all these considerations, we conclude that the crustal cross-section of M&B18 is essentially wrong
because unquestionably unbalanced (and impossible to balance); therefore all consequent calculations rel-
ative to the amount of shortening along the profile are not reliable and should be not taken into account. As
a further consequence, all proposed rates should be rejected too.

6. Summary

Moulin and Benedetti (2018) propose a new interpretation about the fragmentation of the Adriatic “prom-
ontory,” reportedly based on the reinterpretation of field data (Zanferrari, Avigliano, Monegato, et al., 2008;
Zanferrari et al., 2013) and selected literature (Caputo et al., 2010; Carulli, 2006; Fontana et al., 2008; Mon-
egato et al., 2007), however without considering other available and updated works (Mozzi, 2005; Zan-
ferrari, Avigliano, Grandesso, et al., 2008; Ponton, 2010; Fontana, Monegato, et al., 2014). In some cases,
the authors have misinterpreted or over-interpreted the original published data, whereas the reasons for
discarding the original interpretations are not discussed and are not supported by any new data. Above all,
the changes in age assessment of the terraces without providing new chronological analyses and ignoring
the available ones (Fontana, Monegato, et al., 2014; Fontana, Mozzi, et al., 2014; Mozzi, 2005; Zanferrari,
Avigliano, Grandesso, et al., 2008) invalidate all of the consequent interpretations on the deformation rates
of the tectonic structures.

The alleged balanced cross section on one side embraces the results of the TRANSALP Profile (Castellarin
et al., 2006) in terms of shallow tectonic setting, though traced at a distance of ca. 70 km; on the other hand,
it assumes that the Adriatic crust underthrusts the European one, at odds with the original TRANSALP
Profile.

The proposed structural cross-section also assumes a staircase geometry of the Periadriatic Lineament that
was never documented nor suggested in the literature, but that strongly conditions the final results of the
paper. Additionally, the proposed overall geometry and kinematics do not consider the huge amount of
geological and tectonic information available for the Friuli sector of the ESA and particularly:

1. The Late Cretaceous-Late Eocene Dinaric phase that caused crustal thickening in the investigated area
with respect to the central-western Veneto region; as a consequence, the presence of an inherited tec-
tonic stack largely reactivated during the Neogene-Quaternary deformation, hampers and obscures the
correlation between tectonic units and therefore the estimate of the relative displacements

2. The major role played by NW-SE to WNW-ESE strike-slip fault systems affecting the area, which are
never discussed in M&B18 and that basically make unbalanced the proposed cross section, therefore
invalidating all consequent results.

In conclusion, (a) the misinterpreted application of a crustal geological model taken from a distant region,
(b) the unsupported assumption of “innovative” geometries and kinematics of major deformational struc-
tures, (c) the omission of the role of well-defined regional tectonic features, (d) the neglect of the “local”
geological information, and (e) the attribution of wrong ages to fluvial terraces, determined in M&B18
unreliable reconstructions and untenable conclusions both in terms of cumulative shortening and rates.

POLI ET AL.

11 of 14



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2019TC005696

Acknowledgments

Many thanks to V. Picotti for the accu-
rate review of the study. John Geissman
is thanked for his editorial support and
George Hilley for the revision of the
manuscript.

Data Availability Statement

The present Comment is supported by data of previous works reported in the reference list. The Geolog-
ical maps and explanatory notes data sets are freely available at http://www.isprambiente.gov.it/Media/
carg/friuli.html. Topographic data for the Montello area are freely downloadable from REGIONE VENETO
(https://idt2.regione.veneto.it/) and ARPAV (http://www.arpa.veneto.it/dati-ambientali/open-data/dati-ar-
pav-in-formato-shp/informazioni-territoriali-di-base/microrilievo-della-pianura-del-veneto) repositories.

References

Amato, A., Barnaba, P. F., Finetti, L., Groppi, G., Martins, B., & Muzzin, A. (1976). Geodynamic outline and seismicity of Friuli Venetia
Julia region. Bollettino di Geofisica Teorica e Applicata, 19, 217-256. https://doi.org/10.1111/eea.1976.19.issue-3

Bajc, J., Aoudia, A., Sarao, A., & Suhadolc, P. (2001). The 1998 Bovec-Krn mountain (Slovenia) earthquake sequence. Geophysical Research
Letters, 28(9), 1839-1842. https://doi.org/10.1029/2000g1011973

Bartel, E. M., Neubauer, F., Heberer, B., & Genser, J. (2014). A low-temperature ductile shear zone: The gypsum-dominated western ex-
tension of the brittle Fella-Sava Fault, Southern Alps. Journal of Structural Geology, 69, 18-31. https://doi.org/10.1016/j.jsg.2014.09.016

Benedetti, L., Tapponnier, P., King, G. C., Meyer, B., & Manighetti, I. (2000). Growth folding and active thrusting in the Montello region,
Veneto, northern Italy. Journal of Geophysical Research, 105(B1), 739-766. https://doi.org/10.1029/1999jb900222

Bernardis, G., Poli, M. E., Snidarcig, A., & Zanferrari, A. (2000). Seismotectonic and macroseismic characteristics of the earthquake of
Bovec (NW Slovenia: April 12th 1998). Bollettino di Geofisica Teorica e Applicata, 41(2), 133-148.

Bressan, G., Barnaba, C., Bragato, P., Ponton, M., & Restivo, A. (2018). Revised seismotectonic model of NE Italy and W Slovenia based on
focal mechanism inversion. Journal of Seismology, 22, 1563-1578. https://doi.org/10.1007/s10950-018-9785-2

Burrato, P., Poli, M. E., Vannoli, P., Zanferrari, A., Basili, R., & Galadini, F. (2008). Sources of Mw 5+ earthquakes in northeastern Italy
and western Slovenia: An updated view based on geological and seismological evidence. Tectonophysics, 453, 157-176. https://doi.
org/10.1016/j.tecto.2007.07.009

Caputo, R. (1996). The polyphase tectonics of Eastern Dolomites. Memorie di Scienze Geologiche, 48, 93-106.

Caputo, R., Poli, M. E., & Zanferrari, A. (2010). Neogene—quaternary tectonic stratigraphy of the eastern Southern Alps, NE Italy. Journal
of Structural Geology, 32(7), 1009-1027. https://doi.org/10.1016/j.jsg.2010.06.004

Carulli, G. B. (2006). Carta geologica del Friuli Venezia Giulia. Scala, 1, 150,000. Firenze: Regione Autonoma Friuli Venezia Giulia. SELCA.

Castellarin, A., & Cantelli, L. (2000). Neo-alpine evolution of the southern eastern Alps. Journal of Geodynamics, 30(1-2), 251-274. https://
doi.org/10.1016/S0264-3707(99)00036-8

Castellarin, A., Cantelli, L., Fesce, A. M., Mercier, J. L., Picotti, V., & Pini, G. A. (1992). Alpine compressional tectonics in the Southern
Alps. Relationships with the N-Apennines. Annales Tectonicae, 6(1), 62-94.

Castellarin, A., Nicolich, R., Fantoni, R., Cantelli, L., Sella, M., & Selli, L. (2006). Structure of the lithosphere beneath the eastern Alps
(southern sector of the TRANSALP transect). Tectonophysics, 414(1-4), 259-282. https://doi.org/10.1016/j.tecto.2005.10.013

Cati, A., Fichera, R., & Cappelli, V. (1987). Northeastern Italy, integrated processing of geophysical and geological data. Memorie della
Societa Geologica Italiana, 40, 273-288.

Cheloni, D., D'Agostino, N., D'Anastasio, E., & Selvaggi, G. (2012). Reassessment of the source of the 1976 Friuli, NE Italy, earthquake se-
quence from the joint inversion of high-precision levelling and triangulation data. Geophysical Journal International, 190(2), 1279-1294.
https://doi.org/10.1111/j.1365-246X.2012.05561.x

Comel, A. (1955). Monografi a sui terreni della pianura friulana. II. Genesi della pianura centrale connessa all'antico sistema fl uvioglaciale
del Tagliamento. Nuovi Ann. Ist. Chim. Agr. Sperim (Vol. 6, pp. 1-216). Gorizia.

Cousin, M. (1981). Les rapports Alpes-Dinarides dans les confins de ['Ttalie et de la Yugoslavie (5, 521). Societé Geologique du Nord.

Cunningham, D., Grebby, S., Tansey, K., Gosar, A., & Kastelic, V. (2006). Application of airborne LiDAR to mapping seismogenic faults in for-
ested mountainous terrain, southeastern Alps, Slovenia. Geophysical Research Letters, 33, 1L20308. https://doi.org/10.1029/2006GL027014

D'Agostino, N., Avallone, A., Cheloni, D., D'Anastasio, E., Mantenuto, S., & Selvaggi, G. (2008). Active tectonics of the Adriatic region from
GPS and earthquake slip vectors. Journal of Geophysical Research, 113, B12413. https://doi.org/10.1029/2008JB005860

Devoti, R., Esposito, A., Pietrantonio, G., Pisani, A. R., & Riguzzi, F. (2011). Evidence of large scale deformation patterns from GPS data in
the Italian subduction boundary. Earth and Planetary Science Letters, 311, 230-241. https://doi.org/10.1016/j.epsl.2011.09.034

Doglioni, C. (1987). Tectonics of the Dolomites (Southern Alps, northern Italy). Journal of Structural Geology, 9, 181-193. https://doi.
0rg/10.1016/0191-8141(87)90024-1

Doglioni, C. (1992). The Venetian Alps thrust belt. Thrust tectonics (pp. 319-324). Netherlands: Springer. https://doi.
0rg/10.1007/978-94-011-3066-0_29

Doglioni, C., & Bosellini, A. (1987). Eoalpine and mesoalpine tectonics in the southern Alps. Geologische Rundschau, 76(3), 735-754.
https://doi.org/10.1007/BF01821061

Faccenna, C., Becker, T. W., Miller, M. S., Serpelloni, E., & Willett, S. D. (2014). Isostasy, dynamic topography, and the elevation of the
Apennines of Italy. Earth and Planetary Science Letters, 407, 163-174. https://doi.org/10.1016/j.epsl.2014.09.027

Falcucci, E., Poli, M. E., Galadini, F., Scardia, G., Paiero, G. & Zanferrari, A. (2018). First evidence of active transpressive surface faulting
at the front of the Eastern Southern Alps, northeastern Italy. Insight on the 1511 earthquake seismotectonics. Solid Earth, 9, 911-922,
https://doi.org/10.5194/se-9-911-2018

Fantoni, R., Catellani, D., Merlini, S., Rogledi, S., & Venturini, S. (2002). La registrazione degli eventi deformativi cenozoici nell'avampaese
Veneto-Friulano. Memorie Societa Geologica Italiana, 57, 301-313.

Favero, V., & Grandesso, P. (1982). Nuovi affioramenti di Pliocene marino nei dintorni di Bassano del Grappa (VI). Memorie Societa Geo-
logica Italiana, 24, 71-77.

Feruglio, E. (1925). La zona delle risorgive del basso Friuli tra il Tagliamento e la Torre. Parte I: Descrizione geologica e idrologica. Annali
Stazione Chimico Agraria Sperimentale di Udine (Vol. 3, pp. 1-343).

Fodor, L., Jelen, B., Martor, E., Skaberne, D., Car, J., & Vrabec, M. (1998). Miocene- Pliocene tectonic evolution of the Slovenian Periadriatic
fault: Implication for Alpine -Carpathian extrusion model. Tectonics, 17, 690-709. https://doi.org/10.1029/98tc01605

POLI ET AL.

12 of 14


http://www.isprambiente.gov.it/Media/carg/friuli.html
http://www.isprambiente.gov.it/Media/carg/friuli.html
https://idt2.regione.veneto.it/
http://www.arpa.veneto.it/dati-ambientali/open-data/dati-arpav-in-formato-shp/informazioni-territoriali-di-base/microrilievo-della-pianura-del-veneto
http://www.arpa.veneto.it/dati-ambientali/open-data/dati-arpav-in-formato-shp/informazioni-territoriali-di-base/microrilievo-della-pianura-del-veneto
https://doi.org/10.1111/eea.1976.19.issue-3
https://doi.org/10.1029/2000gl011973
https://doi.org/10.1016/j.jsg.2014.09.016
https://doi.org/10.1029/1999jb900222
https://doi.org/10.1007/s10950-018-9785-2
https://doi.org/10.1016/j.tecto.2007.07.009
https://doi.org/10.1016/j.tecto.2007.07.009
https://doi.org/10.1016/j.jsg.2010.06.004
https://doi.org/10.1016/S0264-3707(99)00036-8
https://doi.org/10.1016/S0264-3707(99)00036-8
https://doi.org/10.1016/j.tecto.2005.10.013
https://doi.org/10.1111/j.1365-246X.2012.05561.x
https://doi.org/10.1029/2006GL027014
https://doi.org/10.1029/2008JB005860
https://doi.org/10.1016/j.epsl.2011.09.034
https://doi.org/10.1016/0191-8141(87)90024-1
https://doi.org/10.1016/0191-8141(87)90024-1
https://doi.org/10.1007/978-94-011-3066-0_29
https://doi.org/10.1007/978-94-011-3066-0_29
https://doi.org/10.1007/BF01821061
https://doi.org/10.1016/j.epsl.2014.09.027
https://doi.org/10.5194/se-9-911-2018
https://doi.org/10.1029/98tc01605

A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2019TC005696

Fontana, A. (1999). Aspetti geomorfologici dell'area di Sammardenchia. In A. Ferrari, & A. Pessina (Eds.), Samardenchia: Cueis, Contributi
per la conoscenza di una comunita del Primo Neolitico (pp. 11-22). Monografie Museo Friulano Storia Naturale.

Fontana, A., Monegato, G., Devoto, S., Zavagno, E., Burla, 1., & Cucchi, F. (2014). Evolution of an Alpine fluvioglacial system at the LGM
decay: The Cormor megafan (NE Italy). Geomorphology, 204, 136-153. https://doi.org/10.1016/j.geomorph.2013.07.034

Fontana, A., Mozzi, P., & Bondesan, A. (2008). Alluvial megafans in the Veneto-Friuli Plain: Evidence of aggrading and erosive phases
during Late Pleistocene and Holocene. Quaternary International, 189(1), 71-90. https://doi.org/10.1016/j.quaint.2007.08.044

Fontana, A., Mozzi, P., & Bondesan, A. (2010). Late Pleistocene evolution of the Venetian-Friulian plain. Rendiconti Lincei, 21, 181-196.
https://doi.org/10.1007/s12210-010-0093-1

Fontana, A., Mozzi, P., & Marchetti, M. (2014). Alluvial fans and megafans along the southern side of the Alps. Sedimentary Geology, 301,
150-171. https://doi.org/10.1016/j.sedge0.2013.09.003

Galadini, F., Poli, M. E., & Zanferrari, A. (2005). Seismogenic sources potentially responsible for earthquakes with M > 6 in
the eastern southern Alps (Thiene-Udine sector, NE Italy). Geophysical Journal International, 161(3), 739-762. https://doi.
org/10.1111/j.1365-246X.2005.02571.x

Geoloski Zavod Slovenije. (2013). Geological map of Slovenia 1: 1.000.000. In M. Bavec, M. Novac, & M. Poljac (Eds.), Ljubljana.

Handy, M. R., Ustaszewski, K., & Kissling, E. (2015). Reconstructing the Alps-Carpathians-Dinarides as a key to understanding switches
in subduction polarity, slab gaps and surface motion. Journal of Earth Sciences, 104, 1-26. https://doi.org/10.1007/s00531-014-1060-3
Heberer, B., Reverman Lee, R., Fellin, M. G., Neubauer, F., Dunkl, L, Zattin, M., et al. (2016). Postcollisional cooling history of the east-
ern and southern Alps and its linkage to Adria indentation. International Journal of Earth Sciences, 106(5), 1557-1580. https://doi.

0rg/10.1007/s00531-016-1367-3

Hetényi, G., Plomerova, J., Bianchi, I., Kampfova Exnerovée, H., Bokelmannf, G., Handy, M. R,, et al. (2018). From mountain summits
to roots: Crustal structure of the Eastern Alps and Bohemian Massif along longitude 13.3°E. Tectonophysics, 744, 239-255. https://doi.
0rg/10.1016/j.tecto.2018.07.001

Hinterlechner-Ravnik, A., & Pleni¢ar, M. (1967). Smrekovski andezit in njegov tuf. The Smrekovec andesite and its tuff. Geologija, 10,
219-237.

Horvath, F., Bada, G., Szafidn, P., Tari, G., Addm, A., & Cloetingh, S. (2006). Formation and deformation of the Pannonian Basin: Con-
straints from observational data. In D. G. Gee, & R. A. Stephenson (Eds.), Formation and deformation of the Pannonian basin: Con-
straints from observational data. European lithosphere dynamics (pp. 191-206). Geological Society London, Memoirs. https://doi.
org/10.1144/gsl.mem.2006.032.01.11

Jadoul, F., & Nicora, A. (1986). Stratigrafia e paleogeografia ladinico-carnica delle Alpi Carniche orientali (versante nord della Valcanale,
Friuli). Rivista Italiana di Paleontologia e Stratigrafia, 92(2), 201-238.

Jamsek-Rupnik, P. (2013). Geomorfoloski dokazi za aktivno tektoniko v Ljubljanskem bazenu. Doktorska disertacija. Geomorphological evi-
dence of active tectonics in the Ljubljana basin. Ljubljana. Univerza v Ljubljani, Fakulteta za gradbenistvo in geodezijo. Retrieved from
http://drugg.fgg.uni-lj.si

Kastelic, V., Vrabec, M., Cunningam, D., & Gosar, A. (2008). Neoalpine structural evolution and present day tectonic activity of the east-
ern Southern Alps: The case of the Ravne fault, NW Slovenia. Journal of Structural Geology, 30, 963-975. https://doi.org/10.1016/j.
j52.2008.03.009

Kazmer, M., Fodor, L., Jazsa, S., Jelen, B., Herlec, U., & Kuhlemann, J. (1996). Late Miocene paleogeography of Slovenia and the Southern
Alps: A palinspastic approach. In G. Amann (Ed.), 6th. symposium tektonik - strukturgeologie - kristallingeologie (pp. 212-214). Salzburg,
Austria.

Lambeck, K., Rouby, H., Purcell, A., Sun, Y., & Sambridge, M. (2014). Sea level and global ice volumes from the Last Glacial Maximum to
the Holocene. Proceedings of the National Academy of Sciences, 111, 15296-15303. https://doi.org/10.1073/pnas.1411762111

Marton, E., Drobne, K., Cosovi¢, V., & Moro, A. (2003). Palacomagnetic evidence for Tertiary counterclockwise rotation of Adria. Tectono-
physics, 377(1-2), 143-156. https://doi.org/10.1016/j.tecto.2003.08.022

Massari, F. (1990). The foredeeps of the northern Adriatic margin: Evidence of diachronicity in deformation of the Southern Alps. Rivista
Italiana di Paleontologia e Stratigrafia, 96, 350-380.

Merchel, S., Mrak, 1., Braucher, R., Benedetti, L., Repe, B., Bourles, D. L., & Reitner, J. M. (2014). Surface exposure dating of the Veliki
vrh rock avalanche in Slovenia associated with the 1348 earthquake. Quaternary Geochronology, 22, 33-42. https://doi.org/10.1016/j.
quageo.2014.02.002

Merlini, S., Doglioni, C., Fantoni, R., & Ponton, M. (2002). Analisi strutturale lungo un profilo geologico fra la linea Fella-Sava e I'avam-
paese adriatico (Friuli-Venezia Giulia - Italia). Memorie Societd Geologica Italiana, 57, 293-300.

Mlakar, I. (1969). Krovna zgradba idrijsko Zirovskega ozamlja. Geologija, 12, 5-72.

Monegato, G., Ravazzi, C., Donegana, M., Pini, R., Calderoni, G., & Wick, L. (2007). Evidence of a two-fold glacial advance during the
last glacial maximum in the Tagliamento end moraine system (eastern Alps). Quaternary Research, 68(02), 284-302. https://doi.
org/10.1016/j.yqres.2007.07.002

Moulin, A., & Benedetti, L. (2018). Fragmentation of the Adriatic promontory: New chronological constraints from Neogene shortening
rates across the Southern Alps (NE Italy). Tectonics, 37. https://doi.org/10.1029/2018TC004958

Moulin, A., Benedetti, L., Gosar, A., JamSek Rupnik, P., Rizza, M., Bourlés, D., & Ritz, J. F. (2014). Determining the present-day kinematics
of the Idrija fault (Slovenia) from airborne LiDAR topography. Tectonophysics, 628, 188-205. https://doi.org/10.1016/j.tecto.2014.04.043

Mozzi, P. (2005). Alluvial plain formation during the Late Quaternary between the southern Alpine margin and the Lagoon of Venice
(northern Italy). Geografia Fisica e Dinamica Quaternaria, 7, 219-230.

MURST. (1997). Carta geomorfologica della Pianura Padana, scala 1:250.000. Firenze: S.E1.Ca.

Peruzza, L., Poli, M. E., Rebez, A., Renner, G., Rogledi, S., Slejko, D., & Zanferrari, A. (2002). The 1976-1977 seismic sequence in Friuli: New
seismotectonic aspects. Memorie Societa Geologica Italiana, 57, 391-400.

Pirona, G. A. (1861). Sulle antiche morene del Friuli. Atti Societa Italiana Scienze Naturali, 2, 548-556.

Placer, L. (1981). Geologic structure of southwestern Slovenia. Geologija, 24(1), 17-60.

Placer, L. (1982). Tektonski razvoj idrijskega rudisca: Structural history of the Idrija mercury deposit. Geologija, 25, 7-94.

Placer, L. (1996). O premiku ob Savskem prelomu: Displacement along the Sava fault. Geologija, 39, 283-387. https://doi.org/10.5474/
geologija.1996.011

Placer, L., Vrabec, M., & Celarc, B. (2010). The bases for understanding of the NW Dinarides and Istria Peninsula tectonics: Osnove
razumevanja tektonske zgradbe NW Dinaridov in polotoka Istre. Geologija, 53(1), 55-86. https://doi.org/10.5474/geologija.2010.005

Poli, M. E., Peruzza, L., Rebez, A., Renner, G., Slejko, D., & Zanferrari, A. (2002). New seismotectonic evidence from the analysis of the
1976-1977 and 1977-1999 seismicity in Friuli (NE Italy). Boll. Geof. Teor. Appl., 43, 53-78.

POLI ET AL.

13 of 14


https://doi.org/10.1016/j.geomorph.2013.07.034
https://doi.org/10.1016/j.quaint.2007.08.044
https://doi.org/10.1007/s12210-010-0093-1
https://doi.org/10.1016/j.sedgeo.2013.09.003
https://doi.org/10.1111/j.1365-246X.2005.02571.x
https://doi.org/10.1111/j.1365-246X.2005.02571.x
https://doi.org/10.1007/s00531-014-1060-3
https://doi.org/10.1007/s00531-016-1367-3
https://doi.org/10.1007/s00531-016-1367-3
https://doi.org/10.1016/j.tecto.2018.07.001
https://doi.org/10.1016/j.tecto.2018.07.001
https://doi.org/10.1144/gsl.mem.2006.032.01.11
https://doi.org/10.1144/gsl.mem.2006.032.01.11
http://drugg.fgg.uni-lj.si
https://doi.org/10.1016/j.jsg.2008.03.009
https://doi.org/10.1016/j.jsg.2008.03.009
https://doi.org/10.1073/pnas.1411762111
https://doi.org/10.1016/j.tecto.2003.08.022
https://doi.org/10.1016/j.quageo.2014.02.002
https://doi.org/10.1016/j.quageo.2014.02.002
https://doi.org/10.1016/j.yqres.2007.07.002
https://doi.org/10.1016/j.yqres.2007.07.002
https://doi.org/10.1029/2018TC004958
https://doi.org/10.1016/j.tecto.2014.04.043
https://doi.org/10.5474/geologija.1996.011
https://doi.org/10.5474/geologija.1996.011
https://doi.org/10.5474/geologija.2010.005

A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2019TC005696

Poli, M. E., & Renner, G. (2004). Normal focal mechanisms in the Julian Alps and Prealps: Seismotectonic implications for the Italian-Slo-
venian border region. Bollettino di Geofisica Teorica ed Applicata, 45(1-2), 51-69.

Poli, M. E., & Zanferrari, A. (2018). The seismogenic sources of the 1976 Friuli earthquakes: A new seismotectonic model for the Friuli
area. Bollettino di Geofisica Teorica ed Applicata, 59(4), 463-488.

Polino, R., Dal Piaz, G. V., & Gosso, G. (1990). Tectonic erosion at the Adria margin and accretionary processes for the Cretaceous orogeny
of the Alps. Mémoire de la Société Géologique de France, 156, 345-367.

Poljak, M., Zivcic, M., & Zupanci¢, P. (2000). The seismotectonic characteristics of Slovenia. Pure and Applied Geophysics, 157, 37-55.
https://doi.org/10.1007/pl00001099

Ponderelli, S., Ekstrém, G., & Morelli, A. (2001). Seismotectonic re-evaluation of the 1976 Friuli, Italy, seismic sequence. Journal of Seismol-
ogy, 5, 73-83. https://doi.org/10.1023/a:1009822018837

Ponton, M. (2002). La tettonica del gruppo del M. Canin e la linea Val Resia-Val Coritenza (Alpi Giulie occidentali). 80° riunione estiva della
Societa Geologica Italiana. Guida alle escursioni.

Ponton, M. (2010). Architettura delle Alpi friulane. Udine: Pubblicazione nEdizioni del Museo Friulano di Storia Naturale.

Rossato, S., Carraro, A., Monegato, G., Mozzi, P., & Tateo, F. (2018). Glacial dynamics in pre-Alpine narrow valleys during the Last Gla-
cial Maximum inferred by lowland fluvial records (northeast Italy). Earth Surface Dynamics, 6, 809-828. https://doi.org/10.5194/
esurf-6-809-2018

Rossato, S., & Mozzi, P. (2016). Inferring LGM sedimentary and climatic changes in the southern Eastern Alps foreland through the analysis
of a '*C ages database (Brenta megafan, Italy). Quaternary Science Reviews, 148,115-127. https://doi.org/10.1016/j.quascirev.2016.07.013

Rovida, A., Locati, M., Camassi, R., Lolli, B., & Gasperini, P. (2019). Catalogo Parametrico dei Terremoti Italiani (CPTI15), versione 2.0.
Istituto Nazionale di Geofisica e Vulcanologia (INGV). https://doi.org/10.13127/CPTI/CPTI15.2

Schmid, S. M., Fiigenschuh, B., Kissling, E., & Schuster, R. (2004). Tectonic map and overall architecture of the Alpine orogen. Eclogae
Geologicae Helvetiae, 97, 93-117. https://doi.org/10.1007/s00015-004-1113-x

Schmid, S. M., Pfiffner, O. A., Froitzheim, N., Schénborn, G., & Kissling, E. (1996). Geophysical-geological transect and tectonic evolution
of the Swiss-Italian Alps. Tectonics, 15(5), 1036-1064. https://doi.org/10.1029/96TC00433

Schmid, S. M., Scharf, A., Handy, M. R., & Rosenberg, C. L. (2013). The Tauern Window (Eastern Alps, Austria): A new tectonic map, with
cross-sections and a tectonometamorphic synthesis. Swiss Journal of Geosciences, 106, 1-32. https://doi.org/10.1007/s00015-013-0123-y

Selli, R. (1963). Schema geologico delle Alpi Carniche e Giulie occidentali. Giornale di Geologia, 30, 1-136.

Serpelloni, E., Vannucci, G., Anderlini, L., & Bennett, R. A. (2016). Kinematics, seismotectonics and seismic potential of the eastern sector
of the European Alps from GPS and seismic deformation data. Tectonophysics, 688, 157-181. https://doi.org/10.1016/j.tecto.2016.09.026

Sustersi¢, F. (1996). Poljes and caves of Notranjska. Acta Carsologica, 25, 251-289.

Tellini, C., & Pellegrini, G. B. (2001). Tectonic landforms. Geografia Fisica e Dinamica Quaternaria, 4, 55-68.

Venturini, C. (1990). Cinematica neogenico-Quaternaria del Sudalpino orientale (settore friulano). Studi Geologici Camerti, 1990, 109-116.

Venturini, C. (Ed.), (2002). CCarta geologica delle Alpi Carniche: Geological map of the Carnic Alps. Firenze. Museo Friulano di Storia Nat-
urale, Universita degli Studi di Bologna, Dipartimento di Scienze della Terra e Geologico-Ambientali. SELCA.

Venturini, C., & Carulli, G. B. (2002). Neoalpine structural evolution of the Carnic Alps central core. Memorie Societd Geologica Italiana,
57,273-281.

Venturini, S. (1987). Nuovi dati sul Tortoniano del sottosuolo della Pianura Friulana (pp. 16). Gortania — Atti Museo Friulano di Storia
Naturale.

Venturini, S. (2002). II pozzo Cargnacco 1: Un punto di taratura stratigrafica nella pianura friulana. Memorie di Scienze Geologiche, 57,
11-18.

Vrabec, M. (1994). Some thoughts on the pull-apart origin of karst poljes along the Idrija strike slip fault in Slovenia. Acta Carseologica,
XXIII(5), 155-167.

Vrabec, M. (2001). Structural analysis of the Sava fault zone between trstenik and stahovica (p. 94). Unpublished PhD thesis, University of
Ljubljana.

Vrabec, M., & Fodor, L. (2006). Late Cenozoic tectonics of Slovenia: Structural styles at the Northeastern corner of the Adriatic microplate.
In N. Pinter, G. Grenerczy, J. Weber, S. Stein, & D. Medak (Eds.), The Adria microplate: GPS geodesy, tectonics and hazards. Nato science
series IV: Earth and environmental sciences (Vol. 61, pp. 151-168). Springer.

Wells, D. L., & Coppersmith, K. I. (1994). New empirical relationships among magnitude, rupture length, rupture width, rupture area, and
surface displacement. Bulletin of the Seismological Society of America, 84(4), 974-1002.

Zanferrari, A., Avigliano, R., Grandesso, P., Monegato, G., Paiero, G., Poli, M. E., & Stefani, C. (2008). Geological map and explanatory notes
of the Italian geological map at the scale 1:50.000: Sheet 065 “Maniago”. APAT-Servizio Geologico d'Italia — Regione Autonoma Friuli
Venezia Giulia. Retrieved from http://www.isprambiente.gov.it/Media/carg/friuli.html

Zanferrari, A., Avigliano, R., Monegato, G., Paiero, G., & Poli, M. E. (2008). Geological map and explanatory notes of the geological map
of Italy at the scale 1:50.000: Sheet 066 “Udine” (p. 176). APAT-Servizio Geologico d'Italia - Regione Autonoma Friuli Venezia Giulia.
Retrieved from http://www.isprambiente.gov.it/Media/carg/friuli.htm

Zanferrari, A., Masetti, D., Monegato, G., & Poli, M. E. (2013). Geological map and explanatory notes of the Geological Map of Italy at the
scale 1:50.000: Sheet 049 “Gemona del Friuli” (p. 262). ISPRA - Servizio Geologico d'Italia - Regione Autonoma Friuli Venezia Giulia.
Retrieved from http://www.isprambiente.gov.it/Media/carg/friuli.html

POLI ET AL.

14 of 14


https://doi.org/10.1007/pl00001099
https://doi.org/10.1023/a:1009822018837
https://doi.org/10.5194/esurf-6-809-2018
https://doi.org/10.5194/esurf-6-809-2018
https://doi.org/10.1016/j.quascirev.2016.07.013
https://doi.org/10.13127/CPTI/CPTI15.2
https://doi.org/10.1007/s00015-004-1113-x
https://doi.org/10.1029/96TC00433
https://doi.org/10.1007/s00015-013-0123-y
https://doi.org/10.1016/j.tecto.2016.09.026
http://www.isprambiente.gov.it/Media/carg/friuli.html
http://www.isprambiente.gov.it/Media/carg/friuli.htm
http://www.isprambiente.gov.it/Media/carg/friuli.html

	Comment on “Fragmentation of the Adriatic Promontory: New Chronological Constraints From Neogene Shortening Rates Across the Southern Alps (NE Italy)” by Moulin & Benedetti
	Abstract
	Plain Language Summary
	1. Premise
	2. Geological and Geodynamic Background
	3. (Mis)interpreted Land Surfaces
	4. (Mis)interpreted Tectonic Structures
	4.1. Inherited Dinaric Tectonics
	4.2. Strike-Slip Tectonics
	4.3. Buttrio Thrust
	4.4. Tricesimo Thrust
	4.5. Fella-Sava Line
	4.6. Periadriatic Lineament

	5. (Un)balanced Cross-Section and Neogene Shortening-Rates
	6. Summary
	Data Availability Statement
	References


