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1 Introduction

Researches concerning the Quaternary sedimentary dynamics in the European Alps have become of
increasing interest in the late decades, producing a large volunitecdture (Darnault et al., 2012 Many

of these studies have been focused Late Pleistocene and Holocene interval, since this time span was
marked by a very peculiar climate signal, that strongly influenced the landscape evolution. Alpine
environment was repeateglaffected by glaciations since the Pleistocene; recent filling sediments within the
valleys were deposited during and after the Last Glacial Maximum, recording the climatic and the
environmental conditions that characterize the area during the whole Gédeial to Holocene time span. At

the same time, fingerprints of glacial activity, still preserved in the landscape, represent an archive for the
reconstruction of the glacial and paraglacial sedimentary dynamics (e.g. Church and Ryder, 1972). In this
context, source to sink studiesepresent a powerful approach to understand and detail these climate

oscillations.

This thesis uses higlesolution seismic reflection data and seismic stratigraphic methods to examine the
formation and evolution of a major aWial/glacial fan in the eastern Italian Alps. The work uses stratigraphic,
geophysical and morphologic data to characterize the fan and valley deposits and their evolution throughout
postglacial times. Using this information, we model the evolution efvhlley fill in the framework of post

glacial climate fluctuations. The results provide an understanding dati#scape geomorphic evolution in
response to the main climatic changes and also can represent a tool in policy decision regarding natural
hazads, given that construction of residential buildings and transport infrastructures on alluvial fans has
increased the vulnerability to catastrophic events (i.e. nfas8, debrisflow), thus augmenting the overall

risk (Comiti et al., 2014).

The VinschgdWal Venosta is a glacial trough that runs west to east within the Austroalpine nappe of the

Eastern Alps, between the Engandine and Periadriatic lineaments ageoitsgical and tectonic evolution
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has beerdiscussed by Ratschbacher (1986]; Thoni & Hairtk@87); Ratschbacher et al. al., (298%ho6ni
(1999); Solva et al. al., (2003he valley, drained by the Etsch/AdigeRiver, originates near the Resia pass
and extend for about 74 km down to the city of Meran, wherehiangegirection, flowing to tke south(Fig.

1). The valley is imposed along the Vinschgau sheie, a brittle/ductile lineament that separate the Oetzal
Unit, outcropping to the northern side, from the Campo Unit on the southern slopes of the valley. The spatial
transition between tie two units is covered by the presence of thick Quaternary deposits that fill the valley;
the valley floor hosts a series of impressive large fan developed at the junctions between some tributary
catchments and the trunk valley. Quaternary deposits irs&figau/Val Venosta and particularly the Gadria
fan have been object of many research in the last years. The pioneer work of Fischer (1965; 1990) on the
Gadria fan of the Vinschgau/Val Venosta put the basis for a first assessment of the evolutionary siyfiamic
the fans through debriflow processes. This author discovered and dated rests of subfossil trees, providing
the first constraints for the stratigraphy of the fan in the frame of the controlling factors, such as the climate
changes. Jarman et al. (2D1provided a genetic interpretation of the fan cluster of the Vinschgau/Val
Venosta, addresing their research on the morphometric analysis of toalted megafans or outsize fan that
characterize the valley. These authors, based on the analysis ofdtghoiogy of the tributary catchments,
hypothesized the formation of all fans through catastrophic landslides, occurred soon after the deglaciation
and later covered with debrifow to alluvial deposits. On the other hand, Brardinoni et al. (2012), anglyz

the correlation between contemporary debtiltow and the fans areas, hypothesized the formation of the
fan in Vinschgau/Val Venosta by means of a progradation of paraglacial and-flyigicio sediments
transferred from the source basins mainly via defflow processes. Cavalli et al., (2013) by means of a
morphometric analysis, studied the connectivity of hillslopes to the channel network to help understanding
the different transport processes within the Gadria and Strimm catchments that supplyrgeeadria fan.
These two catchments were also the objects of the Comiti et al. (2014) research; in this work the authors
examined the preliminary results of an experimental monitoring site equipped at the outlet of the Gadria

catchment. Savi et al. (201#pased their research on seismic and borehole datasets collected across the



Zielbach fan, some tens of km downstream toward Meran, and they provided a reconstruction of the

evolution of the Zielbach catchment throughout the Holocene.
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Figure 1: DigiteElevation Model of the Vinschgau/Val Venosta

1.1 Aims of the research

To obtain a general picture of the geomorphic evolution of the Vinschgau/Val Venosta in relation to the

climate changes occurred the Last Glacial Maximum in the Eastern Alps. The specific of this thesis are:

i to obtain information about the general morphologyf the valley basementand the internal
stratigraphy ofQuaternary deposits that fill it, identifying the main sedimanyt processes and
sourceof sediments

9 to understandthe genesis of this big fan belonging to a cluster of one of the largest ctliliviaal

fan within the Italian Alps;



9 to provide spatial and temporal constraints for the pgacial evolution of thevinschgau/Val
Venosta using stratigraphical, geophysical and morphological data;
1 to distinguish the geomorphic processes involwedhe evolution of the valley antb model this

evolution in the frame of the climate fluctuations the last pg$tcial.

1.2 Methods

This thesis integrates data sets obtained from different geological disciplines, but principally high resolution
reflection and refraction seismic data were acquired in order to recognize the various depositional patterns
and to provide the subsurface geometry of the stratigraphical units. The use of high resolution seismic
instrumentation in the data acquisition, togetheiitty non-standard processing of the seismic data, allowed

us to reconstruct the geometry of the valley subsurface and the internal architecture of the reflector
packageswith a metric resolutionWe acquired four seismic profiles, with a totabfile lengh of ~4 km

(Figure 2. Pwave seismic reflection data were collected using a single 6382kginib® truck and data

were recorded by Denswide-aperture (DWA) arrays (Bruno et al., 2010, 2013). DWA geometry allowed a
meaningful interaction between rediction and reflection data processing and overcome most of the factors
limiting the data qualityn those complex environment$Ve applied the CRS (Common Reflection Surface)
method as an alternative to the conventional CMP stack processing. The CR%gima#lyodeveloped as a
data-driven and velocityndependent stacking method for producing zerffset sections with high signal
to-noise ratios, improved resolution, more continuous reflectors, and enhanced images of dipping reflectors
(see Mann et al., 999 and references therein). Conventional CMP stacking is based onptissuafi planar
interfaces in &homogeneous layer and depend on the RMS velocity model. The CRS stack method has an a
more generic approach, that considers the location, orientatiod aurvature of interfaces through three
parameters, called CRS attributes (Mann et al. 1999; Jager et al. 2001). With the optimum three CRS
attributes, the preprocessed data (prstack) were stacked, to yield the final CRS stacked section, and

compared vith the CMP section.



The high resolution of seismic data also permitted to link the internal architecture of the fan deposits to the
main geomorphic processes active in the catchments. In order to reconstruct these processes, using high
resolution DigitalElevation Model of the valley, the analysis of the topographic signatures within some
selected tributary catchmentw/as carried outHere we seek to demonstrate a source to sink connection
between catchment geomorphic processes, the creation, storage tramgport of sediment to an alluvial

fan, and the resulting fan allostratigraphy as revealed by -hégllution reflection seismology. In the
process, we are able to better identify the main sediment transport processes in Val Venosta (Eastern Alps,
Italy) andtest an intriguing idea that aluster of anomalously large alluvial fans are the result of immediate
post-glacial megdandslides (Jarman, 2011The results of this analysis, combined with the detailed
interpretation of the seismic facies withinaghfan deposits, depicted, with a good approximation, a picture
about the formation and the development of the Gadria fan. Based on the preliminary analysis of the seismic
data results, the target and the location of few borehdhes been established, withe purpose of provide

a detailed lithologic calibration of the seismic line. The final integration between the stratigraphic data from
the boreholes and the seismostratigraphic investigation of seismic units from the acquired and processed
seismic profiés, allowed us to reconstruct the main depositional systems of the valley fill. Furthermore, a
reconstruction of the landscape evolution of the valley, highlighting the interaction between different
depositional systems is provided, pinpoidteith the fewdatesin the area in the frame of the main climate

fluctuations from the last deglaciation.



Strimm basin

Figure 2Digital Elevation Model of the seismic survey area by Provincia Autonoma di Bolzano, with the high
resolution seismic profiles location across thad@a and Lasa fans. Two profiles (Lasal and Lasa2) are
transverse to the valley, while Lasa3 profile is parallel to the valley axes.
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Figure 3: location of the high resolution seismic profiles (red dashed lines) and the boreholes (black dots).
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1.3 Thesis outline

The outline of this thesis reflects the order and the rationale of the alessribedabove and consists of 5

chapters.

Chapter 1 provides the general introduction to the thesis topics, illustrating the aims of the work and the

approach usd in the research and containing a review of literature availability about the investigated area.

Chapter Adiscusseshe acqusition, the processingnd the preliminary interpretatioif the seismic dataset
across a transect of Vinschgau/Val Venosta ardss one of largest fan in the valley (i.e. Gadria fan). This
part illustrates all the problems and the difficulties in acquiring high resolution seismic reflection data in
Alpine environment, describing the methodology used during the data acquisitidrihendata processing
phases to overcome these limitations. This chapter also shows the application ofstamolard seismic
reflection processing flow for obtain higjuality data results in complex environment, using the Common
Reflection Surface techmie. By combining the results of seismic reflection and refraction processing, a
preliminary interpretation of the migrated seismic sections is made, pointing out the structure of the valley,

the thickness of sediment of both fans present in the investiddtansect and of Etsch/AdigeRiver deposits.

Chapter 3 is dedicated to the geomorphological analysis of the source basins, linking the sedimentology of
the fan investigated by the seismic profiles to its catchnggamorphology. This part also exhibits the study

of the topographic signature that characterize the channels within the tributary catchments on the basis of
stream power lawbased sloperea analysisin order to define the sediment transport processes and
highlight the glacial signatures in the source basins. Finally, a discussion about the paraglacial processeses

active in the area and a genetic hypothesis about the fan formation in the \eallegrovided.

Chapter 4 is dedicated to the detailed integpation of the seismic facies from the seismic profiles, the
definition of the different seismic units and the correlation between the seismic and the drilling data. This
chapter describes the different depositional systems that fill the valley and thardics of both fluvial and

fan systems during the Late Glacial to Holocene transition in the frame of the main climate oscillations



characterizing this period. Finally, a possible reconstruction of the main evolutionary stages of the valley is

provided.

Chapter 5 provides a general conclusion of the thesis, combining the results and the discussions from all the

previous chapters and highlighting the key finding of the research.

Chapters 2, 3 and 4 have been prepared for submission as a separate papequentiserepetitions,
especially in the geological and physical settings sections, are unavoidable; each chapter also contains the

list of cited references.

My role in the work

During the work exposed in this thesis, | have been responsible in the pipanthexecution of the seismic
experiment. | also managed the logistics for data acquisition and the preliminary scouting of the test sites. |
processed the seismic data presented in chapter 2, in collaboration with proféssé@.Bruno and
successivelydollaborated on the establishmewf the target and the location ahe boreholes During my
experience at the Lehigh University | performed the geomorphic analysis showed in chapter 3 in collaboration
with professor F. J. Pazzaglia. Finally, | workeld mwit tutor prof. V. Picotti and F. Brardinoni, M. Cucato, C.
Morelli in order to provide a detailed interpretation of the seismic and borehole dathareconstruction

of the main depositional systems of the valley.
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Chapter 2

Highresolutionseismic imaging of large debris flow fans by
comparison of CRS stack, CMP stack and refraction tomography:

the example of Gadria Fan in Venosta Valley, Italian Alps.

Stefano Maraid?, Pier Paolo G. Bruft®, Vincenzo Picott?) and Volkmar Mait¥

L University of Bologna, Department of Biological, Geological and Environmental Sciences, Italy.
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3 ETH Zurich, Department of Earth Sciences, Zirich, Switzerland.
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2.1 Abstract

Alluvial fan environments, often pose significant challenges for-rggblution seismic exploration,
due to high heterogeneity of deposits and rugged topography. Using bothcaoventional field and
processing techniques, we were able to obtain kiglaity seismic reflection and refraction images across a
representative transect of Venosta Valley. The CRS stack technique was used, together with conventional
CMP, to process seismic reflection data. Wagherture seismic arrays permitted to develop relabl
tomographic images across the Adige Valley in overlap with depth migrated CMP and CRS stacks. Redundant
information from seismic reflection and seismic tomography provided a better constrained interpretation.
All results are in excellent agreement withirface geology and allowed us to: 1) depict the internal
architecture of Gadria Fan and of Adige River sediments; 2) study the growth of the Gadria Fan and its recent
interaction with Laas Fan and Adige River development; 3) image the asymmetrical strofcthe valley,
which is clearly set over a blind trust fault; 3) evaluate thickness of sediment accumulation of both Gadria
and Laas fans and of Adige River deposits. In particular, the internal reflective configuration of Gadria Fan
suggests that, rathethan catastrophic formation, a paraglacial progradation, mainly mediated by debris

flows, is the most probable formation mechanism of the fan.
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2.2 Introduction

Alluvial fans are common in alpine environments, especially where steep tributéeys/gin wide
formerly glaciated valleysHarvey 2003]. A cluster of exceptionally large dedlwv-dominated fans
characterizes the Venosta Valley, a major relict trough drained by the Adige River in tloertagt Alps,

Italy. The study of alluvidhns is important because their stratigraphic archive records the hydrological
processes that affected their development. In alpine environments, the closely linked depositional and
erosional processes and the relationship between sediments of the tripdtar and main river may also
reveal abrupt climatic/anthropic changes affecting precipitation style and trend, and/or the hillslope
sediment production. In studying alluvial fan development, it is also importadifferentiate among mass

flow, debrisflow and strearrflow processes. Moreover, estimates of the volume of materials involved in
alluvial fans formation provide information that can be of importance for numerical modeling focused on
natural hazards prevention. To fully understand all procedsasdontrol alluvial fan formation in terms of
both spatial and temporal variability, information provided by surface data alone is often insufficient,
because the limited size of the outcrop prevents continuous stratigraphic correlafioasie et al.2015].
Additional and complementary information can be obtained by means of arbggiution geophysical
approach. In the last years alluvial fans have mainly been studied using guenattating radar techniques
aimed to characterize the very shallow fion of subsurface, i.e.~180 m [Ekes & Hickir2001;Ekes & Friele
2003;Hornung et al.2010; Franke et al.2015]. If, on one hand, grouAgenetrating radarcan reveal the
sedimentary structure from decimeter to meter scale, on the other hand the pewetration of this
technique prevents to investigate the entire thickness of large alluvial fans with significant volumes of

sediment accumulation.

In this paper, we discuss the results of one of the first attempts to characterize continental alluvial
fans by higkresolution reflection seismology. We acquired and processed threerbiglution seismic
reflection profiles across a representative transect of Venosta Valley, ovebaldeiaand Laas fans, and

throughout the Adige Valley near the villagel@fas/Lasa. Our goal was the seismic imaging of the shallow
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portion (i.e. ~ first 500m deep) of the Gadria alluvial fan. We needed seismic data with a quality and
resolution adequate to: 1) study the internal reflective configuration of the fan; 2) imathetbe pattern of

the bedrock below the valley and thickness of the sediment accumulation above it; 3) evaluate the
geometrical relationships between the Gadria Fan and the Adige River sediments. The main factors hindering
seismic imaging of alluvial farspecially in continental environments, are related to the extreme complexity

of mountain environments, which, being characterized by strong heterogeneities and severe topographic
variations as well as presence of contrasting dips of subsurface laygrsttie. valley bedrock), pose
significant challenges for higlesolution seismic exploration. Hence, nomnventional acquisition and
processing approaches should be used when surveying those areas. A limited number of studies published
on this topic Brunoet al.,2010;Bruno et al.2013;Savi et al.2014] witness the poor results obtained by
conventional reflection seismology on alluvial fans. A field technique known as{iaahsaperture profiling

was successfully used Byuno et al.[2010] to image a dry alluvial fan in the Southern Apennines. We used
the dense, wideaperture profiling to acquire our data. Dense, wiggerture geometry differs from the

typical common midpoint, narrovaperture reflection surveying in that it recordsth multi-fold reflection

data spanning a large range of offsets (from shuifset, nearvertical reflections to largeffset, large
amplitude postcritical reflections) and deep penetrating refracted waves, which are suitable feafnigal

travel time tomography. To evaluate the optimal seismic imaging strategy to apply to our dense, wide
aperture data, we compared the Comm&eflectionSurface (CRS) stack technique, [®lagller, 1998] with

results from conventional common midpoint (CMP) reflectioagessing. The CRS was originally developed

as a datadriven and velocityndependent stacking method for producing zesffset sections with high
signalto-noise ratios, improved resolution, more continuous reflectors, and enhanced images of dipping
reflectors [seeMann et al.,1999 and references therein]. Consequently, this method has become a viable
alternative to classic CMP stack for seismic imaging in environments where the CMP assumptions of flat
reflectors and smooth velocity variations are strgnglolated, or where it is difficult to estimate stacking
velocities for NMO correction. Comparison between CRS and CMP stacks allowed us assessing possible

artifacts generated by the CRS processing.
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2.3 The CRS method

Conventional CMP stacking is basadassumption of planar interfaces and homogeneous layers and
depends on the stacking velocity model. The stacking velocity is the only and critical parameter that needs
to be known for the normal moveout (NMO) correction of the reflected phase befor&iatacThe CRS stack
method has a more generic approach, that considers location, orientation and curvature of interfaces; in this
way the CRS method can be applied to any reflector shapes, producing stack sections that matches more
with true subsurface moels Mann et al.1999]. More details about the CRS method and the CRS attributes
can be found in the following literaturétubral[1983],Mann et al.[1999],Jager et al[2001],Hoech{2002],

Menyoli[2002],Mann[2002] andGarabito et al.[2011].

Incontrast to CMP stacking, the CRS method does not directly depend on the stacking velocity model,
0dzi AG dzaSa GKNBS LI NFYSGSNEZ OFfftSR a/w{ I G4G§NAOdz
associated with two sealled eigenwaves[Hubral 1983]. These hypothetical waves, measured at the
surface, are obtained by: 1) a point source at the reflector, that produce an up@6iagNY I £ Ay OA RSy O
(NI 6+ @ST YR HO |y GSELX2RAYy3Ié NBFE SOUGM.Nalowing I & R
this theory, the CRS attributes consist of an emergence angle of thez&érd 8 SG N} & h > GKS NI
Ruir of NIPwave and the radius of curvatulig of the normal wave§lann et al., 1999;Jager et al.2001;
Menyoli,2002]. As exposkinMann et al.[1999] and inJager et al.[2001], the twadimensional hyperbolic
traveHime of the CRS operator for poilf, to) in the zereoffset section, is defined by the following

approximation:

o Wi o — o o) : 1)

where h represents the half offset between the source and receiver positi@ienotes the midpoint
between source and receivetgis the twoway traveltime along the normal ray between the emergence

point xo and the reflection point angis the nearsurface velocity.
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The search for the three CRS parameters is a 3D optimization problem, and different strategies with a
different degree of complexity have been developed in the recent yearslpger et al 2001;Hoecht,2002;
Garabito et al.2011 and references therein]. However, solving 3D optimization problems for all the points
in the Zosection is highly time&onsuming. Therefore, a threstep search algorithm has been adopted for
this purpose [sedMuller 1998;Mann et al., 1999 andJager et al.2001]. It contains three 1D optimization
steps and searches for the CRS parameters in the NMO stacked section, assuming that the conventional NMO
stacked section approximatesZasection. Therefore, optima& RS parameters are obtained only if the NMO
stacked section is a good approximation @aection, as is the case for hifiid / high signato-noise data.
In such case, to a good approximation, each parameter can be constrained independently, cotigdgsie
(i.e. cost effective) and efficient implementations are possible. The CMP stack sectionf{getpcan also

used to determine the wavefront attributes.

For a threestep search algorithm we start considered the intersection of the-tivoensionCRS
operator (1) with the planem=x of the common midpoint (CMP) gather. In this way, the operator reduces

to CMP hyperbola expressed in terms of CRS attributes:

6o o —— )

Comparing equation (2) to the weédhown NMO formula:

6 Q0 o — 3)

we can see the NMO velocity can be expressed in terms of two CRS attributes:

0 — (4)

The equation allows determinirthe optimum stacking velocitynwoin a oneparametric search in the pre
stack (i.e. CMP gather) domain. After we consider the intersection of the CRS operator (1) with the plane of
the zerooffset section from CMP stack: foe=0, the twedimension CRS epator reduces to the one

dimension operator:
17



O (5)

In a first order approximation, we can assuR¢ k \Ehich implies plane normal wave emerging at the

surface; we obtain:

O @ 0 — e & (8)

Equation (6) allows us to perform a second quagameter search in order to determine the emergence angle
h  FNRY Sljdzl A2y hove ca subskiBe/iTinto] eyutidri () Znd perform a third ene
parametersearch forRy. With the knowledge off and Vimo, we can determinduie by means of equation
(4). With the optimum three CRS attributes, the ym®cessed data (prstack) can be stacked in each

location (%, to), using the two dimensional CRS operator {d yield the final CRS stacked section.

2.4 Local setting

The survey area is located in Venosta Valley (Fig.1a) in the Eastern Italian Alps, a series of nappes,
which belong to the Helvetic, Penninic and Austroalpine realm. The geological and tectonic evolution of the
Eastern Alps is discussed in detail Rgtsclivacher[1986]; Thoni & Hoinke$1987]; Ratschbacher et al.,
[1989]; Thoni[1999]; Sdlva et al.[2005]. The valley originates near the Resia Pass (~1500 m a.s.l.), where the
Adige River originates, and extends for ~74 km down to the city of Meran (~508.Ith &vhere Venosta
Valley connects into the norttrending Adige Valley (Fig. 1b). Venosta Valley runs above the Venosta Shear
Zone, which separates the Oétztal Unit (north) from the underlying Campo Nappe. The Oétzal unit consists
of paragneisses, witimterlaced micashists, orthogneisses and metabasites, while Campo Nappe Unit consists
of polymentamorphic rock, similar to those of the Oétzal unit with granites and abundant pegm&tites [
et al.,2005]. Both Oétztal and Campo Nappe fm. are charamdrby fractures oriented along N, E, NE and
SW directions, and these structural patterns control the spatial structure of the drainage network and
influence rock strengthAgliardi et al. 2009;Jarman et al.2011;Comiti et al.2014]. Quaternary allual and

fluvio-lacustrine deposits that hide the transition between the two un@®initi et al. 2014] fill the valley.
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Figure 1: a): geologic and tectonic setting of naréimtral Italy (red box encloses the area in b) [modified

from Aiello and Hagstrun2001]; b): map of Venosta Valley and most prominent megafans and outsize fans
identified in the literature and from satellite imagery: 1, Reschen outsize fan; 2, St Valentin North outsize
Fan; 3, St Valentin South outsize Fan; 4, Fischerhauser outsiZze falserHaide megafans; 6, Gadria/Lasa
megafan; 7, Tarres/Laces megafan; 8, Tablamegafan; 9, Parcines West megafan; 10. Parcines East megafan.
c): DEM (2m resolution) by Autonomous Province of Bolzahlbo Adigeg Informatical, Geographical and
Statistical Office overlaid with digitalized Geological Map of Italy 1:100000: 11, quaternary alluvional deposits
and peat soils; 12, alluvial fan deposits; 13, moraine deposits; 14, phyllonites of alps age; 15, granitic or
granodioritic orthogneiss; 16, amplalites, gneiss and amphibolitic schist; 17, micashists and paragneiss; 18,
micashists and paragneiss of Adige north zone; Oétzal Fm is made of units 14,15 and 18, while Units 16 and
MT O2yadAaiddziS /1YLR bl LIS CYD IMNET XN S 4t MO O AP F AH
location.

19



The valley bottom hosts a number of fans, unusually large within the Alps, which often obstruct and
deviate the course of the Adige River. For instance, near village of Laas, the Adige River is dewaated tow
the southern slope of the valley by the very large Gadria alluvial fan (Fig 1c). This fan is one of the targets of
our seismic surveylarman et al.[2011] also describes the Gadria Fan as one of the largest symmetrical
alluvial fans in the Alps. Itgigin is still matter of debatelarman et al.[2011] hypothesizes a catastrophic
formation for the fan, modulated by large, rapid slope failufsardinoni et al.[2012] hypothesize instead
as source a mechanism of paraglacial progradation, maintiiatexl by debris flows. In the figure 1 it is also
evident a smaller fan (i.e. Laas fan), that was built by variableuntsof fluvial and debris flow inputs

[Jarman et al.2011].

Debrisflows within the Gadria channel network are facilitated by the bomation of steep topography,

highly weathered and fractured metamorphic bedrock surface and thick gilawial deposits Comiti et al.,

2014]. Gadria catchment morphology and evolution has been the target of several studies and has been
actively monitoed because of the relatively high frequency of debris flow evebsr|iti et al.2014;Cavalli

et al.,2013;Brardinoni et al.2012]. An important Gadria tributary basin (i.e. Strimm basin) joins the Gadria
channel close to a retention basin located nélae apex of Gadria fan. The Gadria and Strimm basins are
characterized by contrasting morphology and different types and intensities of sediment transfer processes:
DFRNALF &0NBlIY aK2ga FTNBIldzSyd RSONARA T imJCadmbietal.KSNSI

2013].

2.5 Data acquisition and analysis

We acquired three highesolution individual seismic profiles, partly overlapping and partly
intersecting each other above Gadria and Laas fans, for a total surveyed lengthkof (Figs. -R). The
profiles cover almost entirely the entire valley transect. Two profiles (Lasal and Lasa?) are transversal to the

valley, and one profile (Lasa3) cuts the alluvial fan as a longitudinal section, intersecting profile Lasal at CMP
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360 (Fig.2). The acquien was very challenging for profile Lasa2, as we had to accommodate logistic
20al0lF0ftSa Ay GKS NBAARSYGAILf INBF 2F [l & O6A®PSO
accommodate and minimize acquisition gaps in seismic coverage \whafile Lasa?2 intersects the Adige

River and a railway line (see Figs. 2 and 4). All profiles are characterized by a crooked geometry, therefore
GLINROSaaAyade fAYySas 6KAOK avY2z220K (GKS FOljdAaaArdArAzy

acquisition line.

5165500
1

5164500 5165000

5164000

/G
120 CMP number
L8 N === acquisition profile

5163500

=22 processing profile

I e,
630000 630500 631000 631500

Figure 2: location of seismic profiles plotted on the aerial photograph provided by the Province of Bolzano. A

red rectangle in the inset shows the location of the survey area with respect to the map of the Venosta Valley.
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Even though these segments were acquired with adwmial separation of ~ 70 m, they were processed as

I aAy3ftSs ONR21SR fAySd ¢KSNB Aa y2 | OljdAiairidrazy 3
Adige River (see Fig. 4b) because of the additional shooting pattern we did to the nottih thedsouth of

the segments ending at the river.

Our priority goals in the field work were to obtain:1) a high data redundancy along the profiles (i.e.
maximum folds between 10R00 in Figs-5) and 2) a dense spatial sampling of the seismic wavefiedd 3)
broad power spectrum in recorded signahMave seismic reflection data were collected using a single
6,382kg IVMiniVIB’high-frequency vibrating source. At each vibration point we stacked two, 15 s logg, 10
200 Hz upsweeps. Listening time was set@cs, with 1ms sample interval. These parameters allowed us to
record data for a total time of 1s after correlation. Source mapevas 5 m on profiles Lasal and Lasa3, and
for logistic reasons was 10 m on profile L2. Differential GPS technology wasousszbitd source and
geophone positions with an error of less than 2mm on X,y coordinates and less than 1 cm on z coordinate.
Data were recorded by dense, wid@erture arraysBruno et al. 2013 andBruno et al. 2010] made by 192
vertical geophones with 40 Hz eigenfrequency. Sensors were spaced each 5 m allowing an array aperture
of 955 m; about 3 to 10 times larger than the depth of the basement across the valley. Differently from typical
commonmidpoint apertures, dense, widaperture arrays allow capting both hypocritical and hypercritical
reflected phases as well as deep penetrating head waves, which permiiigtl traveltime tomography
to reach almost the same investigation depth of reflected phases. Good -¢ignalse ratio characterizes
the acquired data: indeed, clear reflected phases from fluvial and alluvial fan deposits layers are visible in
raw commonshot gathers (Fig-3). A highenergy, often asymmetrical reflection from the top of the valley
bedrock (Fig. 4b) is also evident. iHamplitude Rayleigh waves (event G in Figs) 8bscure reflected
phases, in the central part of the raw commshot records and were reduced during processing. Our data
processing flow is shown in the chart of Fig. 6. After vibroseis correlation anchunnphase conversion,
we proceeded to first arrival picking that provided data for travel traveltime tomography -fdaymdant
globaloffset first arrivals were checked for consistency using the reciprocity ruksskefrmann et al[[1986].
Theoreticadzy OSNIi F Ay ié 2y FANBIG FNNAGFIfa NBFRAYyIAI AYy VY.

ms). Indetermination was higher in some parts of profile Lasa2, because of presence both cultural and
22



ambient (wind) noiseTheoretical traveltimes werebtained via a rayracing method, based on Huygens
principle Hayashi and TakahastdQ01] using a preliminary-wave velocity provided by classical refraction
methods of interpretation. Residuals between observed and theoretical traveltimes were miaihiz
upgrading the preliminary velocity model with &arative tomographic approach based on the SIRT image
reconstruction techniqueGilbert, 1972]. Inversion results are shown in Figs9.7The residual times roet

mearntsquare error of profile Lasal is72ns, close enough to the theoretical picking error (~1.5 ms), while

Lasa2 and Lasa3 models show slightly higher errors (i.e.3.4 ms and 3.7 ms respectively) that are associated

to higher anthropic and/or ambient noise recorded on those lirRssolution otomographic images was

FdaSaasSR o0& al L] & Bddd antlNiE094DusiBglnbus peliugbatibidvaluesSofi16% o

of cell pwave velocity on cell patterns of dimension 100x50m (g Analysis of checkerboard test shows
an achieved dpth penetration of about 10@50 m, which is sufficient to reach the top of the metamorphic
bedrock. Tomography providesvgave velocity information about the subsurface that overlaps almost

entirely with the reflectivity images for seismic interpretation
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pointed by the two orange arrows in (d) (i.e. 460m and 985m). Some basic processing, i.e. automatic
control and trace Kill, is applied to thiata. The white arrows on the shot gathers outline: bedrock reflection
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(B); highangle refractions (C); surface waves (G). c¢): pattern of fold coverage along the profile; d): acquisition
layout showing with a different color the two wieperture geophonesirrays (green and purple) and the
vibration points (red dots).
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pointed by the two red arrows in (d) (i.e. 415 m and 1315 m). Some basic procéssiagtomatic gain

control and trace Kill, is applied to the data. The white arrows on the shot gathers outline: fluvial and alluvial

fan deposits reflections (A); bedrock reflection (B); Faglgle refractions (C); surface waves (G). ¢): pattern

of fold coverage along the profile; d): acquisition layout showing with a different color the twoaydgure
geophones arrays (green and orange) and the vibration points (red dots).
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orange arrow in (d) (i.e. 350m). Some basic processing, i.e. automatic gain control and trace Kkill, is applied to
the data. The white arrows on the shot gathers outline: bedrock reflection (B):amgle refractions (C);
surface waves (G). b): pattern of fold coverage along the profile; c): acquisition layout showing the wide
aperture geophones arrays (green) and the vibration points (red dots).

The first part of reflection data processing (in green in the flow chartgfd}j was mainly aimed at
improving signal temporal and spatial resolution and sigoaloise ratio, in particular some efforts were
made in trying to attenuate the higamplitude of Rayleigh waves. This phase was followed by refraction
static correctim [Taner et al.1998] that was performed using the firatrival traveltimes previously picked;
all data then were referenced to a datum at 1050 m a.s.l.. We estimated stacking velocities, which are needed
for the normal moveout correction, by picking theaxima of the semblanc@&lpidel & Tanerl971] functions
on selected CMP supeggathers. The velocity models and the CMP stacks were refined by two cycles of
residual static correctiond_onen & Cleraboutl985] followed by a further velocity analysis.sTphase is

colored in pink on the flow chart of Fig. 6.
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Figure 6: Datgrocessing flow. The upper right side of the diagram (violet) illustrates the correlation of the
field data, and the refraction processing, with first arrivals picking and refratbimographic model. Pre
processing (green) was applied to all data and included some processes to attenuate random noise and
improve signal. Prprocessing included also refraction statics correctibarier et al.1998], to compensate

thin heterogeneousweathering layers and topographical variations along the profiles. Starting from
preprocessed data, the left side of the diagram (pink) represents a CMP processing scheme that includes: (1)
velocity analysis with semblance method; (2) normal moveout (Nktidjection; (3) residual statics to
correct small inaccuracies in the nesurface model used for statics corrections; (4) stack. The bottom right
part of diagram (red) represents the CRS processing with the CRS parameters search and the CRS stack. Both
CMP and CRS stacks have been migrated using sstax#t Kirchhoff algorithm with the final velocity models

build during CMP processing. See text for further explanation.
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Both CMP stacks and pstack CMP gathers, with refraction and residual static appheule used
as inputs for the CRS processing (in red in the chart of Fig. 6). The CRS stack operator (eq. 1), as discussec
above, does not depend a velocity maenmdel, but stacking velocity information from previous CMP

processing was also used as a guighction for the initial Mio@ St 2 OA G & & S+ NJS N&yy SIS Q]

CRS search strategidddnn, 2002].

We started the search for dip$§ ) of emerging zeroffset wavefronts in the zeroffset domain,
simulated by the CMP stacks obtained during1O processing. Subsequently, dip attributesmd/
information and near surface velocitygf\Wvere used for searching for the other CRS attributes (ingafd
Ru: Fig. 10), needed by the CRS operator in order to perform the CRS stack. In high redatatiaperture
of the CRS operator is the most important parameter to test. It defines a-d@viRain radius within which
the data will be stacked and determines how much sigoaloise is enhanced at the cost of lateral
resolution along the reflection. éareful preliminary analysis of shot gathers was very helpful to choose CRS
operator apertures for the best tradeff between seismic resolution and sigfiatnoise ratio Peidda et al.,
2012]. After the test analysis we chose an optimumand tmax apertures of 50 and 100 m respectively on
the profiles Lasal and Lasa3. On profile Lasa2 we obtained the best resultsidsing tnax CRS apertures

of 25 m and 100 m.

To perform a Kirchhoff positack depth migration on both CMP and CRS stacks, rthkstiacking
velocity macromodels from the CMP processing were converted in interval velocity vs. depth udbig the
[1955] formula and applying smoadattg functions to the conversiorAs shown byrappe et al.[2001] and
Bergler et al.[2002], post-stack depth migration of CRS stacked section may be considered as an alternative

to pre-stack depth migration (PSDM) in complex environments, and can lead to better results than PSDM.
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perturbation pattern retrieved after the a posteriori checkerboard resolution tests. The RMS traveltime error

for the final model is 2.7 ms. The input perturbation pattern has values of + 10 m/s in the bdflasitzontal

size 100 m and vertical size 50 m. Resolution depth is evaluated according to the retrieved pattern and the
value of velocity perturbations, along with the ray coverage. Vertical and horizontal scales are equal.
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perturbation pattern retrieved after the a posteriori checkerboard resolution tests. The RMS traveltime error

for the final model is 3.7 ms. Thaput perturbation pattern has values of £ 10 m/s in the cell with horizontal

size 100 m and vertical size 50 m. Resolution depth is evaluated according to the retrieved pattern and the
value of velocity perturbations, along with the ray coverage. Vertindl horizontal scales are equal. Along

this tomographic model, ray penetration is lower (on average between 50 and 100 m) because the basement
is shallower than on the other profiles.
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perturbation pattern retrieved after a posteriori checkerboard resolution tests. The RMS traveltime error for

the final model is 3.4 ms. The input perturbation pattern has values of + 10 m/s in the celositontal

size 100 m and vertical size 50 m. Resolution depth (thick dashed white line in (a)) is evaluated according to
the retrieved pattern and the value of velocity perturbations, along with the ray coverage. Vertical and
horizontal scales are equdlhe tomographic model of Lasa2 clearly images the structure of the valley and

the trend of the top of the metamorphic bedrock below.
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2.6 Results

Seismic tomography

Tomographic images, with their associated ray density models and checkerboard tests are shown in
Figs.7, 8 and 9. Ray density and checkerboard tests allow evaluating the resolved areas of the tomographic
models, which extend on average ~200 m deep for Lasal Lasa2 and ~120 m deep for profile Lasa3. In all
tomographic images,-vave velocity ranges from ~0.5 km/s to ~4.5 km/s. We associate-wawp velocities
(i.e. less than 1.5 km/s) to dry loose allwfah sediments; velocity between 1.5 and 2.2 kno water
saturatedalluvial and fluvidacustrine depositand finally velocity between 2.2 and 3.5 km/high cemented
guaternary sediments.H®ave velocities greater than 3.5 km/s are associated to basement rocks (i.e. Oétztal

and Campo Nappe fm.).

The tomogram of profile Lasal (Fig. 7) shows a rather laterally heterogeneous/@ velocity
distribution and a strong vertical gradient of velocity. The shape of bedrock top, outlined by the 3.5 km/s
contour line, is quite complex; its minimum depth from fewe is found at a distance of 64050 m from
the left of the profile. Profile Lasa3 (Fig. 8) intersects profile Lasal at metric location 900 m, above bedrock

high; therefore, Lasa3 is characterized by a very low penetration and by a high vertical ppadiocity.

Tomographic inversion for profile Lasa2 (Fig. 9) shows instead a very interesting picture across the
deepest part of Adige Valley, although a limited penetration depth is achieved in the central part of the
profile, due to the abovenentioned gap in seismic coverage. Despite this limitatioma®e velocity depicts
very well the valley structure showing sskiaped, central low velocity area, due to thickening of alluvial ad
river sediments. This lowelocity area is bounded to the bottom byo high velocities zones (i.e. from 3.5
to 4 km/s) that outline the trend of the buried bedrock below the valley on the north and south margin of

the profile.
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Figure 10: Simplified flowchart of the three eparametric search for the determination tife CRS attribute
according taMann et al.[1999] andJager et al.[2001]. The approach is described in detail in the text.

Seismic reflection

Both CMP and CRS deptfigrated images shown in Figs 11, 12 daBére characterized by an overall
good sign&to-noise ratio. In general, CRS stacks provide a slightly higher-sigmaike ratio and reflectors
that are more continuous. However, it is well known that CRS may enhance continuity of truly discontinuous
reflectors and random/coherent noig@runo,2015) Brung [2015]alsosuggests that CRS and CMP stacks
should be used together to avoid pitfalls during interpretation of CRS images; in this paper we follow this
recommendation. All seismic profiles show an upper-teflectivity package, on averag@@ m thick, which
we associate to alluvial fans. Below it, and only on profile Lasa2, we find-&dugiency, higkreflectivity
package relative to the Adige River sediments. This package is visible between CGABPsIYEigs 11 and

13.
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Figure 13: Lasa3 seismic profile: a): psiack depthmigrated sections after conventional CMcking; b):
post-stack depthimigrated sections after CRS stacking. As profiles shown in figure 11, on the CRS migrated
profile the continuity of the events and the S/N ratio are enhanced. Vertical and horizontal scales are equal.

The top of bedrock coesponds to a lowirequency, higramplitude reflective duplet of events, found
unconformably below the Adige sediments or directly at contact with the alluvial fan reflective package (lines
Lasal and Lasa3). Below the bedrock, reflectivity is again lgpedtion of the of both CMP and CRS migrated
stacks in Fig. 13 reveals that maximum depth of the valley (~250 m) occurs along line Lasa2, below CMP 215,

that is about 700 m to the north of Adige River (Fig. 11).

Fig.11 compares the depithigrated CMP andRS stacks of contiguous profiles Lasal (left side) and

Lasa2 (right). Although these profiles partially overlap, they are separated of abot#608M along the
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crossline direction (see Fig. 2), therefore reflectors dipping in the 3D space, such as oh¢hoedrock,

do not perfectly coincide at the two edges. Both CMP and CRS seismic images show the bedrock
unconformity, which dips from north and south side of valley towards the Adige River and reaches a
maximum depth of more than 200 m at CMP 215sedrock reflection is a bit more continuous on the CRS
images below the Adige River. Even thought, as discussed previously, this continuity can be artificially
enhanced, the CRS section allow to better following the morphologic pattern of the valleycketd the

south of Adige. Viceersa, the north of the Adige the CMP stack better shows the relative amplitude
relationships among the reflective series. To the left (i.e. north) of the Adige river, both CMP and CRS stacks
also well depict (CMPs &¥5)the fluvial sediments of the Adige River. This sequence is characterized by
subhorizontal and continuous higliequency reflectors passing to less reflective packages to the bottom.
This Adige River sequence clearly onlaps above a bedrock diving touthe(see also a zoomed image of

this area in Fig. 13). To the south of Adige (i.e. from CMP 285 until the end of profile Lasa2), this fluvial series
is disrupted by two shallow synform reflections, which are better focused on the migrated CRS stack but are
also visible on the CMP stack. These features are highly reflective and are located at ~800m elevation, i.e. in
the depth range of the more reflective fluvial package found to the north of the Adige. CRS stack also shows
that Laas fan is prograding dirgcabove these two synform features. In the next section we discuss of these
synforms as erosional features caused by lateral migration to the south of the Adige River, possibly forced by
the coeval evolution of the Gadria Fan from the north and Laagdam the south. The reflective package of

the Adige River sediments is not visible on profiles Lasal and Lasa3. These lines being located at a higher
elevation on the northern side of the valley, only display the Gadria Fan sediments emplaced directly above
the metamorphic bedrock. The sediment accumulation along these two profiles ranges from a minimum of
less than 40m at the west end of profile Lasa3 (Fig. 13) up to a maximum of ~150m below CMP 137 on profile

Lasal (Fig. 11).
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Figure 15: a): Posttack depth migratecgection from CMP stacking along Lasa3 profile, overlaid with the
results of refraction tomography; b): Seismic and structural interpretation superimposed on CMP migrated
image: alluviag debrisflow fan deposits (1); metamorphic bedrock (Oétzal Unit)g@sumed inverse fault

(3). See text for further explanation. Vertical and horizontal scales are equal.

Results of seismic tomography and a geological interpretation are overlapped to the depth CDP depth
migrated seismic profiles in Figs. 14 and 15. Comparison between seismic tomography and reflective images
in Figs 14a and 15a shows an overall good agregreanept on Lasal between CMPs -2@D0 where the

3.5 km/s contour line does not overlap perfectly to the reflection from the top of the basement. This
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discrepancy between the two images can be caused by presence of compacted/cemented alluvial fan

deposit with overall Vp ~3.5 km/s.

2.7 Discussion

Comparison between CRS and CMP migrated stacks in Figs. 11 shows that CRS processing improved
the continuity of the internal reflective package within the alluvial fans. This enhancement of continuity,
althoughmight be artificial, has been indeed very useful during interpretation to better understand the
geometrical relationships between Alliz and Laas Fans and between the fan sediments and the other Units.
However, CMP images are likely to provide a betterespntation of the real amplitudes and continuity of
the horizons within the alluvial fan deposits. CMP images are also very useful in showing and locating the
position of the main heterogeneities within the alluvial fan body (see for instance profile;|.Gs#275160).

These heterogeneities are imaged as diffraction points, i.e. small diffraction hyperbolas not perfectly
imploded by the migration algorithms, due to the very srsahile heterogeneities in the velocity field that
was impossible to determindy using the semblance. Such heterogeneities are also not visible in the

tomography because they are very small compared to the cell size and damping factor used.

Fig. 14b shows our geological interpretation drawn over profiles Lasal and Lasa2. Based on th
outcropping geologyAndreatta 1951], we interpret the top of the bedrock on northern and southern side
below Adige River as formed by two different metamorphic units in tectonic contact: i.e. Oé&tztal unit on the
north side and Campo Nappe unit on thmuth side of the valley. [see Fig.Qolva et al.2005]. The nappe
contact is very well imaged as a strong reflector at 25900 m distance in Figure 14 at about 250 m deep.
Above it, the suhorizontal reflective series to the north of Adige River .(Rig) shows at least two
alternating highreflective and lowreflectivity packages that may be interpreted as fluldoustrine deposits
interbedded with higher energy (i.e. stream to debris flow) deposits, associated with abrupt arrival of lateral
inputs from the fans. This explanation well accords with the recent history of the valley. Flooding events
caused by alluvial fans have repeatedly been observed in the outcropping deposits in the Valeshige.

1990]. Deposition of lovenergy fluvial sedimas and lacustrine sediments above alluvial fans are caused by
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obstruction of the valley caused by the fan.

As anticipated in the previous section, the southern side of the Adige River (from CMP 275 to the
end of the line on Lasa?2) show instead, that shd»-horizontal reflective series is disrupted by two reflective
features characterized by a broad concave shape. These shapes can be interpreted as erosional features
caused by lateral migration of the Adige River, likely forced by the coeval latenalienaf Gadria Fan from
the north. CRS migrated stack of Fig. 11 clearly shows that Gadria Fan is prograding directly above these two
synform features, withessing a subsequent arrival of alluvial sediments form the south that has probably
forced the riverto migrate northward to its current position. Both seismic sections in Fig. 11 and 14 do not
show a clear evidence of recent fluvial deposits below the present location of the Adige; at the contrary, the
river seems to flow above a 50 m thick sequencealbfvial deposits with a southward (i.e. Gadria) and
northward (i.e. Laas) dip and that interlock at about CMP-223, just to the north of Adige. In this area the

CRS stack shows a clear overlap of the Gadria Fan above the Laas Fan deposits.

Seismic rdéction data well depict the internal architecture of Gadria Fan allowing us to better
understand the origin and the growth of this fan. Indeed, CRS but also CMP depth migrated stacks clearly
show a layered structure within Gadria Fan, especially at émdral part of profile Lasal (see Fig. 11a,b;
CMPs 20@ 475). This weltlevolved stratification of the fan suggests that the Gadria Fan could have evolved
through mechanisms of paraglacial progradation, with a mixture of colluvial (eiédoniy and semilluvial
(hyperconcentrated flow and bedload flows) deposits, as hypothesized bgramdinoni et al.[2012].
Presence of deposits made of mixed sediments might be related to the different characteristics of the Gadria
Fan tributary basins (i.e. Gadriadim and Strimm basin) and consequently can explain the well layered

seismic facies within the fan.

2.8 Conclusions

It is well known that alluvial fans developmerspondsto climatic/anthropic changes affecting

precipitation style and trend. These changes are recorded and therefore can be revealed by studying the
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internal fan configuration. Often surface information, even if aided by GPR techniques, cannot provide data
with the completeness required to fully comprehend alluvial fan development. The main goal of this work
was to provide higiguality seismic data adequate to study with metrical resolution the internal reflective
configuration of two large alluvial fans in tiAelige Valley. By the analysis of our results, we can conclude
that dense, wideaperture seismic data in combination with fiuatrival tomography and higresolution
CMP/CRS processing can provide {gjghlity, and lowcost information to aid the study d¢érge alluvial fans

in alpine environments.

Other nonsecondary goals of the seismic survey were: 1) the full imaging of the valley bedrock along
a crucial transect of Adige River Valley and 2) a quantitative evaluation the thickness and pattern of the
sediment accumulation above the bedrock. By using dense,-aj@gture seismic arrays we were indeed
able to develop reliable tomographic images across the Adige Valley in overlap withuiigl depth
migrated CMP and CRS stacks. Redundant informatiovided by seismic reflection and seismic
tomography images allowedjuring interpretation a meaningful comparison between structural and
seismiestratigraphic features visible in the depth migrated CRS and CMP stacks with-tinie Rrelocity

retrieved fom first-arrival tomography.

Geometrical relationships between the two large fans flow and fluvial deposits, are well imaged by
our seismic data and are very useful to study the growth of the Gadria Fan and its recent interaction with
Laas Fan and Adifgver developmentMoreover,the internal reflective configuration of Gadria Fan allowed
us to suggest that rather than catastrophic formation, modulated by large, rapid slope failures, a paraglacial
progradation, mainly mediated by debris flows, is thestnarobable formation mechanism for this very large
fan. This last result can be ultimately used by researchers to reveal climatic changes affecting precipitation

style and trend, and/or the hillslope sediment production during the Holocene.
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Linking geomorphology and alluvial fan seismic stratigraphy
for defining geomorphic process domains
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3.1 Abstract

The debate about the formation and the growghthe fans that occupy the bottom of the formerly glaciated
Vinschgau/Val Venosta is still open. The main goal of this work is to define the main geomorphic processes
active within the tributary catchments of the Vinschgau/Val Venosta, in order to utaaetghe main
depositional processes responsible of the fan growth in the area. We compare the seismostratigraphic
patterns recognized within the high resolution seismic reflection profiles acquired across Gadria and Lasa fan
to their source basins geomdmplogy. A detailed interpretation of the seismic facies allowed us to identify
the stratigraphy and the geometries of the fan deposits. To identify the transport processes, we used GIS
analysis to extract data analyzed in the slaea plot. The study mxtended on 6 selected source basins in

the valley. Results show a good agreement between the revealed dominant processes within the catchments
and the depositional geometries shown by the seismic, while important elements about the formation and
the growth of the Gadria fan were found; both seismic reflection data and geomorphic analysis of the source
basin, witness that the fan aggradation occurred mainly by means of efdsigorocesses. The internal
organization of the deposits suggests that depositisas strongly influenced by paraglacial systems.

Moreover, the morphology of most investigated channels appear still signed by inherit glacial topography.
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3.2 Introduction

Alluvial fans are depositional landforms created by the intersection of &gliments loads and
reduced stream power at a point where there is accommodation space for deposition. These conditions are
controlled by bedrock, topography and climate in the contributing draidsagin GomezVillar & Garcia
Ruiz 2000;Harvey 2003), § R a4 dz0 8 A RSy O0OS Ay (G(KS RSLRAAGAZ2YLFE ol &aAa
used in many different environments, and it is widely recognized that these landforms are constructed of
both fluvial and debriflow sedimenttransport processesB(air & McPherson1994;Jarman et al2011;
Bierman & Montgomery2014). Relevant to this study, we investigate a type of alluvial fan that occurs in
alpine settings where simple tectonic offset along a range bounding fault plays little to no role in generating
the typical sediment accommodation spatt¢afvey 2002). Here we investigate alluvial fans related to the
postglacial and paraglacial sediment dynamics in alpine settDigsr€h & Rydefdl972;Franke et al 2014)
where short time frames allow us to negléectonicallygenerated accommodation. Debris flow, fluvial, and
perhaps landslideslarman et al.2011) lead to the growth of alpine alluvial fakggnke et al2014) but

their respective contributions depend on sediment availability and channel prahgapacity within the

catchment, characteristics that we seek to investigate in our research.

Studies concerning the alluvial fan morphology and sedimentology are nhumerous and have explored, with
different approaches, the relationship betwesadimentary facies, fan morphology, draindggsin geology

and morphology and the sedimentary processes that operate on fan surfatasely, 1988; Blair &
McPherson 1994;SorriseValvo et al.1998; Blair, 1999a, b;Crosta & Frattini2004;Jarman et al.2011;
Brardinoni et al., 201Z%5avi et al.2014). In particular, alluvial fan stratigraphy is an important sedimentary
archive that records depositional process€olpmbera & Bersezi@011; Franke et al., 2014) and preserve
information about catchmengeomorphic and hydrologic change. In addition, the differentiation between
debrisflow and streardflow is of a particular importance since construction of residential buildings and
transport infrastructures on alluvial fans has increased the vulneratulityassflow and debrisflow events,

thus augmenting the overall riskcomiti et al, 2014).
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The purpose of this paper is to compare the stratigraphy of a large alpine fan to its source basin
geomorphology with the goal of linking sedimentological facies in the fan to the processes inferred from the
geomorphology of catchment channels. We focasoselected catchments within the Venosta Valley, in

the Eastern Italian Alps (figure Qur stratigraphic model, is anchored in the Gadria fan area (figure 2) and
includes high resolution seismic reflection dat&ere has been significant recent intstén the Vinschgau

valley bottom because it hosts the biggest group of anomalously large fans within the European Alps, the
origin of which is still matter of debat&iccher 1965). One model for large fan genesisrnan et al.2011)

on the basis of mgphometric analyses and interpretation of section missing in the source basins, is that they
originated from giant catastrophic landslides in the immediate fatial period. On the other hand,
Brardinoni et al(2012) explains the growth of these fars aresult of paraglacial evacuation of glacial and
glaciofluvial deposits, and downstream fan progradation due to defioi& activity, using contemporary
debrisflow sediment flux and fan area and of the presence of largely eroded kame terraces iadha G
headwaters.Four catchments (i.e. Gadria, Strimm, Lasa Valley and Zielbach) were chosen because of the
seismic data availability across their relative fan; the other two basins (Planeil Valley and Plawenn) were
chosen in order to test the Jarman (20ltheory about the Mals fan formatiorOur work builds on earlier,
similar efforts bySavi et al(2014) who provides a reconstruction of the Zielbach alluvial fan system from the
late Pleistocene an@omiti et al(2014) who analyze the results of a nitoning network for contemporary

debrisflow events in the Gadria catchment.

The first part of this paper presents a stream power-lzaged slopearea analysis (e.gMontgomery &
FoufoulaGeorgioy 1993;ljjaszVasquez & Brasl995;Brardinoni and Hassar2006) to identify process
based topographic signatures for 23 channels within 6 draitegins in the Venosta Valley. In the second
part of the paper, we are able to compare catchment geomorphology with fan stratigraphy through
interpretation of the seimic facies from high resolution reflection seismic profiles, acquired across the Gadria
fan (10.9 km2), one of the biggest fans in the valley. The relationship between the main depositional
processes and the internal architecture of the fan has importaplications for understanding alpine alluvial

fan processes in general.
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Figure 1 Map of Venosta Valley on Digital Elevation Model by Provincia Autonoma di Bolzano with location
of surveyed catchments and related fans: 1) Plawenn Basin; 2) Rlaiteyt; 3) Strimm basin; 4) Gadria basin;
5) Lasa Valley; 6) Zielbach basin; 7) Malser Haide fan; 8) Gadria fan; 9) Lasa fan; 10) Zielbach fan.
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Strimm basin
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......... HR seismic profiles

Figure 2 Digital Elevation Model of the seismic survey area by Provincia Autonoma di Bolzano, witththe hig
resolution seismic profiles location across the Gadria and Lasa fans. Two profiles (Lasal and Lasa2) are
transverse to the valley, while Lasa3 profile is parallel to the valley axes.

3.3 Local setting
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3.4 Methods

Slopearea analysis

A geomorphic process domain is defined as an area where a suite of geomorphic processes creates distinctive
landforms and disturbance regimes defined in tewhfequency, magnitude, and duration of the associated
impact (Montgomery,1999). In this study, we are particularly concerned with objectively distinguishing
watersheds that are dominated by hillslope processes, namely debris flows, from watershedsrehat
dominated by fluvial processes. Stream longitudinal profiles expressed in slope (S) drainage area (A), space
represent a useful tool to delineate the process domains of the fluvial components in a landscape

(Montgomery& FoufoulaGeorgiou1993;ljjaszVasque® Bras,1995;Tucket& Bras,1998;Stock& Dietrich,
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2003;Brardinoni& Hassan2006). Sloparea analysis assumes a steady state condition, which in rock uplift

rate (U) and lowering rate (E) are balanced, and a trandpuoited erosion law

§ = [Ufmlfnﬂtl_mj’fﬂ (1)

whereK isa constant related to lithology, climate and erodibilityrepresents the scaling between discharge
and drainage area, amtis related to different erosional processes. As shown in fi§uie this case, erosion
by hillslope or fluvial pcesses is characterized respectively by the positive or inverse relationship between

drainage area and slope (im.< lorm > J (Montgomery,2001).

Several authorsHack,1957;Flint,1974;Moglen & Bras1995;Hurtrez & al. 1999;Snyder & aJ.200Q Kirby
& Whipple,2001) have shown that the channel slope can be defined by a power law, with slope expressed

as a function of drainage area:

§=1k A7? (2)

whereks is the steepness index andrepresents the convex index. Equation (2) is also the simple form of a
straight line in a logarithmic space, whektgis the yintercept of the regression line aridis the slope of

regression data.
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Figure 3 a) relation between area and slogescribed by equation (1), by Montgomery, 2001. b) schematic
representation of process domains in slop arealtmgplot for an unglaciated environment in steady state,
by Brardinoni & Hassan, 2006.

The symmetry between equation (1) and equation (2), ¢yesuiggests a relationship betwekyand (U/K)"
and between andm/n. Indeed, several studies, aimed to find a correlation betweeand tectonic uplift,
(Sklar& Dietrich,1998; Hurtrez & al.,1999;Whipple& Tucker,1999; Snyder & al.2000;Kirby &Whipple
2001) indicate thaksis dependent and is independent of rock uplift and it is related to other factors, like
orographic precipitation variations within the basiRge & al.2002) and mean annual rainfall intensity and

mean peak annual disclge Zaprowski & aJ.2005).

We performed sloparea analysis on the longitudinal profile of 23 streams, from 6 selected catchments in
Val Venosta (fig. 1 and fig. DR1). Long profiles were extracted from a 2.5 m horize@algcm/to +£45 cm
verticalresolution digital elevation model from LiDAR topography by Provincia Autonoma di Bolzano. After

a processing phase aimed to remove data errors and sinks in the DEM, hydrologic GIS analysis were applied
using ArcView 10.1 in order to extract a valleyinlage network, using a minimum common threshold
drainage area of 0.01 kinThe use of a very low minimum drainage area threshold, allowed us to extend the
analysis to small headwater streams. The drainage area profiles and the elevation profile wertedxtrac
from the flow accumulation grid and DEM respectively and smoothed using a loess algorithm (elevation

profile) and a running median algorithm (drainage area) in order to obtain 40 eeppalbed slope and
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drainage area data. Then data were plotted itbglog space and analyzed on the base of the regression
slope (then') and through the comparison with the results from analogous published studies (i.e.
Montgomery et al. 1993;Brardinoni & Hassar2006).The selected channels represent some complersas
where the single power law for unglaciated channels is not acceptBbodedinoni & Hassa(2006) verified

that in formerly glaciated terrains, the slojaeea relation is not totally controlled by different signature of
colluvial and fluvial processdajt forced by past glacial geomorphic processes. In particular, channel profiles
in glacial environments, often are affected by significant steps, not observed in unglaciated landscapes;
prominent steps in glacial terrains frequently coincide with glagiatroforms, namely hanging valleys
(referred to the floor of relict glacial cirques) with relative valley steps (as the transition between hanging
valley and relict glacial troughs), paraglacial fans and cones. In terms ofas&mpeelations, this tranate

into multifragmented pattern, with kinks that are not always connected to a variation in process dominance;
this occurrence makes the identification of the transition between different processes particularly difficult.
The alternative classification grocess domains in a slogea plot has been proposed IBrardinoni &
Hassar(2006), as result of their studies in a glaciated basins of coastal British Columbia (fig. 5); this schematic
representation distinguishes colluvial and fluvial processes atioel of glacial macroforms, with positive
slopearea relations corresponding with the transition between hanging valley (fluvial) and the origin of

colluvial reaches, and segments characterized by negative relation, associated with colluvial channels.
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Figure 4 schematic representation of the alternative process domains classification proposed by Brardinoni
& Hassan 2006 for formerly glaciated environment. See text for further explanation.
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Seismic data

We acquired and processed about 4 km of high ggmn reflection/refraction profiles across the Gadria fan
(Maraio et al, 2015). The main goals of the seismic acquisition and its interpretation are to investigate the
structure and the depth of the bedrock, the morphology of the valley, the thickneflsndal and alluvial
sediment, and characterize the stratigraphic relationship between the axial fluvial facies and tributary alluvial
fan facies. Two profiles are orienteesntransverse to the valley. They start near the Gadria fan apex, cross
the Adige River, and extend to the Lasa fan apex. A third profile traverses the alluviafgraeallel to the

valley and intersects the transversal profiles (figure 2). In order to define the dominant processes responsible
for both Gadria and Lasa fans gtbwfollowing the classical technique in seismic stratigrapeeken2013;
Shlunegger et gl1997;Vanderburgh& Roberts1996;Sangree Widmier,1979) we classified the different
seismic facies of the alluvial fan deposits, on the base of the seatnioutes (frequency, amplitude),
geometry and continuity of reflectors and reflectors configuration (parallel, inclined, chaotic). Furthermore,
several authorKranke et al.2014;Hornung et al.2010) performed a linking between lithological facies in
debris flow fan environment and GPR facies, using the principles derived from seismic stratigraphy. We
conducted our interpretation on the basis of these studies, in the context of the different resolution and

penetration depth of our lines.

3.5 Results

Slopearea analysis

Figure 4 shows areslope relationships data obtained from the investigated basins. As mentioned in the local
setting section, the survey area has been sculpted by past glacial processes, therefore we interpreted the

results from slopearea plot, using the alternative lecture key shown in figure 5.
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Figure 5 Slopearea relations for the six investigated basins; a) Gadria basin; b) Strimm basin; ¢) Lasa Valley;
d) Planeil Valley; e) Zielbach basin; f) Plawenn basin. Relations sedésaire related to the main channel

for each catchment. It is clear that slope area relations in a formerly glaciated environment have more
complex pictures.

Our analysis reveals that just the slepeea plot from Gadria catchment channels (fig. 4a3 tite

Montgomery & Foufoukiseorgiou(1993) idealized theoretical model, within hillslope, colluvial and fluvial
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domains are characterized by a clear separation. There is a good agreement between the data distribution
of the investigated cirque and valleyalls channels within the Gadria basin. Evidently debris flow processes
dominate on the observed channels (i.e= 0.069) and the transition between debris flow and fluvial
transport (i.e.’ = 0.737) occurs at about 1 Rrarea; this value has been docunted by several authors as
transition point from debris flow dominated to fluvial channebgue & Davy, 2003; Montgomery, 2001,

Montgomery &FoufoulaGeorgiou, 2003 Snyder et al., 2000)

Data relations on the slope area plot from the Strimm basin (fiy.a¢ipear clearly multifragmented, with
portions of stream channels characterized by negative concavity index, that translates into a sequence of
fluvial and colluvial processes related to the presence of hanging valleys in the upper part of the catchment
(fig. DR1b). Along the main channel (i.e. channel b in fig. 4b), where -filluizihl transport dominates, a
prominent kink occurs at about 4 Knarea, followed by a portion of channel with = -3.978, in
correspondence of the valley step that denotes thansition between the hanging valley and the glacial
trough. A strong increase in slope is also visible in the final part of the main channel (fig. 4b), caused by the
valley step at the confluence of the Strimm Creek in the Gadria Creek (fig. DR1bjabtdiavial transport
characterizes also the main channel of the Lasa Valley (i.e. channel a in fig. 4c), that present a number of
kinks, principally caused by paraglacial fans and cone as well as by deposits from valley walls colluvial
channels on the ey bottom. We ignored the headwater of this channel because of the glacier presence.
Slopearea relations of the investigated tributary channels (i.e. b, c, d in fig. 4c) reveal colluvial processes (i.e.
0.077 <' < 0.161) until about 1 kfkarea, wherethe decrease in slope suggests the transition in fluvial
processes (i.e. 1.42°'<< 5.187). Sloparea relations from the analyzed channels within Planeil Valley (fig.

4d) exhibit a trend similar to that seen for Lasa Valley. Also within this catchmer®@ &I £ & FA Yy 3 S NLINJ
to play a fundamental rule, producing a multifragmented data distribution, especially on the main channel
(i.e. channel a in fig 4d), that generally appears dominated by flallialial processes. One of the tributary
channels fom the valley walls (channel d in fig 4d) is characterized by a concavity indéxX18) typically
associable with colluvium dominated processes (fig. DR1d). Zielbach basin is also drained by a main channel
strongly affected by several steps (fig. DRJeobably related also to lithologic and structural features, in
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addition to glacial sculpting. The presence of a number of steps along the main channel profile, is reflected
on the slopearea plot as poorly defined domain boundaries from about 16 tarthe end of the profile.
Fluviatalluvial processes are dominant in the catchment both in the main channel and in the tributary
channels b and c shown in figure DR1e, while channel d clearly show a colluvial dominahce {i156)

and is furthermorech NI OG SNAT SR o0& | @SNE &aGSSLI KSIRgl GSNI 6A
is Plawenn basin, that is adjacent to Planeil valley and it can be divided in five small drainage area tributary
basins. Looking at Plawenn longitudinal profiles inrfBgbR1f, the concave shape is undoubtedly related to
debris flow processes. Indeed, the slegea relations of the four investigated channel (fig. 4f), reflect
perfectly this information. Stream channels exhibits a high slope values in the first 8.drdam then we

observe an abrupt decrease in slope at the transition between the cirque and valley walls -{isbris

dominated’ = 0.177) and the alluvial deposits that fill the catchment bottom (fluvial dominated..35).
{SAAY240GNF GARNX2IRAO Ay dSNLINBI

| A3K NBaz2fdziAzy aSAAYAO NBFESOGA2Y LINRPTFAf Sa | Ol dzA
I Y R The seidmic profiles Lasal and Lasa2 show the top of metamorphic bedrock, represented by low
frequency, higramplitude reflectors, @vealing the morphology and the depth of the valley (about 300m).

The high reflective package, related to the fluvial deposits of the Adige River, fill the valley, presenting
different fluvial and fluvidacustrine depositional facies, in response to thieiaction between the river and

the alluvial fans. All seismic sections show an upper seismic facies, on average 100 m thick, representing the
alluvial fan deposits. Vp velocities by the seismic refraction analysis and outcropping deposits support our
interpretation related to the alluvial deposits. Figure 6 and 7 show the seismic migrated sections and we
focused on the shallower seismic facies interpreted as alluvial fan deposits in figures DR2 and DR3.Seismic
profiles in figure 6 show that Gadria fan ackaracterized by wellefined seismic facies and internal
reflection patterns, because of the alluvial deposits thickness. In detail the proximal part of the fan is made
up until about 350 m by more discontinuous, divergent, truncated and chaotic reftesctiharacterized by
variable amplitudes and frequencies (fig. 6). This seismic pattern is related teereglyy depositional

environment and could be interpreted as very coarse unsorted debris flow deposits with clast and blocks,
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which typically occurstgroximal position of the farMeeken2013;Vanderburgh& Roberts1996). Between
opn Y FYR yann Y FyR 6S0i6SSy wmunn +FtyR wmcnnx G
the seismic pattern is very similar to the previous described $adet also is clear an increase in the
continuity of reflectors and the occurrence of curve shaped reflectors at different depth. This facies

resembles massive debiflow deposits, but it also shows a higher degree of internal organization and a

better lateral continuity in depositional geometries.
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Figure 6 a) linedrawing of the seismic facies characterizing the fan deposits in profiles Lasa 1 and Lasa 2; b)
seismic migrated sections for profiles Lasal and Lasa2, See text for further explanatibcal and
horizontal scales are equal.
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Figure 7 a) linedrawing of the seismic facies characterizing the fan deposits in profile Lasa 3; b) seismic
migrated section for profile Lasa3, See text for further explanation. Vertical and horizontalareadzgial.

¢t KS OdzNBS &Kl LISR -NBITFIHISR IR ISR Rery2GLR) aré eonsistent with
debrisflow paleachannels, active during the fan aggradation. The seismic facies of the fan medial portion is
OKI N} OGSNAT SR o6& F pn YSGSNBR GKAOl YR F mpn YSGS
subparallel,continuous reflectors with medium amplitude and constant frequency. The lateral continuity,
the stratified pattern and the higher amplitudes witness the transition to a different grain size deposits, like
as matrixrich deposits with sand and sorted cobblend gravel, type debrifow diamicton. Moreover, there

is a perfect agreement between this seismic facies and that present on profile Lasa3 (showed in fig. 7), which
intersect the profile Lasal at metric 900 (fig. 6). Profile Lasa3 shows, withidubialalan deposits, curve
shaped, continuous reflectors, probably associated with deftois buried channels and three variable
amplitudes, continuous reflectors, slightly dipping towards west, that depict a lateral accretion of Gadria
alluvial fan. Theame seismic facies is also visible in the distal part of alluvial fan (i.e20600m), showing

higher continuity of the reflectors and medium to low amplitudes, parallel or subparallel to the fan

topography; a sort of prograding downlaps are also detele at the toe of the fan\(eeken2013). The
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shallower part of the alluvial fan deposits, in medial and distal part, exhibits a couple of continuous and
parallel reflectors interpreted as wedlratified horizontally bedded sediments. This seismicefads
interpreted as a horizon of wedlorted sands and gravel deposits, associated toftmd and streamflow

transport.

Internal reflectors and organization patterns are not well defined within the Lasa fan deposits (fig. 6), because
of a limited thickess of the fan, however seismic internal architecture of the Lasa fan deposits appear
different from that of the Gadria alluvial fan. It is characterized by a series of subparallel curve shaped
reflectors, continuous for some segments, with variable amgét(often low amplitude) and low frequency.

Low amplitudes witness the low contrast of impedance within the deposits, indicating psicatified
sediments; the internal organization, suggest the association of this facies with reshaped deposits,yprobabil

linked with a mixture between bedload flow and mdksv processes.

3.6 Discussion

Gadria Fan and its source basins (i.e. Gadria and Strimm basins) are one of the most studied and interesting
alluvial fan system in the eastern Alps, because of thediamension and the geomorphic differences
between the sediment alimentation basins. Sleggea analysis of all the investigated channels within the
Gadria catchment (i.e. fig 4a) demonstrates that defidss activity is a principal responsible for the
sediments transport. According t€omiti et al.(2014), the debris flow activity within the Gadria fan is
facilitated by the highly fractured metamorphic lithology, by the steep topography (see fig. DR1 a) and by the
availability of glacial sediment. On theher hand, Strimm catchment channels show a clear alternation
between colluvial and fluvial domain processes, with colluvial processes that occur only in correspondence
of the valley steps, present in both main and tributary channels; this essentiallyati@sis1 a bedload stream
dominant transport. Both sediment supplies are recognizable in the alluvial fan seismic facies. Debris flow
and massive deposits, indeed, mainly occupy the proximal position of the fan and the grain size decrease is

observable tovards the distal part of its. Moreover, some evidence of the fan lateral accretion through
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different debrisflow events are also visible on the seismic profiles, especially on profile Lasa3. The shallower
part of the seismic profiles shows a wsliatified well-sorted horizon, related to deposits compatible with

the Strimm dominant processes. The fan internal stratigraphy also indicatesa different sediment availability
and different sediment grain size in relation to the climate changes in the area, podsitohg the last
deglaciation; logically, during this period, deposition of high quantity of massive deposits from Gadria
catchment hindered stream flow and bedload deposits from Strimm basin, the influence of which is more
marked in the shallow and in ¢hdistal part of the fan. Slopgrea analysis results witness the fluxadluvial
dominant processes in the Lasa Valley; colluvial (ddlorg transport processes are marked generally on

the valley steps, along the main channel, and on the valley wladisnels, which are often linked to the main
channel through paraglacial fans. The pattern on seismic profile also suggests alternated high and low energy
depositional processes, namely respectively riiims and bedload flow. This can be explained byhiuher

degree of connection between the colluvial dominated tributary from the valley walls in the rfedibpart

of the valley (i.e. channel d in figure DR1) and the catchment outlet. In contrast with sediments from the
upper part of the valley, sediemts from these tributary basins are not trapped within the valley bottom, due

to the absence of paraglacial fans and cones in the segment between these tributary junctions and the valley
outlet. Slopearea data distribution of the channels within the Bath catchment clearly reveal the presence

of one debrisflow dominated tributary basins (i.e. channel d in fig. 4 e and in figure DR1e), while-fluvial
alluvial processes are dominant on the other investigated chan8ald. et al(2014) described the dlach

channel as divided in two different sectors on the basis of its geomorphic features: the bigger one sector
ORSTAYSR aYlI Ay OFGOKYSyYy(Gé0 OKI NI OhG S NApbofsegmends, i G S S L.
which are comprised channels a (i.eetmain channel), b and c showed in figure DR1 e and the eastern
tributary debrisT £ 26 o0l aAYy &RIBAYOIR OKRSyNFKEDH > oKAOK Aa NI LN
DR1 e. Seismic faciéfigure DR12)interpreted as Zielbach fan deposits 8qvi etal (2014), exhibits an
internal architecture characterized by low amplitude and low frequency discontinuous and divergent
reflectors, associated to poorly stratified and sorted sediments, which typically occur in high energy

deposition environments. More@r, some boreholes cores (s&avi et al2014 for details) confirmed that
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the Zielbach fan is mainly composed of delfilosv deposits and this suggests that the deltmv basin
identified within the Zielbach catchment (i.e. channel d in figure DR1le¢ isrimary responsible for the fan
growth. There are no available geophysical surveys or boreholes for the Malser Haiden fan, then the link
between the sediment sources and the fan deposits is no achievable. Simze analysis reveals that
Plawenn basims undoubtedly dominated by debfflow processes, while Planeil Valley shows geomorphic
features similar to those observed for Lasa Valley. Also within the Planeil Valley (generally fluvial dominated)
there is a channel (channel d in fig. DR1 d andifi). distinguished by dominant colluvial processes and by

a good degree of connection between the hillslope and the valley outlet.

Overall, strong influence of the last glaciation conditions on the investigated landscape is revealed by our
analysis. Pastlgciation sculpting appear as principal cause of prominent kinks on longitudinal profiles
imposing the channel morphology and also influencing the establishment of contemporary geomorphic
process domains. Channels analysis reveal different timing in dmenehrecover from being first shaped by
glacial, despite the surrounding conditions, namely lithology, tectonic, climate changes and glaciation
conditions are almost equal for the entire valley. Longitudinal profiles of Gadria and Plawenn channels,
contrary to what is showed in the other surveyed catchments, do not exhibit clear morphological elements
related to glacial inherited topography; the same condition also appears at catchment scale in the Zielbach
oFaAiAys GKF G LINB &Sy lGaloaytalbthe dahafized clehriels, exaeptXoy chaainel AMiBhy ( & €
there are not evident glacial signatures. This might be explained by a steeper topography characterizing these
channels, that has strongly influenced the erosion and the sediment evacudtawirg the recovering from

past glaciations.

The influence of past glaciations conditions is also manifested within the surveyed fan deposits. We observed
in seismic profiles a predominance of debris flow facies in the deeper portion and in the prpaitnad the

fans; this disposition is probably correlated to the paraglacial activity occurred in the area from the last
deglaciation, in terms of both climate change and sediment availability within the catchments. For instance,
in paraglacial model prased by Ballantyne (2002) for formerly glaciated environment, he distinguish

between two different paraglacial systems: the primary system, occurred immediately after the glaciers
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retreat, characterized by the deposition of a large volume of glacial sedénand the subsequently
secondary system, in which the sediment transport and deposition are conditioned alsewmykiag of

older paraglacial sediments. The first phase of high sediment production and transport is also facilitated by
wetter and warmerclimate that increased the transport capacity of streams and rivers (Hinderer 2001), and
by poor vegetation coverage. Consequently, this translates in transport and deposition of unsorted and
coarse grained sediments, principally through mfies processe and explains the presence of this kind of
material in the lower portion of investigated fans. While the second phase, marked principally by fluvial and
alluvial transport processes, might be responsible for the deposition of more organized sediments,
recognized in the upper and in the distal part of the fan. These two phases are dated, in the European Alps,

respectively between 12 ka and 9 ka B.P. and between 5.8 ka and 2 ka BP (Soldati et al., 2004).

3.7 Conclusions
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and the internal patterns related to the Gadria and Lasa fan deposits, witnessing the main deposits

composition. Consequently, we used the high resolution seismic profile interpreted and descriBadilay
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al. (2014) fo the characterization of the Zielbach fan seismic facies and then for linking the seismic patterns

with the revealed geomorphic processes within the Zielbach catchment.

Overall dominant geomorphic processes, detected within the basins through the-aleaeaelations, are in

good agreement with the observed deposit composition of the alluvial fans, showed by the
seismostratigraphic interpretation. Both longitudinal profile analysis and alluvial fan seisatiyraphy
highlights the influence of the pagtaciation on the Val Venosta landscape. Most of the investigated channels
has not substantially recovered from past glaciations and their morphology is still strongly controlled by
glacial inherited topography, while paraglacial activity has played aoriaqt role on the transport and
deposition of alluvial fan sediments. No evidences of catastrophic landslides, as proposed by Jarman et al.
(2011), are recognized in geomorphic analysis and stratified patterns within the fan deposits suggest the
predominance of fluvial and colluvial (debsikow) transport processes. Jarman et al. (2011) suggest that
catastrophic mechanism hypothesis for the fan formation in Val Venosta can be confirmedsifratifired
constitution is demonstrated by depth investigationResults from our high resolution geophysical
investigations provide information about the formation of the investigated alluvial fan through paraglacial
progradation, principally by means of colluvial and fluvial transport. Moreover, this research gtaivise
combination between geomorphic analysis and nearface high resolution seismic, can provide a powerful
tool for the study of alluvial fans, both in terms of composition and formation mechanism. The interaction
between these two different methodogies in a formerly glaciated environment, is able to give also

information useful for studies about climate changes in the fgatial period.
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3.9 Data repository

Figure DR1on the left elevation profiles of the investigated channel; on the right map of the investigated
basins withthe location of the channel profiles analyzed in the work: a) Gadria basin; b) Strimm basin; ¢) Lasa
Valley; d) Planeil Valley; e) Zielbach basin; f) Plawenn basin.
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