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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 volume of literature (Darnault et al., 2012). Many 

of these studies have been focused on 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 repeatedly affected 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 Late Glacial 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 studies represent a powerful approach to understand and detail these climate 

oscillations. 

This thesis uses high-resolution seismic reflection data and seismic stratigraphic methods to examine the 

formation and evolution of a major alluvial/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 

post-glacial times. Using this information, we model the evolution of the valley fill in the framework of post-

glacial climate fluctuations. The results provide an understanding of the landscape geomorphic evolution in 

response to the main climatic changes and also can represent a tool in policy decision regarding natural 

hazards, given that construction of residential buildings and transport infrastructures on alluvial fans has 

increased the vulnerability to catastrophic events (i.e. mass-flow, debris-flow), thus augmenting the overall 

risk (Comiti et al., 2014). 

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

Eastern Alps, between the Engandine and Periadriatic lineaments and its geological and tectonic evolution 
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has been discussed by Ratschbacher (1986]; Thöni & Hoinkes (1987); Ratschbacher et al.  al., (1989); Thöni 

(1999); Sölva et al.  al., (2005). The valley, drained by the Etsch/AdigeRiver, originates near the Resia pass 

and extend for about 74 km down to the city of Meran, where it changes direction, flowing to the south (Fig. 

1). The valley is imposed along the Vinschgau shear-zone, 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 the 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 in Vinschgau/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 dynamics of 

the fans through debris-flow 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. (2011) provided a genetic interpretation of the fan cluster of the Vinschgau/Val 

Venosta, addresing their research on the morphometric analysis of the so-called megafans or outsize fan that 

characterize the valley. These authors, based on the analysis of the morphology of the tributary catchments, 

hypothesized the formation of all fans through catastrophic landslides, occurred soon after the deglaciation 

and later covered with debris-flow to alluvial deposits. On the other hand, Brardinoni et al. (2012), analyzing 

the correlation between contemporary debris-flow and the fans areas, hypothesized the formation of the 

fan in Vinschgau/Val Venosta by means of a progradation of paraglacial and glacio-fluvial sediments 

transferred from the source basins mainly via debris-flow 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 supply the large Gadria 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. (2014) based their research on seismic and borehole datasets collected across the 
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Zielbach fan, some tens of km downstream toward Meran, and they provided a reconstruction of the 

evolution of the Zielbach catchment throughout the Holocene.  

 

 

Figure 1: Digital Elevation 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:  

¶ to obtain information about the general morphology of the valley basement, and the internal 

stratigraphy of Quaternary deposits that fill it, identifying the main sedimentary processes and 

source of sediments;  

¶ to understand the genesis of this big fan belonging to a cluster of one of the largest colluvial/alluvial 

fan within the Italian Alps; 
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¶  to provide spatial and temporal constraints for the post-glacial evolution of the Vinschgau/Val 

Venosta, using stratigraphical, geophysical and morphological data;  

¶  to distinguish the geomorphic processes involved in the evolution of the valley and to model this 

evolution in the frame of the climate fluctuations the last post-glacial. 

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, together with non-standard processing of the seismic data, allowed 

us to reconstruct the geometry of the valley subsurface and the internal architecture of the reflector 

packages, with a metric resolution. We acquired four seismic profiles, with a total profile length of ~4 km 

(Figure 2). P-wave seismic reflection data were collected using a single 6382kg IVI-Minivib® truck and data 

were recorded by Dense-wide-aperture (DWA) arrays (Bruno et al., 2010, 2013). DWA geometry allowed a 

meaningful interaction between refraction and reflection data processing and overcome most of the factors 

limiting the data quality in those complex environments. We applied the CRS (Common Reflection Surface) 

method as an alternative to the conventional CMP stack processing. The CRS was originally developed as a 

data-driven and velocity-independent stacking method for producing zero-offset sections with high signal-

to-noise ratios, improved resolution, more continuous reflectors, and enhanced images of dipping reflectors 

(see Mann et al., 1999 and references therein).  Conventional CMP stacking is based on assumption of planar 

interfaces in a homogeneous layer and depend on the RMS velocity model. The CRS stack method has an a 

more generic approach, that considers the location, orientation and curvature of interfaces through three 

parameters, called CRS attributes (Mann et al. 1999; Jager et al. 2001). With the optimum three CRS 

attributes, the pre-processed data (pre-stack) were stacked, to yield the final CRS stacked section, and 

compared with the CMP section. 
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 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 Digital Elevation Model of the valley, the analysis of the topographic signatures within some 

selected tributary catchments was carried out. Here we seek to demonstrate a source to sink connection 

between catchment geomorphic processes, the creation, storage, and transport of sediment to an alluvial 

fan, and the resulting fan allostratigraphy as revealed by high-resolution reflection seismology. In the 

process, we are able to better identify the main sediment transport processes in Val Venosta (Eastern Alps, 

Italy) and test an intriguing idea that a cluster of anomalously large alluvial fans are the result of immediate 

post-glacial mega-landslides (Jarman, 2011). The results of this analysis, combined with the detailed 

interpretation of the seismic facies within the fan 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 boreholes has been established, with the 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 profiles, 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, pinpointed with the few dates in the area in the frame of the main climate 

fluctuations from the last deglaciation. 
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Figure 2: Digital Elevation Model of the seismic survey area by Provincia Autonoma di Bolzano, with the high 
resolution seismic profiles location across the Gadria and Lasa fans. Two profiles (Lasa1 and Lasa2) are 
transverse to the valley, while Lasa3 profile is parallel to the valley axes.  

 

 

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 aims described above and consists of 5 

chapters.  

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

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

Chapter 2 discusses the acquisition, the processing and the preliminary interpretation of the seismic dataset 

across a transect of Vinschgau/Val Venosta and across 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 acquisition and the data processing 

phases to overcome these limitations. This chapter also shows the application of a non-standard seismic 

reflection processing flow for obtain high-quality data results in complex environment, using the Common 

Reflection Surface technique. 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 investigated transect 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 catchment geomorphology. This part also exhibits the study 

of the topographic signature that characterize the channels within the tributary catchments on the basis of 

stream power law-based slope-area analysis, in order to define the sediment transport processes and to 

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 valley are provided. 

Chapter 4 is dedicated to the detailed interpretation 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 the dynamics of both fluvial and 

fan systems during the Late Glacial to Holocene transition in the frame of the main climate oscillations 
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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 paper, consequently repetitions, 

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, I have been responsible in the planning and execution of the seismic 

experiment. I also managed the logistics for data acquisition and the preliminary scouting of the test sites. I 

processed the seismic data presented in chapter 2, in collaboration with professor P. P. Bruno and 

successively I collaborated on the establishment of the target and the location of the boreholes. During my 

experience at the Lehigh University I performed the geomorphic analysis showed in chapter 3 in collaboration 

with professor F. J. Pazzaglia. Finally, I worked with my tutor prof. V. Picotti and F. Brardinoni, M. Cucato, C. 

Morelli in order to provide a detailed interpretation of the seismic and borehole data and a reconstruction 

of the main depositional systems of the valley. 
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2.1 Abstract  

Alluvial fan environments, often pose significant challenges for high-resolution seismic exploration, 

due to high heterogeneity of deposits and rugged topography. Using both non-conventional field and 

processing techniques, we were able to obtain high-quality 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. Wide-aperture seismic arrays permitted to develop reliable 

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 with surface 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 structure of the 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, rather than 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 tributary valleys join wide 

formerly glaciated valleys [Harvey, 2003]. A cluster of exceptionally large debris-flow-dominated fans 

characterizes the Venosta Valley, a major relict trough drained by the Adige River in the east-central Alps, 

Italy. The study of alluvial fans 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 tributary fan 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 important to differentiate among mass-

flow, debris-flow and stream-flow 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 processes that control 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 correlations [Franke et al., 2015]. 

Additional and complementary information can be obtained by means of a high-resolution geophysical 

approach. In the last years alluvial fans have mainly been studied using ground-penetrating radar techniques 

aimed to characterize the very shallow portion of subsurface, i.e.~10-30 m [Ékes & Hickin, 2001; Ékes & Friele, 

2003; Hornung et al., 2010; Franke et al., 2015]. If, on one hand, ground-penetrating radar can reveal the 

sedimentary structure from decimeter to meter scale, on the other hand the low penetration 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 high-resolution reflection seismology. We acquired and processed three high-resolution seismic 

reflection profiles across a representative transect of Venosta Valley, over the Gadria and Laas fans, and 

throughout the Adige Valley near the village of Laas/Lasa. Our goal was the seismic imaging of the shallow 



15 
 

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) image both the 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 fans, especially 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 layers (e.g. the valley bedrock), pose 

significant challenges for high-resolution seismic exploration. Hence, non-conventional acquisition and 

processing approaches should be used when surveying those areas. A limited number of studies published 

on this topic [Bruno et 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 Dense-wide-aperture profiling 

was successfully used by Bruno et al., [2010] to image a dry alluvial fan in the Southern Apennines. We used 

the dense, wide-aperture profiling to acquire our data. Dense, wide-aperture geometry differs from the 

typical common midpoint, narrow-aperture reflection surveying in that it records both multi-fold reflection 

data spanning a large range of offsets (from short-offset, near-vertical reflections to large-offset, large 

amplitude post-critical reflections) and deep penetrating refracted waves, which are suitable for first-arrival 

travel time tomography. To evaluate the optimal seismic imaging strategy to apply to our dense, wide-

aperture data, we compared the Common-Reflection-Surface (CRS) stack technique, [e.g. Muller, 1998] with 

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

as a data-driven and velocity-independent stacking method for producing zero-offset sections with high 

signal-to-noise ratios, improved resolution, more continuous reflectors, and enhanced images of dipping 

reflectors [see Mann 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 strongly violated, 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 based on assumption 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 before stacking. The 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 models [Mann et al.,1999]. More details about the CRS method and the CRS attributes 

can be found in the following literature: Hubral [1983], Mann et al., [1999], Jager et al., [2001], Hoecht [2002], 

Menyoli [2002], Mann [2002] and Garabito et al., [2011]. 

In contrast to CMP stacking, the CRS method does not directly depend on the stacking velocity model, 

ōǳǘ ƛǘ ǳǎŜǎ ǘƘǊŜŜ ǇŀǊŀƳŜǘŜǊǎΣ ŎŀƭƭŜŘ ά/w{ ŀǘǘǊƛōǳǘŜǎέΦ ¢ƘŜ ǘƘǊŜŜ ǇŀǊŀƳŜǘŜǊǎ ŘŜǎŎǊƛōŜ ǘƘŜ ǊŜŦƭŜŎǘŜŘ ǿŀǾŜŦǊƻƴǘ 

associated with two so-called eigenwaves [Hubral, 1983]. These hypothetical waves, measured at the 

surface, are obtained by: 1) a point source at the reflector, that produce an upgoing άƴƻǊƳŀƭ ƛƴŎƛŘŜƴŎŜ Ǉƻƛƴǘέ 

(NIPύ ǿŀǾŜΤ ŀƴŘ нύ ŀƴ άŜȄǇƭƻŘƛƴƎέ ǊŜŦƭŜŎǘƻǊΣ ǘƘŀǘ ŘŜǾŜƭƻǇǎ ǘƘŜ ǎŜŎƻƴŘ άǳǇƎƻƛƴƎ ƴƻǊƳŀƭ ǿŀǾŜέ όN). Following 

this theory, the CRS attributes consist of an emergence angle of the zero-ƻŦŦǎŜǘ Ǌŀȅ ʰΣ ǘƘŜ ǊŀŘƛǳǎ ƻŦ ŎǳǊǾŀǘǳǊŜ 

RNIP of NIP wave and the radius of curvature RN of the normal wave [Mann et al., 1999; Jager et al., 2001; 

Menyoli, 2002]. As exposed in Mann et al., [1999] and in Jager et al., [2001], the two-dimensional hyperbolic 

travel-time of the CRS operator for point (x0, t0) in the zero-offset section, is defined by the following 

approximation: 

ὸ ὼȟὬ ὸ ὼ ὼ Ͻ ;                  (1) 

where h represents the half offset between the source and receiver position; xm denotes the midpoint 

between source and receiver; t0 is the two-way travel-time along the normal ray between the emergence 

point x0 and the reflection point andv0 is the near-surface 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 years [see Jager et al., 2001; Hoecht, 2002; 

Garabito et al., 2011 and references therein]. However, solving 3D optimization problems for all the points 

in the ZO section is highly time-consuming. Therefore, a three-step search algorithm has been adopted for 

this purpose [see Muller 1998; Mann et al., 1999 and Jager 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 approximates a ZO section. Therefore, optimal CRS parameters are obtained only if the NMO 

stacked section is a good approximation of a ZO section, as is the case for high-fold / high signal-to-noise  data. 

In such case, to a good approximation, each parameter can be constrained independently, consequently fast 

(i.e. cost effective) and efficient implementations are possible. The CMP stack section (zero-offset) can also 

used to determine the wavefront attributes. 

For a three-step search algorithm we start considered the intersection of the two-dimension CRS 

operator (1) with the plane xm=x0 of the common midpoint (CMP) gather. In this way, the operator reduces 

to CMP hyperbola expressed in terms of CRS attributes: 

ὸ Ὤ  ὸ                (2) 

Comparing equation (2) to the well-known NMO formula: 

ὸ Ὤ ὸ                          (3) 

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

ὺ                                   (4) 

The equation allows determining the optimum stacking velocity VNMO in a one-parametric 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 zero-offset section from CMP stack: for h=0, the two-dimension CRS operator reduces to the one-

dimension operator: 
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ὸ ὼ ὸ ὼ ὼ ὼ ὼ           (5) 

In a first order approximation, we can assume RNҐқΣ which implies plane normal wave emerging at the 

surface; we obtain: 

ὸ ὼ ὸ ὼ ὼ           (6) 

Equation (6) allows us to perform a second one-parameter search in order to determine the emergence angle 

ʰ ŦǊƻƳ Ŝǉǳŀǘƛƻƴ όсύΦ ¢ƘŜƴΣ ƪƴƻǿƛƴƎ ,h we can substitute it into equation (5) and perform a third one-

parameter search for RN. With the knowledge of h and VNMO, we can determine RNIP by means of equation 

(4). With the optimum three CRS attributes, the pre-processed data (pre-stack) can be stacked in each 

location (x0, t0), using the two dimensional CRS operator (1), to 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 by Ratschbacher [1986]; Thöni & Hoinkes [1987]; Ratschbacher et al., 

[1989]; Thöni [1999]; Sölva 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 (~500 m a.s.l.), where Venosta 

Valley connects into the north-trending Adige Valley (Fig. 1b). Venosta Valley runs above the Venosta Shear 

Zone, which separates the Oëtztal Unit (north) from the underlying Campo Nappe. The Oëtzal unit consists 

of paragneisses, with interlaced micashists, orthogneisses and metabasites, while Campo Nappe Unit consists 

of polymentamorphic rock, similar to those of the Oëtzal unit with granites and abundant pegmatites [Solva 

et al., 2005]. Both Oëtztal and Campo Nappe fm. are characterized by fractures oriented along N, E, NE and 

SW directions, and these structural patterns control the spatial structure of the drainage network and 

influence rock strength [Agliardi et al., 2009; Jarman et al., 2011; Comiti et al., 2014]. Quaternary alluvial and 

fluvio-lacustrine deposits that hide the transition between the two units [Comiti et al., 2014] fill the valley. 
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Figure 1: a): geologic and tectonic setting of north-central Italy (red box encloses the area in b) [modified 
from Aiello and Hagstrum, 2001]; 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 outsize fan; 5, MalserHaide megafans; 6, Gadria/Lasa 
megafan; 7, Tarres/Laces megafan; 8, Tablàmegafan; 9, Parcines West megafan; 10. Parcines East megafan. 
c): DEM (2m resolution) by Autonomous Province of Bolzano ς Alto Adige ς 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, amphibolites, gneiss and amphibolitic schist; 17, micashists and paragneiss; 18, 
micashists and paragneiss of Adige north zone; Oëtzal Fm is made of units 14,15 and 18, while Units 16 and 
мт ŎƻƴǎǘƛǘǳǘŜ /ŀƳǇƻ bŀǇǇŜ CƳΦ мфΣ ά[ŀǎŀмέ  ǇǊƻŦƛƭŜ ƭƻŎŀǘƛƻƴΤ нлΣ ά[ŀǎŀнέ  ǇǊƻŦƛƭŜ ƭƻŎŀǘƛƻƴΤ нмΣ ά[ŀǎŀоέ  ǇǊƻŦƛƭŜ 
location. 
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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 deviated toward 

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 survey. Jarman et al., [2011] also describes the Gadria Fan as one of the largest symmetrical 

alluvial fans in the Alps.  Its origin is still matter of debate: Jarman et al., [2011] hypothesizes a catastrophic 

formation for the fan, modulated by large, rapid slope failures. Brardinoni et al., [2012] hypothesize instead 

as source a mechanism of paraglacial progradation, mainly mediated by debris flows. In the figure 1 it is also 

evident a smaller fan (i.e. Laas fan), that was built by variable amounts of fluvial and debris flow inputs 

[Jarman et al., 2011].  

Debris-flows within the Gadria channel network are facilitated by the combination of steep topography, 

highly weathered and fractured metamorphic bedrock surface and thick glacio-fluvial deposits [Comiti et al., 

2014]. Gadria catchment morphology and evolution has been the target of several studies and has been 

actively monitored because of the relatively high frequency of debris flow events [Comiti 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 near the apex of Gadria fan. The Gadria and Strimm basins are 

characterized by contrasting morphology and different types and intensities of sediment transfer processes: 

DŀŘǊƛŀ ǎǘǊŜŀƳ ǎƘƻǿǎ ŦǊŜǉǳŜƴǘ ŘŜōǊƛǎ ŦƭƻǿǎΣ ǿƘŜǊŜŀǎ {ǘǊƛƳƳ ƛǎ ŜǎǎŜƴǘƛŀƭƭȅ ŀ άōŜŘƭƻŀŘέ ǎǘǊŜŀm [Cavalli et al., 

2013].  

2.5 Data acquisition and analysis 

We acquired three high-resolution individual seismic profiles, partly overlapping and partly 

intersecting each other above Gadria and Laas fans, for a total surveyed length of ~4 km (Figs. 1-2). The 

profiles cover almost entirely the entire valley transect. Two profiles (Lasa1 and Lasa2) are transversal to the 

valley, and one profile (Lasa3) cuts the alluvial fan as a longitudinal section, intersecting profile Lasa1 at CMP 
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360 (Fig.2). The acquisition was very challenging for profile Lasa2, as we had to accommodate logistic 

ƻōǎǘŀŎƭŜǎ ƛƴ ǘƘŜ ǊŜǎƛŘŜƴǘƛŀƭ ŀǊŜŀ ƻŦ [ŀŀǎ όƛΦŜΦ ά[ŀǎŀέ ƛƴ LǘŀƭƛŀƴΣ CƛƎΦ нύΦ CǳǊǘƘŜǊƳƻǊŜΣ ƛǘ ǿŀǎ ƴŜŎŜǎǎŀǊȅ ǘƻ 

accommodate and minimize acquisition gaps in seismic coverage where profile Lasa2 intersects the Adige 

River and a railway line (see Figs. 2 and 4). All profiles are characterized by a crooked geometry, therefore 

άǇǊƻŎŜǎǎƛƴƎέ ƭƛƴŜǎΣ ǿƘƛŎƘ ǎƳƻƻǘƘ ǘƘŜ ŀŎǉǳƛǎƛǘƛƻƴ ƭƛƴŜǎΣ ǿŜǊŜ ŎƘƻǎŜƴ ǘƻ ǇǊƻƧŜŎǘ ǘƘŜ /atǎ ŦŀƭƭƛƴƎ ƻǳǘǎƛŘŜ ǘƘŜ 

acquisition line. 

 

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. 
tǊƻŦƛƭŜǎ ά[ŀǎŀмέ ŀƴŘ ά[ŀǎŀнέ ƻǾŜǊƭŀǇ ŦƻǊ Ϥ оллƳΣ ǿƛǘƘ ŀ ƘƻǊƛȊƻƴǘŀƭ ǎŜǇŀǊŀǘƛƻƴ ǘƘŀǘ ǾŀǊƛŜǎ ŦǊƻƳ мул ǘƻ осл ƳΦ  
tǊƻŦƛƭŜ ά[ŀǎŀнέ Ŏƻƴǎƛǎǘǎ ƻŦ ǘǿƻ ǎŜǇŀǊŀǘŜ ǎŜƎƳŜƴǘǎΣ ŀŎǉǳƛǊŜŘ ǘƻ ǘƘŜ ƴƻǊǘƘ ŀƴŘ ǘƻ ǘƘŜ ǎƻǳǘƘ ƻŦ ǘƘŜ !ŘƛƎŜ wƛǾŜǊΦ 
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Even though these segments were acquired with a horizontal separation of ~ 70 m, they were processed as 
ŀ ǎƛƴƎƭŜΣ ŎǊƻƻƪŜŘ ƭƛƴŜΦ ¢ƘŜǊŜ ƛǎ ƴƻ ŀŎǉǳƛǎƛǘƛƻƴ ƎŀǇ ŀƭƻƴƎ ǇǊƻŦƛƭŜ ά[ŀǎŀнέΣ ōǳǘ Ƨǳǎǘ ŀ ŦƻƭŘ ŘŜŎǊŜƳŜƴǘ ŀƭƻƴƎ ǘƘŜ 
Adige River (see Fig. 4b) because of the additional shooting pattern we did to the north and to the south 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 100-200 in Figs 3-5) and 2) a dense spatial sampling of the seismic wavefield 3) a 

broad power spectrum in recorded signal. P-wave seismic reflection data were collected using a single 

6,382kg IVI-MiniVIB® high-frequency vibrating source. At each vibration point we stacked two, 15 s long, 10ς

200 Hz upsweeps. Listening time was set to 16 s, with 1ms sample interval. These parameters allowed us to 

record data for a total time of 1s after correlation. Source move-up was 5 m on profiles Lasa1 and Lasa3, and 

for logistic reasons was 10 m on profile L2. Differential GPS technology was used to record 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, wide-aperture arrays [Bruno et al., 2013 and Bruno et al., 2010] made by 192 

vertical geophones with a 10 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 

common-midpoint apertures, dense, wide-aperture arrays allow capturing both hypocritical and hypercritical 

reflected phases as well as deep penetrating head waves, which permit first-arrival travel-time tomography 

to reach almost the same investigation depth of reflected phases. Good signal-to-noise ratio characterizes 

the acquired data: indeed, clear reflected phases from fluvial and alluvial fan deposits layers are visible in 

raw common-shot gathers (Fig.3-5). A high-energy, often asymmetrical reflection from the top of the valley 

bedrock (Fig. 4b) is also evident. High-amplitude Rayleigh waves (event G in Figs. 3-5) obscure reflected 

phases, in the central part of the raw common-shot records and were reduced during processing. Our data 

processing flow is shown in the chart of Fig. 6. After vibroseis correlation and minimum phase conversion, 

we proceeded to first arrival picking that provided data for travel traveltime tomography. High-redundant 

global-offset first arrivals were checked for consistency using the reciprocity rules of Ackermann et al., [1986]. 

Theoretical ǳƴŎŜǊǘŀƛƴǘȅ ƻƴ ŦƛǊǎǘ ŀǊǊƛǾŀƭǎ ǊŜŀŘƛƴƎǎΣ ƛƴ ƴƻƛǎŜ ŦǊŜŜ ŘŀǘŀΣ ƛǎ Ϥмκу ƻŦ ǘƘŜ ŘƻƳƛƴŀƴǘ ǇŜǊƛƻŘ όƛΦŜΦ Ғ мΦр 

ms). Indetermination was higher in some parts of profile Lasa2, because of presence both cultural and 
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ambient (wind) noise. Theoretical traveltimes were obtained via a ray-tracing method, based on Huygens 

principle [Hayashi and Takahashi, 2001] using a preliminary p-wave velocity provided by classical refraction 

methods of interpretation.  Residuals between observed and theoretical traveltimes were minimized 

upgrading the preliminary velocity model with an iterative tomographic approach based on the SIRT image 

reconstruction technique [Gilbert, 1972]. Inversion results are shown in Figs. 7-9. The residual times root-

mean-square error of profile Lasa1 is  2.7 ms, 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 lines. Resolution of tomographic images was 

ŀǎǎŜǎǎŜŘ ōȅ άŀ ǇƻǎǘŜǊƛƻǊƛέ ŎƘŜŎƪŜǊōƻŀǊŘ ǘŜǎǘǎ ώHearn and Ni, 1994], using input perturbation values of ± 10% 

of cell p-wave velocity on cell patterns of dimension 100x50m (Figs 7-9). Analysis of checkerboard test shows 

an achieved depth penetration of about 100-150 m, which is sufficient to reach the top of the metamorphic 

bedrock. Tomography provides p-wave velocity information about the subsurface that overlaps almost 

entirely with the reflectivity images for seismic interpretation.  

 

CƛƎǳǊŜ оΦ ŀύ ŀƴŘ ōύΥ ǘǿƻ ŎƻƳƳƻƴ ǎƘƻǘ ƎŀǘƘŜǊǎ ŀŎǉǳƛǊŜŘ ƻƴ ǘƘŜ ǇǊƻŦƛƭŜ ά[ŀǎŀмέ ǿƛǘƘ ǘƘŜ ǎƻǳǊŎŜ ƭƻŎŀǘŜŘ ŀǎ 
pointed by the two orange arrows in (d) (i.e. 460m and 985m). Some basic processing, i.e. automatic gain 
control and trace kill, is applied to the data. The white arrows on the shot gathers outline: bedrock reflection 
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(B); high-angle refractions (C); surface waves (G). c): pattern of fold coverage along the profile; d): acquisition 
layout showing with a different color the two wide-aperture geophones arrays (green and purple) and the 
vibration points (red dots). 

 

 

CƛƎǳǊŜ пΥ ŀύ ŀƴŘ ōύΥ ǘǿƻ ŎƻƳƳƻƴ ǎƘƻǘ ƎŀǘƘŜǊǎ ŀŎǉǳƛǊŜŘ ƻƴ ǘƘŜ ǇǊƻŦƛƭŜ ά[ŀǎŀнέ ǿƛǘƘ ǘƘŜ ǎƻǳǊŎŜ ƭƻŎŀǘŜŘ ŀǎ 

pointed by the two red arrows in (d) (i.e. 415 m and 1315 m). Some basic processing, i.e. automatic 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); high-angle refractions (C); surface waves (G). c): pattern 

of fold coverage along the profile; d): acquisition layout showing with a different color the two wide-aperture 

geophones arrays (green and orange) and the vibration points (red dots). 
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CƛƎǳǊŜ рΥ ŀύ ŎƻƳƳƻƴ ǎƘƻǘ ƎŀǘƘŜǊ ŀŎǉǳƛǊŜŘ ƻƴ ǘƘŜ ǇǊƻŦƛƭŜ ά[ŀǎŀоέ ǿƛǘƘ ǘƘŜ source located as pointed by the 
orange arrow in (d) (i.e. 350m). Some basic processing, i.e. automatic gain control and trace kill, is applied to 
the data. The white arrows on the shot gathers outline: bedrock reflection (B); high-angle 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 chart of Fig. 6), was mainly aimed at 

improving signal temporal and spatial resolution and signal-to-noise ratio, in particular some efforts were 

made in trying to attenuate the high-amplitude of Rayleigh waves.  This phase was followed by refraction 

static correction [Taner et al., 1998] that was performed using the first-arrival 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 the maxima of the semblance [Neidel & Taner, 1971] functions 

on selected CMP super-gathers. The velocity models and the CMP stacks were refined by two cycles of 

residual static corrections [Ronen & Clerabout, 1985] followed by a further velocity analysis. This phase is 

colored in pink on the flow chart of Fig. 6.  
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Figure 6: Data-processing 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 refraction tomographic model. Pre-
processing (green) was applied to all data and included some processes to attenuate random noise and 
improve signal. Pre-processing included also refraction statics correction [Taner et al., 1998], to compensate 
thin heterogeneous weathering 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 (NMO) correction; (3) residual statics to 
correct small inaccuracies in the near-surface 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 a post-stack Kirchhoff algorithm with the final velocity models 
build during CMP processing. See text for further explanation. 
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Both CMP stacks and pre-stack CMP gathers, with refraction and residual static applied, were used 

as inputs for the CRS processing (in red in the chart of Fig. 6).  The CRS stack operator (eq. 1), as discussed 

above, does not depend a velocity macro-model, but stacking velocity information from previous CMP 

processing was also used as a guide function for the initial VNMO ǾŜƭƻŎƛǘȅ ǎŜŀǊŎƘ ƛƴ ǘƘŜ ǘƘǊŜŜ άƻƴŜ-ǇŀǊŀƳŜǘǊƛŎέ 

CRS search strategies [Mann, 2002].  

We started the search for dips (h) of emerging zero-offset wavefronts in the zero-offset domain, 

simulated by the CMP stacks obtained during NMO processing. Subsequently, dip attributes, VNMO 

information and near surface velocity (V0) were used for searching for the other CRS attributes (i.e., RNIP and 

RN: Fig. 10), needed by the CRS operator in order to perform the CRS stack. In high resolution data, aperture 

of the CRS operator is the most important parameter to test. It defines a CMP-domain radius within which 

the data will be stacked and determines how much signal-to-noise is enhanced at the cost of lateral 

resolution along the reflection. A careful preliminary analysis of shot gathers was very helpful to choose CRS 

operator apertures for the best trade-off between seismic resolution and signal-to-noise ratio [Deidda et al., 

2012].  After the test analysis we chose an optimum tmin and ttmax apertures of 50 and 100 m respectively on 

the profiles Lasa1 and Lasa3. On profile Lasa2 we obtained the best results using tmin and ttmax CRS apertures 

of 25 m and 100 m.  

To perform a Kirchhoff post-stack depth migration on both CMP and CRS stacks, the final stacking 

velocity macromodels from the CMP processing were converted in interval velocity vs. depth using the Dix 

[1955] formula and applying smoothing functions to the conversion. As shown by Trappe 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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CƛƎǳǊŜ тΥ ŀύΥ wŜǎǳƭǘǎ ƻŦ ±Ǉ ǊŜŦǊŀŎǘƛƻƴ ǘƻƳƻƎǊŀǇƘȅ ŀƭƻƴƎ ǘƘŜ ά[ŀǎŀмέ ǇǊƻŦƛƭŜΤ ōύΥ ƴǳƳōŜǊ ƻŦ Ǌŀȅǎ ǇŜǊ ŎŜƭƭΤ ŎύΥ 
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 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. Vertical and horizontal scales are equal. 
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CƛƎǳǊŜ уΥ ŀύΥ wŜǎǳƭǘǎ ƻŦ ±Ǉ ǊŜŦǊŀŎǘƛƻƴ ǘƻƳƻƎǊŀǇƘȅ ŀƭƻƴƎ ǘƘŜ ά[ŀǎŀоέ ǇǊƻŦƛƭŜΤ ōύΥ ƴǳƳōŜǊ ƻŦ Ǌŀȅǎ ǇŜǊ ŎŜƭƭΤ ŎύΥ 
perturbation pattern retrieved after the a posteriori checkerboard resolution tests. The RMS traveltime error 
for the final model is 3.7 ms. The input 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. Vertical and 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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CƛƎǳǊŜ фΥ ŀύΥ wŜǎǳƭǘǎ ƻŦ ±Ǉ ǊŜŦǊŀŎǘƛƻƴ ǘƻƳƻƎǊŀǇƘȅ ŀƭƻƴƎ ǘƘŜ ά[ŀǎŀнέ ǇǊƻŦƛƭŜΤ ōύΥ ƴǳƳōŜǊ ƻŦ Ǌŀȅǎ ǇŜǊ ŎŜƭƭΤ ŎύΥ 
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 cell with horizontal 
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 equal. The 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 Lasa1 and Lasa2 and ~120 m deep for profile Lasa3. In all 

tomographic images, p-wave velocity ranges from ~0.5 km/s to ~4.5 km/s. We associate low p-wave velocities 

(i.e. less than 1.5 km/s) to dry loose alluvial-fan sediments; velocity between 1.5 and 2.2 km/s to water 

saturated alluvial and fluvio-lacustrine deposits and finally velocity between 2.2 and 3.5 km/high cemented 

quaternary sediments. P-wave velocities greater than 3.5 km/s are associated to basement rocks (i.e. Oëtztal 

and Campo Nappe fm.). 

The tomogram of profile Lasa1 (Fig. 7) shows a rather laterally heterogeneous P-wave 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 surface is found at a distance of 650-1050 m from 

the left of the profile. Profile Lasa3 (Fig. 8) intersects profile Lasa1 at metric location 900 m, above bedrock 

high; therefore, Lasa3 is characterized by a very low penetration and by a high vertical gradient of velocity. 

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 above-mentioned gap in seismic coverage. Despite this limitation, P-wave velocity depicts 

very well the valley structure showing a v-shaped, central low velocity area, due to thickening of alluvial ad 

river sediments. This low-velocity area  is bounded to the bottom by two 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 one-parametric search for the determination of the CRS attribute 
according to Mann et al., [1999] and Jager et al., [2001]. The approach is described in detail in the text. 

 

Seismic reflection 

Both CMP and CRS depth-migrated images shown in Figs 11, 12 and 13 are characterized by an overall 

good signal-to-noise ratio. In general, CRS stacks provide a slightly higher signal-to-noise ratio and reflectors 

that are more continuous. However, it is well known that CRS may enhance continuity of truly discontinuous 

reflectors and random/coherent noise (Bruno, 2015). Bruno, [2015] also suggests 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 low-reflectivity package, on average 100 m thick, which 

we associate to alluvial fans. Below it, and only on profile Lasa2, we find a high-frequency, high-reflectivity 

package relative to the Adige River sediments. This package is visible between CMPs 75-450 in Figs 11 and 

13.  
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CƛƎǳǊŜ мнΥ ! ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ǇŀǊǘ ƻŦ ǘƘŜ ǎŜƛǎƳƛŎ ǇǊƻŦƛƭŜ ά[ŀǎŀнέ ǎƘƻǿǎ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ŎƻƴǾŜƴǘƛƻƴŀƭ 
CMP stacking (a) and CRS stack method (b) results. The image clearly shows an improvement in the S/N ratio 
and in the continuity of the reflectors on the CRS migrated stack. 

 

 

 



36 
 

 

 

Figure 13: Lasa3 seismic profile: a): post-stack depth-migrated sections after conventional CMP stacking; b): 
post-stack depth-migrated 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 corresponds to a low-frequency, high-amplitude reflective duplet of events, found 

unconformably below the Adige sediments or directly at contact with the alluvial fan reflective package (lines 

Lasa1 and Lasa3). Below the bedrock, reflectivity is again low. Inspection 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 depth-migrated CMP and CRS stacks of contiguous profiles Lasa1 (left side) and 

Lasa2 (right). Although these profiles partially overlap, they are separated of about 180-360 m along the 
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crossline direction (see Fig. 2), therefore reflectors dipping in the 3D space, such as the top of the bedrock, 

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 215. This bedrock 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 valley bedrock to the 

south of Adige. Vice-versa, 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 50-275) the fluvial sediments of the Adige River. This sequence is characterized by 

sub-horizontal and continuous high-frequency reflectors passing to less reflective packages to the bottom. 

This Adige River sequence clearly onlaps above a bedrock diving to the south (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 directly above 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 Laas fan from the south. The reflective package of 

the Adige River sediments is not visible on profiles Lasa1 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 

Lasa1 (Fig. 11). 
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Figure 15: a): Post-stack depth migrated section from CMP stacking along Lasa3 profile, overlaid with the 
results of refraction tomography; b): Seismic and structural interpretation superimposed on CMP migrated 
image: alluvial ς debris-flow fan deposits (1); metamorphic bedrock (Oëtzal Unit) (2); presumed 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 agreement, except on Lasa1 between CMPs 700-1000 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 

deposits 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, 

although might 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 better representation 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 Lasa2; CMP 75-160). 

These heterogeneities are imaged as diffraction points, i.e. small diffraction hyperbolas not perfectly 

imploded by the migration algorithms, due to the very small-scale heterogeneities in the velocity field that 

was impossible to determine by 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 Lasa1 and Lasa2. Based on the 

outcropping geology [Andreatta, 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. Oëtztal unit on the 

north side and Campo Nappe unit on the south side of the valley. [see Fig. 1: Solva et al., 2005]. The nappe 

contact is very well imaged as a strong reflector at 1500-1900 m distance in Figure 14 at about 250 m deep. 

Above it, the sub-horizontal reflective series to the north of Adige River (Fig. 13) shows at least two 

alternating high-reflective and low-reflectivity packages that may be interpreted as fluvio-lacustrine 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 Valley [i.e. Fisher, 

1990]. Deposition of low-energy fluvial sediments 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 Lasa2) show instead, that the sub-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 lateral evolution of Gadria Fan from 

the north. CRS migrated stack of Fig. 11 clearly shows that Gadria Fan is prograding directly above these two 

synform features, witnessing a subsequent arrival of alluvial sediments form the south that has probably 

forced the river to 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 sequence of alluvial deposits with a southward (i.e. Gadria) and 

northward (i.e. Laas) dip and that interlock at about CMP 225-270, 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 reflection 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 the central part of profile Lasa1 (see Fig. 11a,b; 

CMPs 200 ς 475). This well-devolved stratification of the fan suggests that the Gadria Fan could have evolved 

through mechanisms of paraglacial progradation, with a mixture of colluvial (debris-flow) and semi-alluvial 

(hyper-concentrated flow and bedload flows) deposits, as hypothesized by to Brardinoni 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. Gadria basin 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 development responds to 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 high-quality seismic data adequate to study with metrical resolution the internal reflective 

configuration of two large alluvial fans in the Adige Valley. By the analysis of our results, we can conclude 

that dense, wide-aperture seismic data in combination with first-arrival tomography and high-resolution 

CMP/CRS processing can provide high-quality, and low-cost information to aid the study of large alluvial fans 

in alpine environments.  

Other non-secondary 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, wide-aperture seismic arrays we were indeed 

able to develop reliable tomographic images across the Adige Valley in overlap with high-quality depth 

migrated CMP and CRS stacks. Redundant information provided by seismic reflection and seismic 

tomography images allowed, during interpretation, a meaningful comparison between structural and 

seismic-stratigraphic features visible in the depth migrated CRS and CMP stacks with their P-wave velocity 

retrieved from 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 Adige River development. Moreover, 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 the most probable 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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3.1 Abstract 

The debate about the formation and the growth of the 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 understand the 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 geomorphology. 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 slope-area plot. The study is extended 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 debris-flow processes. The internal 

organization of the deposits suggests that deposition was 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 high sediments 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 drainage-basin (Gómez-Villar & García-

Ruiz, 2000; Harvey, 2003), aƴŘ ǎǳōǎƛŘŜƴŎŜ ƛƴ ǘƘŜ ŘŜǇƻǎƛǘƛƻƴŀƭ ōŀǎƛƴΦ  ¢ƘŜ ǘŜǊƳ ΨŀƭƭǳǾƛŀƭ ŦŀƴΩ ƛǎ ƴƻǿ ƎŜƴŜǊŀƭƭȅ 

used in many different environments, and it is widely recognized that these landforms are constructed of 

both fluvial and debris-flow sediment-transport processes (Blair & McPherson, 1994; Jarman et al.,2011; 

Bierman & Montgomery, 2014). 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 space (Harvey, 2002). Here we investigate alluvial fans related to the 

post-glacial and paraglacial sediment dynamics in alpine settings (Church & Ryder, 1972; Franke et al., 2014) 

where short time frames allow us to neglect tectonically-generated accommodation.  Debris flow, fluvial, and 

perhaps landslides (Jarman et al., 2011) lead to the growth of alpine alluvial fans (Franke et al.,2014) but 

their respective contributions depend on sediment availability and channel transport capacity within the 

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

Studies concerning the alluvial fan morphology and sedimentology are numerous and have explored, with 

different approaches, the relationship between sedimentary facies, fan morphology, drainage-basin geology 

and morphology and the sedimentary processes that operate on fan surfaces (Harvey, 1988; Blair & 

McPherson, 1994; Sorriso-Valvo et al. 1998; Blair, 1999a, b; Crosta & Frattini, 2004; Jarman et al., 2011; 

Brardinoni et al., 2012; Savi et al., 2014). In particular, alluvial fan stratigraphy is an important sedimentary 

archive that records depositional processes (Colombera & Bersezio, 2011; Franke et al., 2014) and preserve 

information about catchment geomorphic and hydrologic change. In addition, the differentiation between 

debris-flow and stream-flow is of a particular importance since construction of residential buildings and 

transport infrastructures on alluvial fans has increased the vulnerability to mass-flow and debris-flow events, 

thus augmenting the overall risk (Comiti 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 focus on 6 selected catchments within the Venosta Valley, in 

the Eastern Italian Alps (figure 1). Our stratigraphic model, is anchored in the Gadria fan area (figure 2) and 

includes high resolution seismic reflection data. There has been significant recent interest in 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 debate (Fischer, 1965). One model for large fan genesis (Jarman et al., 2011) 

on the basis of morphometric analyses and interpretation of section missing in the source basins, is that they 

originated from giant catastrophic landslides in the immediate post-glacial period. On the other hand, 

Brardinoni et al. (2012) explains the growth of these fans as a result of paraglacial evacuation of glacial and 

glacio-fluvial deposits, and downstream fan progradation due to debris-flow activity, using contemporary 

debris-flow sediment flux and fan area and of the presence of largely eroded kame terraces in the Gadria 

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 (2011) theory about the Mals fan formation.  Our work builds on earlier, 

similar efforts by Savi et al. (2014) who provides a reconstruction of the Zielbach alluvial fan system from the 

late Pleistocene and Comiti et al. (2014) who analyze the results of a monitoring network for contemporary 

debris-flow events in the Gadria catchment. 

The first part of this paper presents a stream power law-based slope-area analysis (e.g., Montgomery & 

Foufoula-Georgiou, 1993; Ijjasz-Vasquez & Bras, 1995; Brardinoni and Hassan, 2006) to identify process-

based topographic signatures for 23 channels within 6 drainage-basins 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 seismic 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 important implications 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) Planeil Valley; 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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Figure 2: Digital Elevation Model of the seismic survey area by Provincia Autonoma di Bolzano, with the high 
resolution seismic profiles location across the Gadria and Lasa fans. Two profiles (Lasa1 and Lasa2) are 
transverse to the valley, while Lasa3 profile is parallel to the valley axes.  

 

3.3 Local setting 

±ŀƭ ±Ŝƴƻǎǘŀ ό±ƛƴǎŎƘƎŀǳύ ƛǎ ŀ ƳŀƧƻǊ ŜŀǎǘπǿŜǎǘ ƻǊƛŜƴǘŜŘ ƎƭŀŎƛŀƭ ǘǊƻǳƎƘ ƻŦ ǘƘŜ ŜŀǎǘπŎŜƴǘǊŀƭ Lǘŀƭƛŀƴ !ƭǇǎ ŘǊŀƛƴŜŘ ōȅ 

ǘƘŜ !ŘƛƎŜ wƛǾŜǊΦ ¢ǊŀǾŜǊǎƛƴƎ ŀ ǘƘƛŎƪ ǎǘŀŎƪ ƻŦ IŜƭǾŜǘƛŎΣ tŜƴƴƛƴƛŎ ŀƴŘ !ǳǎǘǊƻŀƭǇƛƴŜ ƴŀǇǇŜǎΣ όwŀǘǎŎƘōŀŎƘŜǊΣ мфусΣ 

мфуфΤ 5ŀƭ tƛŀȊ Ŝǘ ŀƭΦΣ нллоΤ {ǀƭǾŀ Ŝǘ ŀƭΦΣ нллрύΦ ¢ƘŜ !ŘƛƎŜ wƛǾŜǊ Ŧƭƻǿǎ Ŝŀǎǘ ŦƻǊ пн ƪƳΣ ŦŀƭƭƛƴƎ плл Ƴ ǘƻ aŜǊŀƴ 

ǿƛǘƘ ƛǘǎ Ŧƭƻǿ ƻōǎǘǊǳŎǘŜŘ ōȅ ŀ ƭŀǊƎŜ Ŧŀƴ ŎƻƳǇƭŜȄΦ ¢ƘŜ ƘŜŀŘǿŀǘŜǊǎ ƻŦ ǘƘŜ ±ŀƭ ±Ŝƴƻǎǘŀ ŀǎŎŜƴŘǎ ƴƻǊǘƘ ƛƴǘƻ ǘƘŜ 

wŜǎŎƘŜƴ tŀǎǎΦ ¢ƘŜ ōŜŘǊƻŎƪ ƛǎ ŎƻƳǇƻǎŜŘ ǇǊƛƴŎƛǇŀƭƭȅ ƻŦ ǘƘŜ !ǳǎǘǊƻŀƭǇƛƴŜ ƳŜǘŀƳƻǊǇƘƛŎ ǊƻŎƪǎ ƻŦ ǘƘŜ hŜǘȊǘŀƭ ǳƴƛǘ 

ŀƴŘ /ŀƳǇƻ ƴŀǇǇŜ ŎƻƳǇǊƛǎŜŘ ƻŦ ƳŜǘŀǇŜƭƛǘŜǎ ŀƴŘ ƳŜǘŀǇǎŀƳƳƛǘŜǎΣ ǿƛǘƘ ǎǳōƻǊŘƛƴŀǘŜ ƻǊǘƘƻƎƴŜƛǎǎΣ ƳŜǘŀōŀǎƛǘŜǎ 

ŀƴŘ ŎŀƭŎǎŎƘƛǎǘǎ όwŀǘǎŎƘōŀŎƘŜǊ мфусΤ ¢Ƙƻƴƛ мфффΤ {ǀƭǾŀ Ŝǘ ŀƭΦΣ нллрΤ !ƎƭƛŀǊŘƛ Ŝǘ ŀƭΣ нллфύΦ ¢ƘŜ ƛƴǘŜǊŜǎǘŜŘ ǊŜŀŘŜǊ 

ƛǎ ŘƛǊŜŎǘŜŘ ǘƻǿŀǊŘǎ ǘƘŜ ŜȄŎŜƭƭŜƴǘ ǎŎƘƻƭŀǊǎƘƛǇ ƻŦ ǎŜǾŜǊŀƭ ŀǳǘƘƻǊǎ ǿƘƻ ǎǳƳƳŀǊƛȊŜ ǘƘŜ ƎŜƻƭƻƎƛŎ ŀƴŘ ǘŜŎǘƻƴƛŎ 
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ŜǾƻƭǳǘƛƻƴ ƻŦ ǘƘŜǎŜ ǳƴƛǘǎ όwŀǘǎŎƘōŀŎƘŜǊΣ мфусΤ ¢Ƙǀƴƛ & IƻƛƴƪŜǎΣ мфутΤ wŀǘǎŎƘōŀŎƘŜǊ Ŝǘ ŀƭΦΣ мфуфΤ ¢ƘǀƴƛΣ мфффΤ 

{ǀƭǾŀ Ŝǘ ŀƭΦΣ нллрύΦ hŦ ƛƳǇƻǊǘŀƴŎŜ ǘƻ ǘƘƛǎ ǎǘǳŘȅΣ ǘƘŜ ±ŀƭ ±Ŝƴƻǎǘŀ ŜȄǇƭƻƛǘǎ ǘƘŜ ŜŀǎǘπǿŜǎǘ ǘǊŜƴŘƛƴƎ ±ƛƴǎŎƘƎŀǳ 

ǎƘŜŀǊπȊƻƴŜΣ ǿƘƛŎƘ ǎŜǇŀǊŀǘŜǎ ǘƘŜ hšǘȊǘŀƭ ¦ƴƛǘΣ ŦǊƻƳ ǘƘŜ ǳƴŘŜǊƭȅƛƴƎ /ŀƳǇƻ bŀǇǇŜ ό{ǀƭǾŀ Ŝǘ ŀƭΦΣ нллрύΦ ¢ƘŜ 

ǎǘǊǳŎǘǳǊŀƭ ǇŀǘǘŜǊƴǎ ƻŦ ǘƘŜǎŜ ǳƴƛǘǎΣ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ŦǊŀŎǘǳǊŜǎ ƻǊƛŜƴǘŜŘ ŀƭƻƴƎ bΣ 9Σ b9 ŀƴŘ {² ŘƛǊŜŎǘƛƻƴǎΣ 

ŎƻƴǘǊƻƭ ǘƘŜ ǎǇŀǘƛŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ŜƴǘƛǊŜ ŘǊŀƛƴŀƎŜ ƴŜǘǿƻǊƪΦ ¢ƘƛŎƪΣ ǳƴŎƻƴǎƻƭƛŘŀǘŜŘ vǳŀǘŜǊƴŀǊȅ ŀƭƭǳǾƛŀƭ ŀƴŘ 

ƎƭŀŎƛŀƭ ŘŜǇƻǎƛǘǎ Ŧƛƭƭ ǘƘŜ ǾŀƭƭŜȅΣ ƻōǎŎǳǊƛƴƎ ǘƘŜ ŎƻƴǘŀŎǘ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ ǳƴƛǘǎ ό/ƻƳƛǘƛ Ŝǘ ŀƭΦΣ нлмпύΦ  

¢ƘŜ ǾŀƭƭŜȅ Ƙŀǎ ōŜŜƴ ŀŦŦŜŎǘŜŘ ōȅ ǊŜǇŜŀǘŜŘ ƎƭŀŎƛŀǘƛƻƴǎ ƛƴ ǘƘŜ tƭŜƛǎǘƻŎŜƴŜ ǘƘŀǘ ƘŀǾŜ ǇǊƻŘǳŎŜŘ ƎƭŀŎƛŀƭΣ ǿƘƛƭŜ 

ƛƴǘŜǊǾŜƴƛƴƎ ǇŀǊŀƎƭŀŎƛŀƭ ŀƴŘ ƛƴǘŜǊƎƭŀŎƛŀƭ ǇǊƻŎŜǎǎŜǎΣ ŎƻƴǘƛƴǳŜŘ ŘǳǊƛƴƎ ǘƘŜ vǳŀǘŜǊƴŀǊȅΣ ƘŀǾŜ ƛƴŦƭǳŜƴŎŜŘ ǘƘŜ 

ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǎǳǊŦƛŎƛŀƭ ƳŀǘŜǊƛŀƭǎ όIƛƴŘŜǊŜǊΣ нллмΤ .ǊŀǊŘƛƴƻƴƛ Ŝǘ ŀƭΦΣ нлмнύ ŀƴŘ ƛƴ ǎƻƳŜ ŎŀǎŜǎ ŎƻƴǘƛƴǳŜ ǘƻ Řƻ 

ǎƻΦ ¢ƘŜ ŀŎŎŜǎǎ ǘƻ ǎŜŘƛƳŜƴǘ ƛƴ ǘƘƛǎ ƎƭŀŎƛŀƭƭȅ ǎŎǳƭǇǘŜŘ ƭŀƴŘǎŎŀǇŜΣ ǘŀǇǇƛƴƎ ƘƛƎƘƭȅ ŦǊŀŎǘǳǊŜŘ ƳŜǘŀƳƻǊǇƘƛŎ ǊƻŎƪǎΣ 

ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǘƘŜ ǎǘŜŜǇ ǘƻǇƻƎǊŀǇƘȅΣ ŎǊŜŀǘŜ ǘƘŜ ŎƻƴŘƛǘƛƻƴǎ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘŜ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ŘŜōǊƛǎ Ŧƭƻǿǎ ŀƴŘ 

Ƴǳǎǘ ŎƻƴǘǊƛōǳǘŜΣ ƛƴ ǎƻƳŜ ǿŀȅΣ ǘƻ ǘƘŜ ƭŀǊƎŜ ƴǳƳōŜǊ ƻŦ ŀƭƭǳǾƛŀƭ Ŧŀƴǎ ŎƘŀǊŀŎǘŜǊƛȊƛƴƎ ǘƘŜ ±ŀƭ ±ŜƴƻǎǘŀΦ LƴŘŜŜŘΣ ǘƘŜ 

ǾŀƭƭŜȅ ōƻǘǘƻƳ Ƙƻǎǘǎ ǘƘŜ ōƛƎƎŜǎǘ ƎǊƻǳǇ ƻŦ ŀƴƻƳŀƭƻǳǎƭȅ ƭŀǊƎŜ Ŧŀƴǎ ǿƛǘƘƛƴ ǘƘŜ 9ǳǊƻǇŜŀƴ !ƭǇǎ όWŀǊƳŀƴ Ŝǘ ŀƭΦΣ 

нлммύΣ ǿƘƛŎƘ ƻŦǘŜƴ ƻōǎǘǊǳŎǘ ŀƴŘ ŘŜǾƛŀǘŜ ǘƘŜ ŎƻǳǊǎŜ ƻŦ ǘƘŜ !ŘƛƎŜ wƛǾŜǊΦ 

 

3.4 Methods 

Slope-area analysis 

A geomorphic process domain is defined as an area where a suite of geomorphic processes creates distinctive 

landforms and disturbance regimes defined in terms of frequency, 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 watersheds that are 

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 & Foufoula-Georgiou, 1993; Ijjasz-Vasquez & Bras, 1995; Tucker & Bras, 1998; Stock & Dietrich, 
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2003; Brardinoni & Hassan, 2006). Slope-area analysis assumes a steady state condition, which in rock uplift 

rate (U) and lowering rate (E) are balanced, and a transport-limited erosion law 

 

 

(1) 

where K is a constant related to lithology, climate and erodibility, m represents the scaling between discharge 

and drainage area, and n is related to different erosional processes. As shown in figure 3, in this case, erosion 

by hillslope or fluvial processes is characterized respectively by the positive or inverse relationship between 

drainage area and slope (i.e. m < 1 or m > 1) (Montgomery, 2001).  

Several authors (Hack, 1957; Flint, 1974; Moglen & Bras, 1995; Hurtrez & al., 1999; Snyder & al., 2000; 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:  

 

 

(2) 

where ks  is the steepness index and ̒  represents the convex index. Equation (2) is also the simple form of a 

straight line in a logarithmic space, where ks  is the y-intercept of the regression line and ̒ is the slope of 

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

The symmetry between equation (1) and equation (2), clearly suggests a relationship between ks and (U/K)1/n 

and between ̒  and m/n. Indeed, several studies, aimed to find a correlation between ks and tectonic uplift, 

(Sklar & Dietrich, 1998; Hurtrez & al. ,1999; Whipple & Tucker, 1999; Snyder & al., 2000; Kirby & Whipple, 

2001) indicate that ks is dependent and  ̒is independent of rock uplift and it is related to other factors, like 

orographic precipitation variations within the basin (Roe & al., 2002) and mean annual rainfall intensity and 

mean peak annual discharge (Zaprowski & al., 2005).  

We performed slope-area 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 horizontal, +/- 25 cm to +/- 45 cm 

vertical resolution 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 valley drainage network, using a minimum common threshold 

drainage area of 0.01 km2. The 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 were extracted 

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 equally-spaced slope and 
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drainage area data. Then data were plotted in a log-log 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 & Hassan, 2006). The selected channels represent some complex cases 

where the single power law for unglaciated channels is not acceptable. Brardinoni & Hassan (2006) verified 

that in formerly glaciated terrains, the slope-area relation is not totally controlled by different signature of 

colluvial and fluvial processes, but 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 glacial macroforms, 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 of slope-area relations, this translate 

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 of process domains in a slope-area plot has been proposed by Brardinoni & 

Hassan (2006), as result of their studies in a glaciated basins of coastal British Columbia (fig. 5); this schematic 

representation distinguishes colluvial and fluvial processes in relation of glacial macroforms, with positive 

slope-area 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.  

 

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 resolution 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 thickness of fluvial and alluvial 

sediment, and characterize the stratigraphic relationship between the axial fluvial facies and tributary alluvial 

fan facies.  Two profiles are oriented n-s, transverse 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 alluvial fan e-w, parallel to the 

valley and intersects the transversal profiles (figure 2). In order to define the dominant processes responsible 

for both Gadria and Lasa fans growth, following the classical technique in seismic stratigraphy (Veeken, 2013; 

Shlunegger et al., 1997; Vanderburgh & Roberts, 1996; Sangree & Widmier, 1979) we classified the different 

seismic facies of the alluvial fan deposits, on the base of the seismic attributes (frequency, amplitude), 

geometry and continuity of reflectors and reflectors configuration (parallel, inclined, chaotic). Furthermore, 

several author (Franke 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 

 

Slope-area analysis 

Figure 4 shows area-slope 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 slope-area plot, using the alternative lecture key shown in figure 5.  
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Figure 5: Slope-area relations for the six investigated basins; a) Gadria basin; b) Strimm basin; c) Lasa Valley; 
d) Planeil Valley; e) Zielbach basin; f) Plawenn basin. Relations series in red are 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 slope-area plot from Gadria catchment channels (fig. 4a) fits the 

Montgomery & Foufoula-Georgiou (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 valley walls 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 km2 area; this value has been documented by several authors as 

transition point from debris flow dominated to fluvial channel (Lague & Davy, 2003; Montgomery, 2001; 

Montgomery & Foufoula-Georgiou, 2003 Snyder et al., 2000).  

Data relations on the slope area plot from the Strimm basin (fig. 4b) appear 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 fluvial-alluvial transport dominates, a 

prominent kink occurs at about 4 km2 area, followed by a portion of channel with ̒ = -3.978, in 

correspondence of the valley step that denotes the transition 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. DR1b). Dominant fluvial 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 valley bottom. We ignored the headwater of this channel because of the glacier presence. 

Slope-area 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 km2 area, where, the decrease in slope suggests the transition in fluvial 

processes (i.e. 1.42 < ̒ < 5.187). Slope-area relations from the analyzed channels within Planeil Valley (fig. 

4d) exhibit a trend similar to that seen for Lasa Valley. Also within this catchment, glŀŎƛŀƭ άŦƛƴƎŜǊǇǊƛƴǘέ ǎŜŜƳǎ 

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 fluvial-alluvial processes. One of the tributary 

channels from the valley walls (channel d in fig 4d) is characterized by a concavity index ( ̒= 0.118) typically 

associable with colluvium dominated processes (fig. DR1d).  Zielbach basin is also drained by a main channel 

strongly affected by several steps (fig. DR1e), probably 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 slope-area plot as poorly defined domain boundaries from about 10 km2 to the end of the profile. 

Fluvial-alluvial 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 dominance (i.e.  ̒= 0.156) 

and is furthermore chŀǊŀŎǘŜǊƛȊŜŘ ōȅ ŀ ǾŜǊȅ ǎǘŜŜǇ ƘŜŀŘǿŀǘŜǊ όƛΦŜΦ ǎƭƻǇŜ Ғ лΦф ƳκƳύΦ ¢ƘŜ ǎƛȄǘƘ ŀƴŀƭȅȊŜŘ ōŀǎƛƴ 

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 in figure DR1f, the concave shape is undoubtedly related to 

debris flow processes. Indeed, the slope-area relations of the four investigated channel (fig. 4f), reflect 

perfectly this information. Stream channels exhibits a high slope values in the first 0.4 Km2 area, then we 

observe an abrupt decrease in slope at the transition between the cirque and valley walls (debris-flow 

dominated ̒  = 0.177) and the alluvial deposits that fill the catchment bottom (fluvial dominated  ̒= 1.35).  

{ŜƛǎƳƻǎǘǊŀǘƛƎǊŀǇƘƛŎ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴ 

IƛƎƘ ǊŜǎƻƭǳǘƛƻƴ ǎŜƛǎƳƛŎ ǊŜŦƭŜŎǘƛƻƴ ǇǊƻŦƛƭŜǎ ŀŎǉǳƛǊŜŘ ŀŎǊƻǎǎ ōƻǘƘ DŀŘǊƛŀ ŀƴŘ [ŀǎŀ Ŧŀƴ ŀǊŜ ǎƘƻǿƴ ƛƴ ŦƛƎǳǊŜ 5wн 

ŀƴŘ 5wоΦ The seismic profiles Lasa1 and Lasa2 show the top of metamorphic bedrock, represented by low-

frequency, high-amplitude reflectors, revealing 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 fluvio-lacustrine depositional facies, in response to the interaction 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 are characterized by well-defined 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 reflections characterized by 

variable amplitudes and frequencies (fig. 6). This seismic pattern is related to high-energy depositional 

environment and could be interpreted as very coarse unsorted debris flow deposits with clast and blocks, 
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which typically occurs at proximal position of the fan (Veeken, 2013; Vanderburgh & Roberts, 1996).  Between 

орл Ƴ ŀƴŘ улл Ƴ ŀƴŘ ōŜǘǿŜŜƴ мнлл ŀƴŘ мсллΣ ŀǘ ŀ ŘŜǇǘƘ ǊŀƴƎŜ ŦǊƻƳ Ғ нр ǘƻ ǘƘŜ ōŀǎƛǎ ƻŦ ǘƘŜ Ŧŀƴ ŘŜǇƻǎƛǘǎΣ 

the seismic pattern is very similar to the previous described facies, but also is clear an increase in the 

continuity of reflectors and the occurrence of curve shaped reflectors at different depth. This facies 

resembles massive debris-flow deposits, but it also shows a higher degree of internal organization and a 

better lateral continuity in depositional geometries.  

 

 

 

Figure 6: a) line-drawing of the seismic facies characterizing the fan deposits in profiles Lasa 1 and Lasa 2; b) 
seismic migrated sections for profiles Lasa1 and Lasa2, See text for further explanation. Vertical and 
horizontal scales are equal.  
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Figure 7: a) line-drawing 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 horizontal scales are equal.  

 

¢ƘŜ ŎǳǊǾŜ ǎƘŀǇŜŘ ǊŜŦƭŜŎǘƻǊǎ όŘŜŦƛƴŜŘ άa-ǎƘŀǇŜŘ ŀƴŘ ά²-ǎƘŀǇŜŘέ ōȅ Franke et al. 2014) are consistent with 

debris-flow paleo-channels, active during the fan aggradation. The seismic facies of the fan medial portion is 

ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ Ғ рл ƳŜǘŜǊǎ ǘƘƛŎƪ ŀƴŘ Ғ мрл ƳŜǘŜǊǎ όƛΦŜΦ ōŜǘǿŜŜƴ урл ŀƴŘ мллл ƳŜǘŜǊǎύ ǿƛŘŜ ǇŀǊŀƭƭŜƭ ŀƴŘ 

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 matrix-rich deposits with sand and sorted cobbles and gravel, type debris-flow 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 Lasa1 at metric 900 (fig. 6).  Profile Lasa3 shows, within the alluvial fan deposits, curve 

shaped, continuous reflectors, probably associated with debris-flow buried channels and three variable 

amplitudes, continuous reflectors, slightly dipping towards west, that depict a lateral accretion of Gadria 

alluvial fan. The same seismic facies is also visible in the distal part of alluvial fan (i.e. 1600-2000 m), 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 detectable at the toe of the fan (Veeken, 2013).  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 well-stratified horizontally bedded sediments. This seismic facies is 

interpreted as a horizon of well-sorted sands and gravel deposits, associated to bed-flow and stream-flow 

transport. 

Internal reflectors and organization patterns are not well defined within the Lasa fan deposits (fig. 6), because 

of a limited thickness 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 amplitude (often low amplitude) and low frequency. 

Low amplitudes witness the low contrast of impedance within the deposits, indicating poorly-stratified 

sediments; the internal organization, suggest the association of this facies with reshaped deposits, probably 

linked with a mixture between bedload flow and mass-flow 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 the fan dimension and the geomorphic differences 

between the sediment alimentation basins. Slope-area analysis of all the investigated channels within the 

Gadria catchment (i.e. fig 4a) demonstrates that debris-flow activity is a principal responsible for the 

sediments transport. According to Comiti 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 the other 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 essentially translates in 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 towards the distal part of its. Moreover, some evidence of the fan lateral accretion through 
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different debris-flow events are also visible on the seismic profiles, especially on profile Lasa3. The shallower 

part of the seismic profiles shows a well-stratified 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, possibly during 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 the distal part of the fan. Slope-area analysis results witness the fluvial-alluvial 

dominant processes in the Lasa Valley; colluvial (debris-flow) transport processes are marked generally on 

the valley steps, along the main channel, and on the valley walls channels, 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 mass-flow and bedload flow. This can be explained by the higher 

degree of connection between the colluvial dominated tributary from the valley walls in the medial-final part 

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, sediments 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. Slope-area data distribution of the channels within the Zielbach catchment clearly reveal the presence 

of one debris-flow 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 channels. Savi et al. (2014) described the Zielbach 

channel as divided in two different sectors on the basis of its geomorphic features: the bigger one sector 

όŘŜŦƛƴŜŘ άƳŀƛƴ ŎŀǘŎƘƳŜƴǘέύ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ǎǘŜŜǇ ǘƻǇƻƎǊŀǇƘȅΣ ƘƛƎƘ ŎŀǎŎŀŘŜǎ ŀƴŘ ǎǘŜŜǇ-pool segments, in 

which are comprised channels a (i.e. the main channel), b and c showed in figure DR1 e and the eastern 

tributary debris-Ŧƭƻǿ ōŀǎƛƴ όŘŜŦƛƴŜŘ άŘŜōǊƛǎ-Ŧƭƻǿ ŎŀǘŎƘƳŜƴǘέύΣ ǿƘƛŎƘ ƛǎ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ŎƘŀƴƴŜƭ Ř ƛƴ ŦƛƎǳǊŜ 

DR1 e. Seismic facies (figure DR12), interpreted as Zielbach fan deposits by Savi et al (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. Moreover, some boreholes cores (see Savi et al. 2014 for details) confirmed that 
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the Zielbach fan is mainly composed of debris-flow deposits and this suggests that the debris-flow basin 

identified within the Zielbach catchment (i.e. channel d in figure DR1e) is the primary 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. Slope -area analysis reveals that 

Plawenn basin is undoubtedly dominated by debris-flow 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 and fig. 4 d) 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. Past glaciation 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 the channel recover 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 

ōŀǎƛƴΣ ǘƘŀǘ ǇǊŜǎŜƴǘ ŎƭŜŀǊ ƎƭŀŎƛŀƭ άŦƛƴƎŜǊǇǊƛƴǘǎέ along all the analyzed channels, except for channel d, in which 

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 evacuation, allowing 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 proximal part of 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 proposed 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 sediments and the subsequently 

secondary system, in which the sediment transport and deposition are conditioned also by re-working of 

older paraglacial sediments. The first phase of high sediment production and transport is also facilitated by 

wetter and warmer climate 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 mass-flow processes 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 

¢ƘŜ Ƴŀƛƴ ǇǳǊǇƻǎŜ ƻŦ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ǿŀǎ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ŎƻƴƴŜŎǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ŘƻƳƛƴŀƴǘ ƎŜƻƳƻǊǇƘƛŎ 

ǇǊƻŎŜǎǎŜǎ ǿƛǘƘƛƴ ǘƘŜ ŎŀǘŎƘƳŜƴǘǎ ŀƴŘ ǘƘŜ ƛƴǘŜǊƴŀƭ ŀǊŎƘƛǘŜŎǘǳǊŜ ƻŦ ǘƘŜ ŀǎǎƻŎƛŀǘŜŘ ŦŀƴǎΣ ǳǎƛƴƎ ǊŜǎǇŜŎǘƛǾŜƭȅ ǘƘŜ 

ǎƭƻǇŜπŀǊŜŀ ŀƴŀƭȅǎƛǎ ŀƴŘ ǘƘŜ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴ ƻŦ ǘƘŜ ǎŜǎƛƳƻǎǘǊŀǘƛƎǊŀǇƘƛŎ ŦŀŎƛŜǎ ǊŜǎǳƭǘƛƴƎ ōȅ ƘƛƎƘ ǊŜǎƻƭǳǘƛƻƴ 

ǊŜŦƭŜŎǘƛƻƴ ǎŜƛǎƳƛŎ ǇǊƻŦƛƭŜǎΦ hǳǊ ǊŜǎǳƭǘǎ ŎƻƴŦƛǊƳŜŘ ǘƘŀǘ ǘƘŜ ǎƭƻǇŜπŀǊŜŀ ǊŜƭŀǘƛƻƴǎ ŦƻǊ ǳƴƎƭŀŎƛŀǘŜŘ ŜƴǾƛǊƻƴƳŜƴǘǎ 

ŀǊŜ ƛƴŀǇǇǊƻǇǊƛŀǘŜ ƛƴ ŦƻǊƳŜǊƭȅ ƎƭŀŎƛŀǘŜŘ ŜƴǾƛǊƻƴƳŜƴǘǎΣ ǿƘŜǊŜ ǎƭƻǇŜπŀǊŜŀ ǊŜƭŀǘƛƻƴǎ ƘŀǾŜ ƳƻǊŜ ŎƻƳǇƭŜȄ 

ŦŜŀǘǳǊŜǎΣ ŘǳŜ ǘƻ Ǉŀǎǘ ƎƭŀŎƛŀƭ ƎŜƻƳƻǊǇƘƛŎ ǇǊƻŎŜǎǎŜǎΦ Lƴ ƻǊŘŜǊ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ƎŜƻƳƻǊǇƘƛŎ ǇǊƻŎŜǎǎŜǎ ǿƛǘƘƛƴ 

ǘƘŜ ŎŀǘŎƘƳŜƴǘǎΣ ǿŜ ŦƻƭƭƻǿŜŘ ǘƘŜ ŀƭǘŜǊƴŀǘƛǾŜ ǎŎƘŜƳŀǘƛŎ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǇǊƻŎŜǎǎ ŘƻƳŀƛƴǎ ƛƴ ŀ ƭƻƎπƭƻƎ ǇƭƻǘΣ 

ǇǊƻǇƻǎŜŘ ōȅ .ǊŀǊŘƛƴƻƴƛ & Iŀǎǎŀƴ όнллсύ ŦƻǊ ƎƭŀŎƛŀǘŜŘ ŜƴǾƛǊƻƴƳŜƴǘǎΦ !ǇǇƭȅƛƴƎ ǘƘƛǎ ƭŜŎǘǳǊŜ ƪŜȅΣ ǎƭƻǇŜπŀǊŜŀ 

ƳŜǘƘƻŘ Ƙŀǎ ōŜŜƴ ŀōƭŜ ǘƻ ƛŘŜƴǘƛŦȅ ǘƘŜ ŘƻƳƛƴŀƴǘ ǇǊƻŎŜǎǎŜǎ ǿƛǘƘƛƴ ǘƘŜ ƛƴǾŜǎǘƛƎŀǘŜŘ ŎƘŀƴƴŜƭǎΦ hƴ ǘƘŜ ƻǘƘŜǊ 

ƘŀƴŘΣ ǘhe high resolution of the seismic profiles allowed us to perform a detailed analysis of the seismic facies 

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 described by Savi at 
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al. (2014) for 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 slope-area relations, 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 seismo-stratigraphy 

highlights the influence of the past glaciation 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 an important 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 (debris-flow) transport processes. Jarman et al. (2011) suggest that 

catastrophic mechanism hypothesis for the fan formation in Val Venosta can be confirmed if non-stratified 

constitution is demonstrated by depth investigations. Results 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 shows that the 

combination between geomorphic analysis and near-surface 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 methodologies in a formerly glaciated environment, is able to give also 

information useful for studies about climate changes in the post-glacial period.   
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3.9 Data repository  

 

Figure DR1: on the left elevation profiles of the investigated channel; on the right map of the investigated 
basins with the location of the channel profiles analyzed in the work: a) Gadria basin; b) Strimm basin; c) Lasa 
Valley; d) Planeil Valley; e) Zielbach basin; f) Plawenn basin. 


