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Abstract

Rock glaciers are key indicators of permafrost conditions in alpine environments
and play a significant role in mountain hydrology. This thesis presents a multi-
methodgeophysical investigation of the Sadole rock glacier, located in the Sadole
Valley, eastern Trentino, Italy. The study integrates passive seismic techniques,
including Horizontal-to-Vertical Spectral Ratio (H/V) analysis, seismic noise
interferometry, and Frequency-TimeAnalysis (FTAN),with Electrical Resistivity
Tomography (ERT) to characterize the internal structure of the glacier.

TheH/V spectral ratio analysis revealed spatial variations in the thickness of
the overlying subsurface debris layerwithin the rock glacier, with greater depths
observed in thenorthern sector and shallower layers in the south. Groupvelocity
maps derived from FTANwere obtained through surface wave tomography us-
ing a Reversible JumpMarkov ChainMonte Carlo (RJMCMC) algorithm, reveal-
ing velocity contrasts that support the interpretation of a heterogeneous internal
structure. These seismic results likely reflect variations in both the underlying
bedrock topography and the presence or absence of ice-rich permafrost, as both
factors significantly influence seismic velocity through differences in stiffness
and impedance.

ERT profiles confirmed the presence of high-resistivity anomalies in the
central lobe, interpreted as ice-rich zones. Together, these datasets provide a
coherent image of the glacier’s subsurface, highlighting the value of combining
seismic and electrical methods in periglacial environments.

The study also discusses the limitations associated with velocity picking in
FTAN, particularly in the presence of multimodal surface wave propagation,
which introduces uncertainty in dispersion curve extraction. Despite these
challenges, the integrated approach proved effective in delineating the thickness
of the overlying subsurface debris layerwithin the rock glacier and in identifying
the underlying ice-bearing permafrost, contributing to a better understanding
of permafrost dynamics in the context of climate change.



Sommario

I ghiacciai rocciosi sono indicatori chiave delle condizioni del permafrost negli
ambienti alpini e svolgono un ruolo significativo nell’idrologiamontana. Questa
tesi presentaun’indaginegeofisicamultimetododel ghiacciaio rocciosodi Sadole,
situato nella Val Sadole, nel Trentino orientale. Lo studio integra tecniche sis-
miche passive, tra cui l’analisi del rapporto spettrale orizzontale-verticale (H/V),
l’interferometria di rumore sismico e l’analisi frequenza-tempo (FTAN), con la
tomografia di resistività elettrica (ERT) per caratterizzare la struttura interna del
ghiacciaio.

L’analisi del rapporto spettraleH/Vha rivelato variazioni spaziali nello spes-
sore dello strato detritico sotterraneo sovrastante all’interno del ghiacciaio roc-
cioso, con profondità maggiori osservate nel settore settentrionale e strati meno
profondi a sud. Le mappe di velocità di gruppo derivate da FTAN sono state
ottenute tramite tomografia ad onde superficiali utilizzando un algoritmo Re-
versible Jump Markov Chain Monte Carlo (RJMCMC), rivelando contrasti di
velocità che supportano l’interpretazione di una struttura interna eterogenea.
Questi risultati sismici riflettono probabilmente variazioni sia nella topografia
del substrato roccioso sottostante sia nella presenza o assenzadi permafrost ricco
di ghiaccio, poiché entrambi i fattori influenzano significativamente la velocità
sismica attraverso differenze di rigidezza e impedenza.

I profili ERT hanno confermato la presenza di anomalie ad alta resistività
nel lobo centrale, interpretate come zone ricche di ghiaccio. Insieme, questi set
di dati forniscono un’immagine coerente del sottosuolo del ghiacciaio, eviden-
ziando il valore della combinazione di metodi sismici ed elettrici negli ambienti
periglaciali.

Lo studio discute anche i limiti associati al speed picking in FTAN, in parti-
colare in presenza di propagazione multimodale delle onde superficiali, che in-
troduce incertezza nell’estrazione della curva di dispersione. Nonostante queste
sfide, l’approccio integrato si è dimostrato efficace nel delineare lo spessore dello
strato di detriti del sottosuolo sovrastante il ghiacciaio roccioso e nell’identificare
il permafrost ghiacciato sottostante, contribuendo a una migliore comprensione
delle dinamiche del permafrost nel contesto del cambiamento climatico.



Contents

List of Figures ix

List of Tables xi

1 Introduction 1

2 Background 4

2.1 Seismic ambient noise . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2 Horizontal to vertical spectral ratio (H/V) . . . . . . . . . . . . . . 5

2.3 Seismic noise interferometry . . . . . . . . . . . . . . . . . . . . . . 7

2.4 Frequency-time analysis (FTAN) . . . . . . . . . . . . . . . . . . . 8

3 Site of investigation 10

4 Materials and methods 12

4.1 Data acquisition and preliminary analysis . . . . . . . . . . . . . . 12

4.2 Retrieval of H/V . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4.3 Retrieval of Empirical Green's Functions . . . . . . . . . . . . . . . 16

4.4 Retrieval of FTAN . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.5 Tomography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5 Results 27

5.1 H/V Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

5.2 Tomography Results . . . . . . . . . . . . . . . . . . . . . . . . . . 29

6 Discussion 33

6.1 Integrated Interpretation of Geophysical Results . . . . . . . . . . 33

6.2 Uncertainty in Velocity Picking and Multimodal Propagation . . . 35

6.3 Interpretation of FTAN Results . . . . . . . . . . . . . . . . . . . . 35

iv



CONTENTS

7 Conclusions and future work 37

References 39

Acknowledgments 43

v



List of Figures

1.1 View of the Sadole rock glacier, located in the Sadole Valley, east-

ern Trentino (Italy), between 1820 and 2090 meters above sea level.

The glacier lies beneath Monte Cauriol (2493 m a.s.l.) and exhibits

typical features of relict rock glaciers, including a debris-covered

surface and lobate morphology. . . . . . . . . . . . . . . . . . . . . 2

3.1 Location and extent of the Sadole Rock Glacier. The left panel

shows the regional context within northern Italy, while the right

panel provides a zoomed-in view of the study area. The dashed

lines delineate the boundaries of the Sadole Rock Glacier. Images

sourced from Google Earth, © Google. . . . . . . . . . . . . . . . . 11

4.1 Satellite view of the Sadole rock glacier, located in the Sadole

Valley, eastern Trentino (Italy). The map shows the distribution

of passive seismic stations used in this study. Green dots repre-

sent three-component stations (Z, N, E), while blue dots indicate

single-component vertical stations. Basemap: Esri World Imagery

© Esri, Maxar, Earthstar Geographics. . . . . . . . . . . . . . . . . 13

4.2 Seismic spectrogram of the vertical component of Station 1, recorded

from July 3 to July 9, 2024. The power is displayed on a linear scale.

After processing, the data was resampled to 100 Hz, allowing fre-

quency analysis up to 50 Hz. The spectrogram reveals a clear

spectral contrast between daytime and nighttime, with nighttime

periods showing reduced high-frequency content, likely due to

decreased anthropogenic noise. . . . . . . . . . . . . . . . . . . . . 14

ix



LIST OF FIGURES

4.3 (a) Averaged spectra of the vertical (Z) and horizontal (H) com-

ponents recorded at Station 1 on 2024.07.03 (Wednesday), using

a sampling rate of 100 Hz, during the nighttime interval from 11

PM to 4 AM, with a 30 s stack window. (b) HVSR analysis for the

same station and time period, using a 40 s stack window and a

70% threshold for transient signal rejection. The thick black line

represents the average H/V curve. . . . . . . . . . . . . . . . . . . 15

4.4 (a) Averaged spectra of the vertical (Z) and horizontal (H) com-

ponents for Station 1, recorded on 2024.07.03 (Wednesday) with

a sampling rate of 100 Hz, during the nighttime interval from

11 PM to 4 AM, using a 30 s stack window. A clear reduction

in the vertical component and an ampli�cation in the horizontal

component can be observed near 9 Hz. (b) Averaged spectra for

Station 6 under the same acquisition conditions. No clear simul-

taneous reduction in the vertical component and ampli�cation in

the horizontal component is present. . . . . . . . . . . . . . . . . . 16

4.5 Daily cross-correlation between Geophone 8 and Geophone 5 over

the 0�50 Hz frequency range, with an inter-station distance of

186.37 m. The heatmap spans -5 to 5 seconds on the time axis and

0 to 27 days on the vertical axis. Correlation values range from

-0.0100 to 0.0100. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4.6 Daily cross-correlation functions between Geophone 8 and Geo-

phone 5 over a 27-day period across four frequency bands (0.2�8

Hz). Each subplot displays the real part of the cross-correlation in

the time domain, with lag time on the x-axis and recording day on

the y-axis. A noticeable reduction in coherence is observed dur-

ing weekends, possibly linked to reduced anthropogenic noise in

the surrounding valleys. . . . . . . . . . . . . . . . . . . . . . . . . 19

4.7 Daily cross-correlation functions between Geophone 8 and Geo-

phone 5 for higher frequency bands (8�32 Hz). Compared to

Figure 4.6, the amplitudes have been enhanced by squeezing the

colormap limits, making it easier to identify and distinguish co-

herent arrivals, such as empirical Green's function, from the sur-

rounding ambient noise . . . . . . . . . . . . . . . . . . . . . . . . 20

x



LIST OF FIGURES

4.8 FTAN results for two station pairs with di�ering inter-station dis-

tances: Station 8 to Station 9 (left, 95.88 m) and Station 5 to Station

15 (right, 265.83 m). The amplitude envelopes show energy arrival

times as a function of group velocity and frequency. . . . . . . . . 22

4.9 Group velocity dispersion curves for all geophone pairs. Each

line represents the frequency-dependent group velocity extracted

from a distinct station pair within the 0.2�10 Hz frequency range. 23

4.10 Average group velocity (in m/s) as a function of frequency, com-

puted from the mean of all FTAN-derived velocity picks across all

Geophone pairs. This curve represents the typical group velocity

behavior of the entire array. . . . . . . . . . . . . . . . . . . . . . . 25

4.11 Average wavelength as a function of frequency, derived from the

average group velocity curve using the relation � ¹ 5º = E6¹ 5º• 5.

This curve was used to guide frequency-dependent data selection

and resolution analysis. . . . . . . . . . . . . . . . . . . . . . . . . 26

5.1 (a) Depth map showing the estimated thickness of the resonant

layer across the study area, based on HVSR analysis. Colored

dots represent geophone stations, while white dots indicate sta-

tions that were discarded due to unreliable or unclear spectral

peaks. (b) Interpolated depth map of the same layer, displayed

in geographic coordinates. Black dots mark the positions of the

geophones used in the interpolation. The color scale in both pan-

els represents depth in meters. Basemap: Esri World Imagery ©

Esri, Maxar, Earthstar Geographics. . . . . . . . . . . . . . . . . . . 27

5.2 Inverted Electrical Resistivity Tomography (ERT) models and pro-

�le locations. Panels (a), (b), and (c) show the inverted ERT models

for the West, Middle, and East lobes of the rock glacier, respec-

tively. Panel (d) displays a map with the locations of the three

ERT pro�les, with numbered points corresponding to positions

along the pro�les. The color scale represents resistivity values in


 �m, ranging from 105 to 53. The �gures were provided by Mirko

Pavoni, Department of Geosciences, University of Padova. . . . . 28

xi



LIST OF FIGURES

5.3 Group velocity analysis at three representative frequencies: 4.00

Hz, 6.00 Hz, and 9.75 Hz. Panels (a), (c), and (e) show pair-

wise group velocity measurements, while panels (b), (d), and (f)

display the corresponding group velocity maps obtained through

tomographic inversion. At lower frequencies (e.g., 4.00 Hz), fewer

geophone pairs satisfy the resolution criterion � ¹ 5º 5 � - , result-

ing in sparse coverage and reduced robustness. As frequency

increases, more pairs contribute to the inversion, improving spa-

tial resolution. Only the regions enclosed by the dashed lines

in the tomographic maps should be considered valid, as values

outside these boundaries are extrapolated through interpolation

and may not reliably represent subsurface properties. . . . . . . . 31

5.4 Group velocity maps at selected frequencies. The color bars rep-

resent group velocity values in km/s. These frequencies were

chosen to target depths around 17 to 25 m, where ERT investi-

gations identi�ed an ice-rich layer within the rock glacier. The

observed velocity contrasts in both maps may re�ect changes in

subsurface composition, allowing the identi�cation of the ice-

bearing permafrost layer through seismic response di�erences.

The dashed lines crossing the plots indicate the locations of the

ERT pro�les, providing spatial reference for correlating seismic

and resistivity data. . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

6.1 Integrated geophysical results across the rock glacier. Panels

(a)�(c) show inverted ERT models for the west, middle, and east

lobes, respectively, highlighting high-resistivity anomalies inter-

preted as ice-rich zones. Panel (d) presents the group velocity

distribution at 9.75 Hz, with lower velocities in the north and

higher velocities in the south. Panel (e) shows the interpolated

depth map of the resonant layer. Dashed lines in panels (d) and (e)

indicate the locations of the ERT pro�les, enabling spatial corre-

lation between seismic and resistivity data. Panels (a)-(c) belong

to Mirko Pavoni, UNIPD . . . . . . . . . . . . . . . . . . . . . . . . 34

xii



List of Tables

4.1 Geophone End Date and Time . . . . . . . . . . . . . . . . . . . . . 13

xi



1
Introduction

Rock glaciers are prominent geomorphological features in alpine periglacial

environments, composed of a mixture of ice and debris that exhibit slow, gravity-

driven movement. These landforms play a critical role in mountain hydrology

and are increasingly being studied in the context of climate change due to their

sensitivity to temperature variations and their potential to store and release

water seasonally. Understanding the internal structure and dynamics of rock

glaciers is essential to assess their stability, hydrological function, and long-term

evolution (Colombero et al., 2025).

A typical rock glacier consists of three main layers: (1) a surface layer of

coarse debris, often mixed with air or water, (2) an intermediate layer of debris

interspersed with ice, forming the ice-rich permafrost core, and (3) the underly-

ing bedrock (Barsch, 1996). The uppermost portion of the rock glacier, known

as the active layer, is conventionally de�ned as the seasonally thawing and re-

freezing zone, which responds to annual temperature variations and controls

surface dynamics (Haeberli et al., 2006). This strati�cation plays a key role in

the mechanical behavior and thermal evolution of rock glaciers. However, in

this thesis, we adopt a broader de�nition of the active layer to refer to the entire

debris cover overlying the ice-rich permafrost, regardless of its seasonal thermal

behavior. This usage provides consistency when interpreting geophysical data,

particularly Horizontal-to-Vertical Spectral Ratio (H/V) results, which are used

to estimate the depth to the top of the ice-bearing permafrost, corresponding to

the base of the debris layer.

Rock glaciers are generally classi�ed as either active, inactive, or relict. Active

1



CHAPTER 1. INTRODUCTION

rock glaciers contain internal ice and exhibit measurable movement, typically

driven by deformation of the ice-rich core. Inactive rock glaciers contain ice

but show little to no movement, while relict rock glaciers are no longer moving

and have lost most or all of their internal ice due to climatic warming (Barsch,

1996). Despite being inactive, relict rock glaciers can still preserve frozen ground

beneath thick debris mantles, especially in shaded or high-altitude settings.

According to the regional inventory of the Province of Trento, the Sadole rock

glacier is classi�ed as a relict rock glacier (Ko�er et al., 2019).

The Sadole rock glacier is located in the Sadole Valley in eastern Trentino,

Italy, between 1820 and 2090 meters above sea level beneath Monte Cauriol (Fig-

ure 1.1). It consists of three distinct lobes, west, middle, and east, each exhibiting

characteristic debris-covered surfaces and lobate morphology. Previous stud-

ies, including Electrical Resistivity Tomography (ERT) surveys by Pavoni et al.

(2023), have identi�ed the presence of a discontinuous ice-rich permafrost layer

in the central lobe. These �ndings are supported by geomorphological evi-

dence and thermal measurements, suggesting the persistence of frozen ground

beneath a thick debris mantle.

Figure 1.1: View of the Sadole rock glacier, located in the Sadole Valley, eastern
Trentino (Italy), between 1820 and 2090 meters above sea level. The glacier lies
beneath Monte Cauriol (2493 m a.s.l.) and exhibits typical features of relict rock
glaciers, including a debris-covered surface and lobate morphology.

Traditional geophysical methods such as ERT and seismic refraction have

been widely used to investigate permafrost. However, they often involve signi�-

cant logistical challenges, particularly in coarse, blocky terrain at high altitudes,

2



CHAPTER 1. INTRODUCTION

due to the need to deploy equipment such as electrodes, cables, and resistiv-

ity meters. In this context, passive seismic techniques o�er a non-invasive and

logistically e�cient alternative. By analyzing ambient seismic noise, it is possi-

ble to extract surface wave information that is sensitive to shear-wave velocity

variations, which in turn re�ect changes in subsurface material properties.

This thesis aims to characterize the internal structure of the Sadole rock

glacier using a combination of passive seismic methods, including Horizontal-

to-Vertical Spectral Ratio (H/V) analysis, Seismic Noise Interferometry, Frequency-

Time Analysis (FTAN) and Tomography. These methods are complemented by

existing ERT data to provide a multi-method interpretation of the glacier's inter-

nal structure. The primary objectives are to (1) identify the presence and spatial

distribution of ice-rich permafrost, (2) estimate the thickness of the debris layer

overlying the ice-rich core (referred to here as the active layer), and (3) estimate

the depth of the bedrock.

The results of this study contribute to a broader understanding of permafrost

dynamics in alpine environments and demonstrate the value of integrating pas-

sive seismic and electrical methods for subsurface characterization in challeng-

ing terrain.

The internal structure of rock glaciers is often complex, with gradual tran-

sitions between ice, sediments, and glacial till that complicate geophysical in-

terpretation (Jones et al., 2019; Wee et al., 2024). Passive seismic methods,

particularly seismic noise interferometry and FTAN, allow for the extraction

of surface wave dispersion curves and frequency-dependent group velocities,

which are sensitive to shear-wave velocity variations (Barone et al., 2025; Bensen

et al., 2007). These techniques are well suited for detecting frozen layers and lat-

eral heterogeneities, especially when integrated with ERT data. This combined

approach improves the resolution of subsurface models and supports e�orts to

monitor the evolution of permafrost in response to climate change.
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2
Background

2.1 Seismic ambient noise

The Earth vibrates constantly as a result of a wide range of natural and

human-related activities. These persistent ground motions, collectively referred

to as ambient seismic noise, di�er fundamentally from the abrupt, high-energy

signals generated by earthquakes or active sources. Rather than being impulsive,

ambient noise is continuous and is composed of overlapping seismic waves

that travel through the surface and interior of the Earth. These waves include

Rayleigh waves, which involve both vertical and horizontal ground motion in a

retrograde elliptical pattern, and Love waves, which are purely horizontal and

con�ned to the surface. Both types of surface waves are particularly sensitive to

near-surface structures and are commonly used in ambient noise studies. The

composition and intensity of ambient noise vary with environmental conditions,

geographic location, and human activity, making it a dynamic and informative

signal for geophysical studies (Chmiel et al., 2019).

Natural sources of ambient noise include ocean wave activity, atmospheric

disturbances, such as wind, and hydrological processes such as river �ow.

Among these, ocean waves play a particularly signi�cant role in the genera-

tion of low-frequency vibrations known as microseisms. These occur when

ocean swells interact with the sea �oor and coastlines, producing pressure �uc-

tuations that propagate as seismic waves. Microseisms are typically classi�ed

into two types: primary microseisms, which occur at frequencies between 0.02

4



CHAPTER 2. BACKGROUND

and 0.1 Hz and are directly linked to single-swell systems, and secondary mi-

croseisms, which are stronger and more common, arising from the interference

of opposing wave systems and peaking between 0.1 and 0.5 Hz (Nishida, 2017).

These low-frequency signals are especially valuable for probing deeper Earth

structures as a result of their long wavelengths.

In contrast, the higher-frequency components of ambient noise, generally

above 1 Hz, are predominantly anthropogenic. These are generated by hu-

man activities such as tra�c, industrial operations, and construction, which are

especially prevalent in urban environments. Their energy levels �uctuate ac-

cording to daily and weekly human routines, re�ecting the rhythms of modern

life (Lecocq et al., 2020). This anthropogenic noise is often more localized and

variable, but it can still be useful to image shallow subsurface features, especially

when carefully isolated and analyzed.

The broad frequency range of ambient seismic noise, spanning from milli-

hertz to more than 100 Hz (Nishida, 2017), allows it to probe a wide variety

of depths and geological features. Because it is continuously generated and

omnipresent, ambient noise can be recorded passively over extended periods,

providing a rich dataset for seismic imaging.

However, to extract meaningful information, it is essential to distinguish

this background signal from transient-seismic events. Passive seismic data is

typically preprocessed to remove earthquakes and other impulsive sources, with

the goal of focusing on the steady-state wave�eld. Ambient seismic noise can

be exploited using several powerful techniques, including H/V spectral ratio

analysis and seismic noise interferometry (e.g., Bensen et al., 2007), both of

which are employed in this study to investigate subsurface structure and are

discussed in the following chapters.

2.2 Horizontal to vertical spectral ratio (H/V)

The Horizontal to Vertical Spectral Ratio (H/V) method is a widely used

empirical technique in seismology and geotechnical engineering for estimating

the fundamental resonance frequency of soil or sediment layers at a speci�c site.

Nogoshi and Igarashi (1970, 1971) �rst introduced the H/V method, demonstrat-

ing that the ratio of the horizontal to vertical components of ambient seismic

noise (microtremors) could be used to infer subsurface resonance characteristics.

5
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Later, Nakamura (1989) proposed that the vertical component of ambient noise

is less a�ected by site ampli�cation and could serve as a reference for identify-

ing resonant frequencies in the horizontal motion. A more rigorous theoretical

foundation was developed by Konno and Ohmachi (1998), who provided a for-

mal explanation of the method based on surface wave theory, helping to validate

and standardize its application.

One of the advantages of the H/V method is its ability to utilize passive

seismic stations, which record ambient vibrations without the need for active

seismic sources. These stations can detect microtremors generated by natural

and anthropogenic sources, making the method cost-e�ective, non-invasive,

and requiring minimal user intervention once data acquisition begins. The H/V

spectral ratio is computed as:

H/V ¹ 5º =

q
� 2

G¹ 5º Ï � 2
H¹ 5º

+ ¹ 5º
(2.1)

where � G¹ 5º and � H¹ 5º are the Fourier amplitudes of the two horizontal com-

ponents, and + ¹ 5º is the vertical component at frequency 5. Nakamura (1989)

applied this method to microtremor data collected in Tokyo, demonstrating its

e�ectiveness in mapping site response characteristics.

The H/V method also enables the estimation of the thickness ( � ) of a surface

layer by identifying its fundamental resonance frequency ( 50), provided that

the shear wave velocity (+B) is known or can be reasonably assumed. This

relationship is based on the quarter-wavelength approximation, expressed as:

� =
+B

450
(2.2)

This equation implies that once the resonance frequency is identi�ed from

the H/V spectral peak, and +B is measured or assumed (e.g., from borehole

or MASW data), the layer thickness can be inferred. While Nakamura (1989)

primarily focused on identifying resonance frequencies using microtremor data,

later studies have extended the method to subsurface pro�ling, demonstrating

its value in seismic microzonation.

6



CHAPTER 2. BACKGROUND

2.3 Seismic noise interferometry

Seismic noise interferometry is based on the cross-correlation function (CCF),

which measures the similarity between two seismic signals as one is shifted in

time relative to the other:

� GH¹� º =
¹ 1

�1
G¹CºH¹CÏ � º 3C (2.3)

Here, G¹Cº and H¹Cº are the signals recorded at two stations G� and G� , and �

is the time lag. In the context of ambient noise, cross-correlation reveals the time

delay between wave arrivals at di�erent stations, providing information about

wave propagation and subsurface structure (Lowrie & Fichtner, 2020).

In seismology, the Green's function represents the theoretical ground mo-

tion at a receiver location resulting from an impulsive point source at another

location and it characterizes how seismic energy propagates through the Earth's

medium. In the context of ambient noise interferometry, the Green's function

can be estimated by cross-correlating seismic noise recorded at two stations.

As shown by Lobkis and Weaver (2001), this approximation is valid when the

ambient seismic noise �eld is azimuthally isotropic, homogeneous, and di�use.

However, in practice, ambient noise sources are often directional and vary over

time. This temporal variability, when averaged across multiple time windows,

helps to sample seismic energy from a wide range of directions. This improves

azimuthal isotropy and supports the reliable retrieval of the Green's function

(Barone et al., 2025).

To enhance the stability of the estimated Green's function, preprocessing

steps such as amplitude normalization and spectral whitening are applied

(Bensen et al., 2007). These steps suppress source e�ects and enhance wave-

form coherence. The continuous data are segmented into overlapping time

windows, and transient events are removed. Cross-correlations are computed

for each window and then stacked to improve the signal-to-noise ratio:

�¡ ¹G� – G� – Cº =
Õ

8

� ¹8º
GH¹Cº (2.4)

where �¡ is the estimated Green's function, and � ¹8º
GH¹Cº is the cross-correlation

from the 8-th window. Stacking reinforces coherent waveforms while suppress-

ing incoherent noise.
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The empirical Green's function (EGF) between stations G� and G� can be

expressed as:

� GH¹� º = »� ¹G� – G� –� º Ï � ¹G� – G� –� � º¼� ( B¹� º (2.5)

where ( B¹� º is the autocorrelation of the source time function, and � denotes

convolution in time. This formulation enables the simulation of a virtual source-

receiver pair, with the symmetric Green's function as the primary signal of

interest.

The EGF obtained from ambient noise contains both causal and acausal

components, which are ideally symmetric when the noise sources are evenly

distributed in all directions. In this context, � ¹G� – G� –� º represents the causal

part, while � ¹G� – G� –� � º corresponds to the acausal part (Bensen et al., 2007).

Directional and temporally variable noise sources, such as those due to sea-

sonal changes, can still introduce asymmetries and reduce the reliability of EGF

estimates (Barone et al., 2025; Snieder & Wapenaar, 2010).

Once the Green's function is retrieved, surface wave dispersion curves can

be extracted. These curves describe how wave velocity varies with frequency

and are essential for estimating shear-wave velocity pro�les. From them, both

group and phase velocities can be derived. Group velocity indicates the speed

at which the energy of a wave packet travels through the medium, while phase

velocity describes the propagation speed of single phases (Shapiro et al., 2005).

2.4 Frequency-time analysis (FTAN)

Frequency-Time Analysis (FTAN) is a widely used technique for extracting

group velocity dispersion curves from seismic data, particularly for single station

pairs. Originally introduced by Dziewonski et al. (1969) and further re�ned

by Levshin et al. (1972), FTAN has become a standard tool in ambient noise

tomography and surface wave analysis. In this study, we adopt the methodology

outlined by Bensen et al. (2007) and Barone et al. (2025) to apply FTAN to stacked

cross-correlation waveforms.

The process begins with the time-domain signal B¹Cº, representing the stacked

cross-correlation between two seismic stations. This signal is transformed into

the frequency domain via the Fourier transform to obtain the complex spectrum

( ¹$ º. To construct the analytic signal, we compute:
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CHAPTER 2. BACKGROUND

( 0¹$ º = ( ¹$ º»1 Ï sgn¹$ º¼ (2.6)

where sgn¹$ º is the sign function. This operation suppresses negative frequency

components, retaining only the positive frequency content required for subse-

quent �ltering and analysis.

A series of Gaussian bandpass �lters centered at various angular frequencies

$ 0 are then applied to the analytic signal ( 0¹$ º. The �ltered spectrum is given

by:

( 0¹$ –$ 0º = ( 0¹$ º� ¹$ � $ 0º (2.7)

where the Gaussian �lter � ¹$ � $ 0º is de�ned as:

� ¹$ � $ 0º = 4
� 


�
$ � $ 0

$ 0

� 2

(2.8)

The parameter 
 controls the width of the Gaussian �lter and governs the trade-

o� between time and frequency resolution. A larger 
 yields higher frequency

resolution but lower time resolution, and vice versa. Various values of 
 should

be tested to evaluate their e�ect on the resulting dispersion curves. The optimal

value of 
 is the one that achieves the best balance between time and frequency

resolution across the analyzed frequency spectrum.

The �ltered signal ( 0¹$ –$ 0º is then transformed back into the time domain

via inverse Fourier transform, yielding the frequency-time representation:

( 0¹C–$ 0º = � ¹C–$ 0º48) ¹C–$ 0º (2.9)

where � ¹C–$ 0º is the amplitude envelope and ) ¹C–$ 0º is the instantaneous phase.

The amplitude envelope, which re�ects the signal's energy at a speci�c fre-

quency, typically exhibits a peak corresponding to the arrival time of the surface

wave. By converting the time axis to group velocity using D = � • C, where �

is the inter-station distance, we obtain � ¹D–$ 0º. From this representation, the

group velocity dispersion curve can be extracted.
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3
Site of investigation

The relict Sadole rock glacier is located in the Sadole Valley, eastern Trentino

(Italy), and extends between approximately 1820 m and 2090 m above sea level.

It contributes to the hydrological regime of the Rio Sadole, a tributary of the

Avisio River within the Adige basin. The glacier lies beneath Monte Cauriol

(2493 m), forming part of a prominent alpine landscape.

This rock glacier is a composite landform formed by the convergence of three

distinct glacier bodies. The central and most extensive feature, referred to as

the Middle lobe, is partially overlain by two smaller and younger lobes on its

orographic left and right, known respectively as the West lobeand East lobe.

Recent Electrical Resistivity Tomography (ERT) surveys by Pavoni et al. (2023)

and Bast et al. (2025) have con�rmed the presence of a discontinuous frozen

layer at a depth of approximately 10 m in the central portion of the Middle lobe.

This �nding supports earlier hypotheses based on the glacier's convex surface

morphology (Delaloye, 2004) and the persistently low temperatures of its spring,

which range from 1.0 °C to 1.8 °C during the ablation season (Carturan et al.,

2016; Scapozza, 2009).

The thick surface mantle of boulders is believed to facilitate the preservation

of internal ice-rich layers (Morard et al., 2008). The underlying geology consists

of riodacitic ignimbrites, magmatic rocks belonging to the Athesian Volcanic

Group, a Permian-aged volcanic succession. These are overlain by a thick mantle

of coarse boulders that insulates the subsurface and supports the preservation

of internal ice layers (Pavoni et al., 2023).

Notably, ice outcrops have been observed in mid-summer just two meters
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