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Abstract

Recent advances in high resolution topography, geochronology and satellite geodesy
techniques have provided datasets and tools that can be used to investigate the spatio-
temporal patterns of deformation and erosion in mountain landscapes. These datasets
are critical ingredients for constraining and mitigating geologic hazards which are also
spatial and/or temporal in nature. By compiling and displaying datasets related to
Quaternary faulting in a relational database and results from statistical analysis of fault
slip rate data, this dissertation aims at refining the tectonic evolution of the Himalaya-
Tibet orogen and the surrounding regions, with an emphasis on resolving spatial and
temporal variations in deformation rates. Similarly, this dissertation investigates temporal
variations in post-glacial erosion and the role of rockfalls in the evolution of a deglaciated
valley in the European Alps. This is achieved using frequency-magnitude statistics.

The relational database displays >1,000 Quaternary fault traces, with fault
parameters for 123 Quaternary faults, and >34,000 earthquakes within the India-Asia
collision zone. Nearly all regions of high seismicity overlap with where Quaternary faults
have been mapped. However, not all faulted areas within these regions show high levels
of seismicity. Displaying faults with paleoseismic records and/or slip rate data highlights
regions that are capable of producing large earthquakes. The analysis of 57
Quaternary/Global Positioning System (GPS) slip rate pairs for 19 Quaternary faults from
the database suggest that a moderate percentage (71%) of the total variation in the
Quaternary slip rates can be statistically explained by a linear relationship between the
GPS and Quaternary rates. The remaining 29% may be due to other factors such as
temporal variations in slip rates over timescales individual methods are sensitive to and/or
methodological shortcomings. In the deglaciated Lauterbrunnen valley, there appears to
be large temporal variations in rockfall activity since deglaciation. Long timescale (~11
ka) rockfall inventories indicate higher rates of rockfall activity than intermediate (1 ka)
and short (5.2 years) timescales as predicted by power-law and terrestrial laser scans
(TLS) observations, respectively. This is likely due to debuttressing and stress relaxation
effects after glacial retreat, and/or the influence of frost-shattering due to climatic
oscillations in the past 11 ka.

Taken together, results from this study shed light into the kinematics of deformation
and postglacial erosion rates in mountainous settings. Over large spatial scales, there
appears to be little temporal variation in deformation rates. Over smaller scales, there are
large temporal variations in erosion rates. The datasets and methods used in this
dissertation provide a platform for further investigation of spatio-temporal patterns of
deformation and erosion in mountain environments, and guide future research by
identifying where data gaps exist.







Zusammenfassung

Neueste Fortschritte in  Techniken der hochauflésenden Topographie,
Geochronologie und Satellitengeodasie haben Datensatze und Instrumente
hervorgebracht, mit denen die raumlich-zeitlichen Verformungs- und Erosionsmuster in
Gebirgslandschaften untersucht werden kénnen. Diese Datensatze sind wichtige
Bestandteile zur Begrenzung und Minderung geologischer Gefahren, die auch raumlicher
und/oder zeitlicher Natur sind. Diese Arbeit zielt darauf ab, Kenntnisse der tektonischen
Entwicklung des Himalaya-Tibet-Orogens und der umliegenden Regionen zu verfeinern,
insbesondere in Bezug auf rAumliche und zeitliche Schwankungen in Deformationsraten.
Dies gelingt durch die Zusammenstellung und Darstellung von Datenséatzen zu quartaren
Storungen in einer relationalen Datenbank und durch Ergebnisse aus der statistischen
Analyse von Daten zu Relativbewegungsraten an Stérungen. Gleichermalf3en untersucht
diese Arbeit zeitliche Schwankungen der postglazialen Erosion und den Einfluss von
Steinschlagen auf die Entwicklung eines kurzlich eisfrei gewordenen Tals in den
europaischen Alpen. Dies wird mit Magnituden-H&aufigkeits-Statistik erreicht.

Die relationale Datenbank zeigt >1.000 quartdare Storungsspuren mit
Stérungsparametern fur 123 quartare Stérungen und >34.000 Erdbeben innerhalb der
Kollisionszone von Indien mit Asien. Nahezu alle Regionen mit hoher Seismizitat
Uberschneiden sich mit Gebieten, in denen quartare Stdérungen kartiert wurden. Es
weisen jedoch nicht alle Stdérungsgebiete auch eine hohe Seismizitat auf. Bei der
Darstellung von Stérungen mit vorhandenen palaoseismischen Daten und/oder
Relativbewegungsraten werden Regionen hervorgehoben, in denen grofRe Erdbeben
auftreten konnten. Die Analyse von 19 Stérungen, an denen es insgesamt 57 Paare von
guartaren und GPS-bestimmten Relativbewegungsraten gibt, hat ergeben, dass ein
mafiger Prozentsatz (71%) der gesamten Schwankung in den quartaren
Relativbewegungsraten statistisch durch eine lineare Beziehung zwischen den GPS-
bestimmten und den quartaren Raten erklart werden kann. Die restlichen 29% kdnnen
auf andere Faktoren zurtickzufihren sein, wie zeitliche Schwankungen in den
Relativbewegungsraten dber Zeitraume, die den Empfindlichkeiten der einzelnen
Messmethoden entsprechen, oder aber methodische Schwachen. Im geologisch kiirzlich
eisfrei gewordenen Lauterbrunnental scheint es seit dem Gletscheriickzug grolRe
zeitliche Schwankungen der Steinschlagaktivitat zu geben. So deuten langfristige
Steinschlaginventare (Uber die eisfreie Zeit von ~11 ka) auf hohere Raten der
Steinschlagaktivitat hin als solche, die mittlere (1 ka) und kurze (5,2 Jahre) Zeitraume
betrachten. Letztere wurden jeweils durch das Potenzgesetz und Beobachtungen mittels
terrestrischem Laserscanning (TLS) bestimmt. Die Schwankungen in der
Steinschlagaktivitat sind vermutlich auf die fehlende Stutzwirkung des zurtickweichenden
Gletschers und Entspannungseffekte nach dem Abschmelzen des Gletschers und/oder




den Einfluss von Frostsprengung durch Klimaschwankungen in den letzten 11 ka
zurtckzufihren.

Zusammenfassend geben die Ergebnisse dieser Studie einen Einblick in
Verformungskinematik und postglaziale Erosionsraten in Gebirgslagen. Uber groRe
raumliche Skalen hinweg scheint es wenig zeitliche Schwankungen in Verformungsraten
zu geben. Im Gegensatz dazu gibt es Uber kleinere Skalen grol3e zeitliche
Schwankungen in Erosionsraten. Die Datensatze und Methoden, die in dieser Arbeit
verwendet werden, stellen eine Basis fur die weitere Untersuchung von raumlich-
zeitlichen Mustern der Verformung und Erosion in Gebirgslandschaften dar und steuern
zukunftige Forschung, indem sie bestehende Datenliicken aufzeigen.
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1. Introduction

1 Introduction

Finding and explaining patterns are something we humans are good at, especially in
large datasets. Consider the following four global datasets: earthquake locations and
depths, recent volcanic activity, topography and bathymetry, and seafloor age (Figure
1.1). Observe each dataset separately, and then together. The eyes are drawn to distinct
shapes and patterns. Earthquake locations and volcanic activity look like narrow bands
winding through the continents and oceans. In the oceans, these bands are associated
with young seafloor age, and often mark the location of young, growing mountains and
deep ocean trenches. When superimposed on the tectonic plate boundaries map, these
data relationships become more noticeable. In general, plate boundaries are the scene
of geologic actions, and what happens at each boundary defines the boundary type and
the driving processes. When combined, these datasets and other observations reveal and
explain what we know today as the plate tectonic theory.

When it comes to geologic hazards, looking for patterns and relationships in data is
not just a catalyst that leads to new discoveries, but has social implications. For example,
to understand earthquakes and to address earthquake hazards, looking for patterns in
different datasets not only enhances our understanding of regional- and continental-scale
tectonics but also can address seismic hazards. Datasets containing Quaternary fault
locations and large earthquakes can reveal fault systems responsible for major
earthquakes. Overlaying these datasets with GPS data can help identify structures that
show ongoing strain accumulation. This information can then be used to assist with
regional hazard identification and risk assessment. Similarly, rockfall inventories can be
used to investigate rockfall hazards as well as erosion rates and underlying process
controls deriving landscape evolution. For example, datasets containing rockfalls of
known dates and magnitudes can be used to calculate rockfall frequency-magnitude
relationship and rockwall erosion rates. Together with seismic signal data emitted from
rockfalls, dynamics of individual events can be further characterized. Ultimately, these
observations can contribute to rockfall forecasting and risk analysis.

The overarching goal of this dissertation is to contribute to a better understanding of
how mountain hazards are linked to mountain building processes, continental deformation
rates and erosion. To achieve this, previously published and new datasets are compiled
to investigate the spatio-temporal relationships between Quaternary faulting, seismicity,
and fault slip rates, as well as patterns in rockfall activity over different timescales. Two
regions are chosen for these investigations: the India-Asia collision orogen and the
European Alps where mountain hazards such as earthquakes and rockfalls present a
major issue, particularly in areas of high population density (e.g., alpine valleys).
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The structure of the dissertation is as follows: section 1 provides background
information on mountain hazards and previous work related to geohazards in the study
areas. Section 2 states the hypotheses that are addressed. Section 3 provides
background information on the methods applied in this dissertation (i.e. relational
database, correlation analysis, terrestrial laser scanning (TLS), and rockfall frequency
magnitude calculations). Section 4 includes the results in the form of 3 published papers
and 1 manuscript in revision. Finally, section 5 summarizes the outcomes, revisits the
hypotheses and provides suggestions for future work.

1.1 Geohazards in orogens and mountainous regions

A glance at any topographic map of the world shows that most orogens and
mountainous regions are located along the margins of continents and closely follow the
distributions of volcanoes, earthquakes, as well as current and former areas of tectonic
plate collisions (Figure 1.1). Mountain regions occupy approximately one fifth of the
Earthoés | amdl sauref aaowaeane t o 1 Rulatioo (F72@ nhilleon peaplie)l
(Schild, 2008). While mountains are beneficial to their habitants, providing rainfall and
water storage, they are characterized by a wide range of geological and geomorphic
processes that make their population vulnerable to the impacts of geohazards and climate
change. Geohazards in mountain regions range from floods, debris flows, landslides and
rockfalls to earthquakes and volcanic eruptions. Avalanches, permafrost-related hazards
and glacial lake outburst floods are more unique to high mountain environments.

Mountain hazards are mainly products of steep topographic relief, intense
precipitation and human activity. For example, the 2015 Nepal earthquake (also known
as the Gorkha earthquake) with rupture nucleated on the well-studied Main Himalayan
Thrust took the lives of nearly 9,000 people and triggered at least 25,000 landslides
throughout the steep Himalayan mountains (Gallen et al., 2017). Villages such as
Langtang were completely destroyed by avalanches and landslides (Lacroix, 2016). In
the aftermath of the earthquake, more slope failures occurred as the heavy monsoon
rainstorms destabilized the already quake-weakened slopes. In addition, other factors
such as deforestation, road construction, rapid population growth and poorly designed
structures significantly contributed to the loss of life and assets.
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Figure 1.1 Global datasets of (a) earthquake
locations with magnitudes 4 and greater for
the 1990-1996 period (color indicates depth:
red 0-33 km, orange 33-70, green 70-300,
blue 300-700 km), (b) sea floor age in millions
of years, (c) historically active volcanic
features, (d) elevation in meters above sea
level, and (e) tectonic plate boundaries
shown in black lines. Maps are modified from
Sawyer et al. (2005).
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1. Introduction

Intimately connected to their environment, mountain communities have historically
developed cultural and environmental adaptations to geohazards risk (Hewitt and Mehta,
2012). For example, knowledge about geohazards and approaches for coping with
earthquakes is evident in indigenous building practices and vernacular architectural styles
throughout the Himalayan region (Gautam et al., 2016; Kumar and Pushplata, 2013;
Ortega et al., 2017). However, modernization, urbanization, and shifts in housing
preference have diminished levels of indigenous hazard knowledge in many communities,
making them highly vulnerable to geohazards (Gautam et al., 2015; Halvorson and
Hamilton, 2007).

The overall risk from geohazards is determined by the combined understanding of
three factors: hazard, exposure, and vulnerability (Cardona, 2005). To develop effective
risk models, comprehensive datasets embracing these three factors are required. While
it is difficult to measure vulnerability ( i . e . , popul ati onds athe
intensity and frequency of a natural phenomenon at a given magnitude (hazard) and the
elements at risk (exposure) can be determined using physical parameters and
demographic datasets. By compiling datasets of physical parameters related to
earthquakes and rockfalls, this dissertation investigates the spatial and temporal
distributions of these hazards within the India-Asia collision orogen and a deglaciated
alpine valley in the European Alps. This section provides a brief overview of previous
work related to geohazards in the aforementioned study areas.

1.2 Study Regions

1.2.1 The India-Asia Collision Orogen

The ongoing collision of India with Eurasia since ~50 Ma has created an active
deformation field that is not only localized near and around plate margins but is also
observed thousands of kilometers away from the suture zones. This zone of active
deformation hosts wide orogenic belts and is characterized by complex fault systems,
folds and intense seismicity (Figure 1.2). GPS measurements of surface displacements
indicate that the Himalayan arc accommodates nearly half of the total 40-50 mm/yr of
convergence between India and Eurasia (Bilham et al., 1997; Jouanne et al., 2004). The
rest of this motion is distributed further north by slips on faults in and around the Tibetan
Plateau, those located in the Pamir-Hindu Kush and the Tien Shan, as well as active
structures in the western boundary of the India-Eurasia plate. This widespread
deformation is evident in the seismic hazard map of Asia, where much of the collision
zone is subject to high ground shaking levels (Pagani et al., 2018; and Figure 2.2).

ity
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Figure 1.2 The Himalaya-Ti b et orogen and the surrounding

(orange circles) shown for the 19007 2014 period are from ANSS Comcat (2014). Red stars mark
the location of the deadliest earthquakes for the 19001 2014 period (USGS, 2014). The Alpine-
Himalayan earthquake belt is shown in dashed lines. Figure modified from Mohadjer et al. (2016).

The Alpine-Himalayan earthquake belt (Figure 1.2), the second-most seismically

active region intheworld,i s responsi bl e f orlargesedadhquakes. t h e

Since 1800, the cumulative earthquake fatality in the Himalayan region is about 138,000,
half of which can be attributed to the 2005 Kashmir earthquake (Bilham, 2019). A more
recent example is the 2015 Mw 7.8 Gorkha earthquake that resulted in considerable
damage throughout Kathmandu and central Nepal, leaving ~9,000 dead, 22,000 injured
and 3.5 million people homeless. In the past 200 years, the regional population has
increased by a factor of 10, accompanied by an increase in the seismic vulnerability of
building stock (Bilham, 2019). Therefore, more fatalities are expected in future
earthquakes in this region.

Previous studies of the India-Asia collision orogen have produced a large amount of
data that enhance our understanding of regional- and continental-scale tectonics as well
as seismic hazards in the region. The availability of precise geodetic measurements (e.g.,
Bendick et al., 2015; Ischuk et al., 2013; Mohadjer et al., 2010; Zubovich et al., 2010;
Bendick et al., 2007; Reigber et al., 2001; Abdrakhmatov et al., 1996), high-resolution
imagery (e.g., Klinger et al., 2005), and sophisticated seismic analysis methods have
provided more detailed patterns and rates of deformation associated with individual faults
and other major structures throughout the region. Previously recognized faults are more
accurately mapped (e.g., Chevalier et al., 2012; Robinson, 2009; Taylor and Yin, 2009;
Strecker et al., 2003) and those previously unknown but potentially active, are detected
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and investigated (e.g., Ruleman et al., 2007). In addition, paleoseismic studies (e.g.,
Schiffman e al., 2013; Korjenkon et al., 2012; Ran et al., 2010; He et al., 2007; Kumar et
al., 2006; Washburn et al., 2003), though limited in their coverage, have provided
constraints on the magnitude and recurrence time of past earthquakes for some faults.
These datasets provide baseline observations for understanding patterns and rates of
Quaternary faulting within the orogen and the surrounding regions.

Despite advances in the scientific understanding of earthquakes, there are several
shortcomings that impede adequate assessment of earthquake hazard in the region.
These issues are related mainly to information sharing and methods used for seismic
hazard assessment. As explained in the above paragraph, previous studies have
generated a large amount of data related to seismic hazards within the India-Asia collision
orogeny. These data, however, are documented in a wide range of formats that are often
published in non-open access journals. Despite initiatives that provide a centralized
platform for data storage, maintenance and display of data specific to other regions of the
world, few attempts have been made for data from the India-Asia collision orogen.

There are also methodological problems that hinder the application of earthquake risk
reduction in the region. These problems arise from the assumptions that are embedded
in the probabilistic seismic hazard analysis (PSHA) method. This method determines the
probability of future shaking intensity, and is the most widely taken approach for making
regional and national hazard maps in countries located within the India-Asia collision
zone. Recent studies using this method (e.g., Abdrakhmatov et al., 2003; Bindi et al.,
2012; Ullah et al., 2015) use earthquake data with little information on active fault
locations and parameters to calculate seismic hazard in the region. These studies
attribute this to the lack of accurate fault information. The PSHA also rests on a number
of assumptions known to conflict with earthquake physics (Mulargia et al., 2017; Stein et
al., 2012; Bilham 2009) including the assumption that the instrumental, historical, and
paleoseismic records of earthquakes are complete and accurate enough to sample the
seismic cycle for individual faults. These assumptions are particularly problematic for the
India-Asia region where earthquake return intervals can be long (>100,000 years), and
the instrumental, historical and paleoseismic records are short and sometimes inaccurate
(Bilham, 2009). An online database containing fault locations and important parameters
such as slip rates, can help with addressing these issues by centralizing and enhancing
public access to information that can be used to constrain seismic hazards in the region.
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1.2.2 The Bernese Oberland (Switzerland)

Rockfalls constitute a major hazard in populated mountainous regions where rock
slopes are often steep and pronounced environmental changes such as permafrost
melting and repeat glacial cycles can alter mechanical stress within underlying bedrock
and result in progressive slope failure (Gramiger et al., 2018; Krautblatter et al., 2013).
Rockfalls range in size from a few dm? to 10* m? events, and can travel at high velocities
across long distances, posing a high risk to people, property and infrastructure. Rockfall
location, size, and time can be used for evaluating rockfall dynamics and hazard
assessment (e.g., Dussauge et al., 2003; Biagi et al., 2017; Lari et al., 2014). However,
very few natural slopes or rockwalls are continuously monitored for exact time of rockfall
occurrence, location and volume. Therefore, rockfall inventories are often incomplete and
contain biases due to this irregularity in sampling time, space and size domains
(Dussauge et al., 2002; Malamud et al., 2004). This dissertation focuses on generating a
high resolution rockfall inventory based on TLS measurements collected over >5 years of
monitoring rockwalls. The study setting is an alpine, deglaciated valley with rockwall
surfaces that have minimal vegetation and snow cover throughout the year, making it an
ideal site for rockfall detection using TLS.

The Lauterbrunnen Valley is located in the Bernese Oberland, Switzerland (Figure
1.3). The U-Shaped valley is about 6 km long and 400-700 m wide, with nearly vertical
limestone walls (88.5°). The rockwalls are incised by hanging valleys that host more than
70 waterfalls. The landscape topography is a product of repeated glacial advances,
incision and carving. Following the last glacial maximum (~10,000 years ago), the Aar
Glacier system retreated to higher elevations, exposing and leaving behind steepened
cliffs that are prone to rockfalls.

Rockfalls represent a significant natural hazard in the Lauterbrunnen Valley for more
than one hundred thousand yearly visitors and residents of the valley. Evidence for past
rockfall activity includes large individual fallen blocks and talus slopes that are covered
with fresh debris in many locations (Figure 1.4). Data on historic events show several
damaging large-scale slope failures since 1750 including the 1889 landslide which
released >10* m® of debris material into the valley, covering agricultural lands and
destroying infrastructure (Michel, 1979). Currently, the large, deep-seated Gryfenbach
landslide endangers part of the Lauterbrunnen village as well as the main entrance to the
entire valley (Tobler and Keusen, 2013). It creeps on average at a rate of ~10-20 mm/yr,
with two landslides recorded in 1966 and 1983 in the steep frontal part of the sliding mass.
More recently, in November 2018, a rockfall with a volume of ~3,600 m?® occurred near
the village, causing minimal damage.
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Previous rockfall datasets for the Lauterbrunnen valley include 122 rockfalls totaling
a volume of 523.72 m3 over an 18-month period (Strunden et al. 2015) and 49 rockfalls
detected using seismic signals over a 6-month period (Dietze et al., 2017b). In the former
dataset, the largest detected rockfall is about 120 m3, with those less than 1 m? being
most common. Rockfall events from this dataset are compared with several
environmental factors. A high correlation factor (r = 0.6) is observed for freeze-thaw cycles
and rockfall events smaller than 1 m3 with a 2-month delay between temperature
extremes and rockfalls. Similarly, 10% of the rockfalls detected in the dataset of Dietze et
al. (2017b) were found to be influenced by freeze-thaw transitions. Furthermore, the
authors inferred a systematic downward shift of a rock mass release zone, driven by a
continuously lowering water table inside the limestone wall. This dissertation presents an
additional four years of new TLS data and analysis techniques, the results of which are
shown in sections 4.3. and 4.4.
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Figure 1.3 Shaded relief digital elevation model showing the location of the Lauterbrunnen Valley
with study area in red box (a), and the U-shaped deglaciated Lauterbrunnen Valley with steep
limestone walls (looking toward the south from Wengen) (b). Figure from Strunden et al. (2015).
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Figure 1.4 Examples of previous rockfalls in the Lauterbrunnen Valley. The May 1889 landslide
covered by vegetation (a), and an example of a large rockfall (b). Photos by M. Kloos (a) and D.
Brehm (b).
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2 Aims & Hypotheses

The main objective of this dissertation is to contribute to a better understanding of
mountain building processes, continental deformation and erosion over different
timescales, and ultimately how these processes are linked to mountain hazards. This
overarching objective is framed around the following four hypotheses:

1) Quaternary fault locations, fault attributes and seismicity provide similar
information on the spatial distribution of earthquake hazard as do conventional
hazard maps. (Paper A in section 4.1.2, published)

2) Fault slip rates from GPS and geologic techniques provide consistent spatial and
temporal slip rate information at the orogen scale, suggesting that over the
Quaternary, there is minimal transience in slip rates. (Paper B in section 4.2.2,
published)

3) Rockfall frequency-magnitude calculations from laser scanning measurements are
not sensitive to observation duration of 1.5 vs. >5 years. (Paper C in section 4.3.2,
in revision)

4) Over different timescales (10°-10* years), rockwall retreat rates can vary by an
order of magnitude in a deglaciated alpine landscape. (Paper C in section 4.3.2, in
revision)

The main aim of all four hypotheses is to evaluate existing and new datasets in order
to investigate the temporal and spatial relationships between different datasets, to identify
and explain factors influencing these relationships, and ultimately to quantify mountain
hazards. Additionally, these investigations guide future research by identifying research
areas where further investigations are needed.

The first two hypotheses are investigated using previously published datasets related
to Quaternary faulting in the India-Asia collision zone. To address the last two
hypotheses, new rockfall datasets are generated and analyzed for a deglaciated valley
located in the Bernese Alps, Switzerland. All hypotheses are elaborated in more detail in
the following sections. The actual results are presented in section 4.
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2.1 Combing datasets to constrain the spatial distribution of seismic
hazards

Earthquakes occur on active faults. Therefore, a large number of previous and current
investigations have focused on accurately mapping the location of active faults.
Quaternary fault databases have been developed for many parts of the world including
the United States (Haller et al., 2004), New Zealand (Langridge et al., 2016), Japan (AIST,
2016), Italy (Michetti et al., 2000), Iberia (Garcia-Mayordomo et al., 2012), and France
(Jomard et al., 2017). These datasets are widely used for fault characterization and
seismic hazard calculations at national level. Other databases such as the HimaTibetMap
of Taylor and Yin (2009) for the India-Asian collision zone have focused on documenting
Quaternary faults and other active structures at an orogen scale. There are also global
initiatives such as the Gl obal Earthqguake Mod
(2015) which aimed at developing a uniform fault database, providing access to
consistently derived fault sources.

Though the location of active faults can help with determining the regions in which
earthquakes are most likely to occur, without seismologic, geodetic and geologic data, a
coherent pattern of earthquake hazards cannot emerge. Fault maps are often incomplete,
missing faults that are potentially active (e.g., blind faults). For example, a previously
unmapped fault was responsible for the 2010 Mw 7.0 earthquake that devastated the
Port-au-Prince region of Haiti (Calais et al., 2010). This earthquake, however, was
forecasted and expected based on the historical seismicity and geodetic data. At the
same time, historical records and instrumental seismic catalogs (started in 1900) can
provide an incomplete or sometimes inaccurate earthquake history for many parts of the
world. For example, the 2008 M 7.9 Wenchuan earthquake occurred on a mapped fault
that was classified as low hazard (solid black box in Figure 2.1) based on lack of evidence
for large earthquakes in the past thousand years. However, geologic and geodetic data
available prior to the earthquake showed that the accumulated moment on the fault was
enough to produce a M8 earthquake (Wang et al., 2011).

Similarly, conventional hazard maps for many of the countries within the India-Asia
collision orogen (e.g., Abdrakhmatov et al., 2003; Bindi et al., 2012; Ullah et al., 2015) are
often defined by patterns of seismicity rather than by fault position and characterization
(exception: Ischuk et al., 2018), and yield different results
assumptions and limitations in parameters used in map making (Stein et al., 2012). For
example, the global seismic hazard maps of Zhang et al. (1999) and Pagani et al. (2018)
(Figure 2.1 and 2.2, respectively) show different distributions of seismic hazards for the
India-Asia collision zone. While the latter incorporates tectonic and geologic information
in addition to seismicity, the former is mainly based on seismic data.

12
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Figure 2.1 The outdated seismic hazard map of Asia, showing Peak Ground Acceleration (PGA)
in units of m/s? with a 10% probability of exceedance in 50 years. The dashed box shows the map
extent displayed in Figure 2.2. The solid black box marks the location of the Longmenshan fault,
reponsible for the 2008 Wenchuan earthquake. Figure modified from Zhang et al. (1999).
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Figure 2.2 The seismic hazard maps of Asia, showing Peak Ground Acceleration (PGA) in units
of g with a 10% probability of exceedance in 50 years. Figure modified from Pagani et al. (2018).
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As these examples demonstrate, no dataset alone can constrain the spatial location
of seismic hazard. To address gaps in data, a combined database approach has the
potential to provide a more complete overview of earthquake hazards at regional/orogen
scale. Furthermore, data maps that show fault location and parameters combined with
instrumental and historical earthquakes, may provide similar (if not more realistic)
information on the spatial distribution of earthquake hazard as do conventional maps.

We explored these approaches by focusing on the India-Asia collision zone where
the deformation zone is characterized by active faulting and seismicity, and where
abundant data on Quaternary faulting are available. Therefore, the India-Asia collision
zone is an ideal place for testing the first hypothesis:

Quaternary fault locations, fault attributes and seismicity provide similar
information on the spatial distribution of earthquake hazard as do conventional
hazard maps.

To test this hypothesis, we created a database that displays previously published
datasets separately and together in order to reveal a more complete pattern of regional
seismic hazards. Two features that enable this are a web-based interactive map and a
search tool that are linked to an online database. Both allow users to search, sort, and
display data by data layers or fields. The database contains the location of >1,000
Quaternary fault traces, >30,000 earthquake, and fault attributes (e.g., earthquake history
and slip rates) for >100 faults.

2.2 Comparing GPS and Quaternary fault slip rates at the orogen-scale

Earthquakes occur when energy stored in elastically strained rocks is suddenly
released. The rates at which strain energy accumulates on faults are a measure of slip
rates (Wang et al., 2011). Therefore, slip rate data are a key indicator of potential seismic
hazard. Fault slip rates are calculated by dividing measurements of the offset of geologic,
geomorphic or manmade features by the time over which that offset accumulated. These
rates can be obtained using different methods (e.g., geodesy, geo-thermo-chronology
and tectonic geomorphology) over different timescales (10° to 107 years). While slip rates
obtained from geologic methods can provide average, long-term rates that span multiple
seismic cycles, those derived from geodetic techniques give access to short term rates
(ranging from 1 to 20 years), covering only a small fraction of the seismic cycle.

Within the India-Asia collision zone, there appears to be a large variability in geodetic
and geologic slip rate for many large faults (>1,000 km long), and some studies have
challenged the assumption that geodetic slip rates are representative of geologic slip
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rates (Chevalier et al., 2005; Ul-Hadi et al., 2013). Differences in rates are often attributed
to secular rate changes, differences in measurement sensitivity between methods, or
methodological oversights. Furthermore, the disagreements over rates for major faults lie
at the heart of the ongoing debate over the long-term behavior of the Tibetan plateau.
Fast Quaternary rates have been used to argue for the plate-behavior of Tibet while slow
GPS rates have been used to support a fluid-like behavior.

Previous studies mainly focus on comparing slip rates for individual faults or fault
systems, some of which compare rates from GPS and geologic methods measured at
different sections of the fault and/or compare GPS rates with geologic rates that are
averaged over timescales larger than the Quaternary. If such temporal and spatial
differences are reduced, the existing discrepancies between fault slip rates from GPS and
geologic techniques may be resolved. Additionally, factors influencing the relationship
between different rates may be identified. Therefore, we focus on the India-Asia collision
zone where abundant previous data exist for continental deformation over the last ~2 Myr
(Figure 2.3), to investigate the second hypothesis:

Fault slip rates from GPS and geologic techniques provide consistent spatial
and temporal slip rate information at the orogen scale, suggesting that over the
Quaternary, there is minimal transience in slip rates.

To test this hypothesis, a dataset of 57 Quaternary/GPS slip rate pairs, representing 19
faults is compiled from previous studies. A least squares and Pearson correlation analysis
are applied to investigate the overall relationship between GPS and Quaternary slip rates.
The slip rates are then systematically re-sampled to evaluate the sensitivity of the slip
rate relationship to the presence/absence of individual faults and different Quaternary
dating methods.
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Figure 2.3 Map showing the locations of reported slip rates in colored circles (green: GPS;
orange: Quaternary). Quaternary fault traces are color coded based on their sense of movement.
For abbreviations of fault names, see Table 1 in section 4.2.2. Figure from Mohadjer et al. (2016).

2.3 Sensitivity of rockfall frequency-magnitude to observation
duration

Some natural hazards such as earthquakes, floods, mass movements including
rockfalls, and forest fire have been shown to exhibit scale-invariant statistics (i.e., their
statistical properties will not change with the scale of investigations). Scale invariance has
been documented in the rockfall frequency-magnitude distributions (Barlow et al., 2012;
Dussauge et al., 2003; Guzzetti et al., 2003; Hergarten, 2012; Malamud et al., 2004; and
Rosser et al., 2007) where the frequency of rockfall occurrence as a function of its
magnitude has been shown to obey a negative power law function. This relationship has
been used to estimate the frequency of unrecorded, and potentially dangerous rockfall
events, by extrapolating the power law obtained for the smaller, more frequent events
(e.g., Dussage et al., 2002; Guzzetti et al., 2002, 2003; Picarelli 2005). Therefore, this
relationship is an important component of hazard and risk assessment.

Small rockfalls (if detected at all) are seldom reported in historical rockfall inventories,
making accurate quantification of rockfall frequency-magnitude distributions a challenging
task. With recent advancements in remote sensing, TLS applications have enabled
accurate measurement and analysis of a wide range of geomorphic processes including
rockfalls. Using TLS, small rockfalls (such as those with volumes less than 0.1 m?) and
those occurring on steep, inaccessible slopes can be accurately detected and
characterized.
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Many recent studies have generated and used TLS-detected rockfall inventories for
establishing the rockfall frequency-magnitude relation for a wide range of environments
and purposes. While the effects of sampling interval (duration between scans) on rockfall
detection and the corresponding frequency-magnitude relationship have been the topic
of several studies (e.g., Tonini and Abellan, 2014; Carrea et al., 2015; Janeras et al.,
2015; and van Veen et al., 2017), little attention has been given to the effects of the total
observation duration on the frequency-magnitude relationship of rockfalls. For instance,
it is not clear if (and how) observation duration of one versus five years can affect the
rockfall frequency-magnitude relationship. Answering this question is not only useful for
optimizing the scheduling of scans, but it can increase our understanding of how long
(as oppose to how often) TLS data should be collected in order to create a substantially
complete rockfall inventory and a robust frequency-magnitude distribution.

Located in the Bernese Oberland, the Lauterbrunnen Valley has experienced
several damaging rockfalls as evident from large fallen blocks and talus slopes in the
valley. The 5.2 km? vertical valley walls are devoid of vegetation, making this valley an
ideal location for documenting rockfall activity, particularly with TLS. These walls have
been the focus of several recent studies ranging from TLS and seismic monitoring of
rockfalls (Strunden et al., 2015 and Dietze et al., 2017a,b, respectively) to measuring
rockfall activity using Structure-from-Motion (Schwarz, 2019) or from talus volumes (Ott,
2017). Therefore, the Lauterbrunnen valley where existing rockfall data exist is chosen
for investigating the third hypothesis:

Rockfall frequency-magnitude calculations from TLS measurements are not
sensitive to observation duration of 1.5 versus >5 years. (Paper C, in revision)

This hypothesis is addressed by comparing the TLS rockfall inventory of Strunden et al.
(2015) covering a period of 1.5 years with the new TLS rockfall inventory collected over
a period of ~5 years (this dissertation). The sensitivity of rockfall frequency-magnitude to
these different observation durations is then evaluated.
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2.4 Sensitivity of rockwall retreat rates to observation duration

Rockwall retreat rates have been investigated over a variety of spatial and temporal
scales using different methods. Assessment of retreat rates over a specific timescale
depends on quantification of rockfall activity over that time scale. While short-term rockfall
activity can be efficiently quantified with remote sensing techniques such as terrestrial
laser scanning or from substantially complete historical records, retreat rates over longer
timescales can be obtained using the magnitude-frequency relationship of rockfalls or
inferred from volume calculation of rockfall debris (e.g., talus deposits) accumulated at
the foot of rockwalls. Rockwall retreat rates are not constant, and are shown to be
influenced by climate or tectonics among other factors (Herman et al., 2013). The
variability in rates is evident in deglaciated alpine landscape where retreat rates and
accumulation of talus deposits are enhanced following deglaciation. In these settings,
previous studies suggest that the removal of the supporting buttress of glacial ice from
oversteepened valley walls destabilizes the rockwalls, resulting in rock slope failures.
Comparison of rockwall retreat rates from different timescales can provide insights into
post-glacial erosion and the role of rockfalls in the evolution of alpine landscapes.

Due to the availability of high resolution rockfall datasets, the Lauterbrunnen Valley
is well suited for investigating rockwall retreat rates in a deglaciated landscape over three
different timescales: short (~5 years), intermediate (1 ka) and long (~11 ka) timescales.
We expect the short-term retreat rates to be lower than those measured over longer
timescales. Hence, the following hypothesis:

Over different timescales (10°-10* years), rockwall retreat rates can vary by an
order of magnitude in a deglaciated alpine landscape. (Paper C, in revision)

To investigate this hypothesis, TLS-derived rockfall inventories are used to constrain the
wall retreat rates over both short and intermediate (power law) timescales. These rates
are then compared with those inferred from the calculation of talus volume.
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3 Methods

Relational databases and statistical methods are used to reveal patterns and
relationships between different datasets. This dissertation investigates the spatial and
temporal relationships between different sets of data such as fault slip rates obtained from
different methods, or rockfall inventories to identify and explain potential factors that
influence these relationships. This is achieved by developing a relational Quaternary fault
database and performing statistical assessment of data using the least squares,
Pearsoné sorrelation, and frequency-magnitude statistics. The results of this work have
bearing on mountain hazard and risk assessment studies, both at orogen and local
scales. The background behind these methods is provided in the following sections.

3.1 Database design and programming

Earth sciences data have significantly increased in volume and complexity, resulting
in a greater need for open-access and user-friendly databases (Overpeck et al., 2011,
Dusterhus et al., 2016). Relational databases are commonly used to organize a wide
range of geoscience data, including Quaternary fault data (Lunina et al., 2014),
hydrogeologic data (Horsburgh et al., 2009), paleomagnetic data (Veikkolainen et al.,
2017); earthquake data (Migliaccio et al., 2019), and geochronologic data (Puetz, 2018).
Relational databases store data in tables (rows and columns) that are linked together.
This is done by assigning a unique identification number (also known as the key) to each
row, and a value to each data attribute stored in each column. This allows users to identify
and access data in relation to another type of data in the database. In a relational
database, the tables are typically populated and managed in an open source SQL
(structured query language) database that is commonly used for web application
development and often accessed using PHP (hypertext preprocessor), an open source
scripting language.

A large number of relational databases focus on centralizing data relevant to
geohazards, and are used for geologic investigations, hazard modelling as well as
education and infrastructure planning. Some of the most common features of geohazards
databases are interactive maps that are linked to online databases where users can
obtain more information on selected features (e.g., a fault system or an earthquake).
These features (e.g., lines, points, polygons) are spatial data, originally documented in a
wide range of formats (e.g., digital, texts, maps, and images) that cannot be immediately
integrated into the database. For example, scanned maps, unlike most satellite images,
usually do not contain spatial reference information and must be georeferenced using
existing spatial data. One of the most commonly used software for data digitization, geo-
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referencing, editing and publishing is ArcMap. In this dissertation, a relational database
is developed by (1) compiling, (2) preparing and (3) managing geoscience data related to
Quaternary faulting for (4) online display. These four steps are shown in Figure 3.1 and
briefly described below.

Data preparation Data management Data visualization
‘ MySQL Database

published ArcGIS Vh MvAdmi Openlayers

literature, Georeferencing and » (phpMyAdmin) » Web mapping and

maps and digitization of data Data storage and visualization

catalogs management

Data from

Figure 3.1 Flowchart of the process for the database development. Figure from Mohadjer et al.
(2016).

Data compilation - Previously published literature (>250 papers) and databases
related to Quaternary faulting in Central Asia were compiled, reviewed, and used to create
the main datasets used in the database including fault locations, fault attributes and
seismicity. The fault location dataset includes locations of the 1,196 fault traces, 569 of
which are from the digital database of Quaternary faults located in the India-Asia collision
zone (Taylor and Yin, 2009). Fault attributes describe fault behavior, and its geographic
characteristics (e.g., name, location, level of exposure), seismic characteristics (e.g., slip
rate, earthquake history, paleoseismic data) and structural characteristics (sense of
movement, geometry) characteristics. The seismicity dataset includes global and regional
earthquake catalogs, containing 34,000 earthquakes. These events are displayed based
on their size and depth.

Data preparation - Using ArcMap, fault traces were georeferenced, digitized, and
attributed. Since fault traces were digitized from their original sources, their location
accuracy depends on the scale of observation used in original studies. When digitizing a
fault, a map is aligned with available datasets (e.g., country boundaries, river network)
and georeferenced using more accurate data layers such as Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model
(GDEMZ2) (30 m resolution). When there are discrepancies in fault locations, position of
previously mapped faults is adjusted to coincide with surface features visible on ASTER
GDEMZ2 data that are indicative of their trace.

Data management - Fault trace data (i.e., geographic coordinates of points that made
up a fault trace) were stored in a fault location table created in a MySQL database, using
an open source, web-based application called phpMyAdmin
(https://www.phpmyadmin.net/). Similar tables were created to store and organize fault
attribute information and earthquake data including location coordinates, depth,
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magnitude and source values. The reference table containing citation appearance and
manuscript title, was used to generate an automated query in Google Scholar by clicking
on a citation listed for a fault.

Data visualization i The fault location, attribute, and earthquake data were extracted
from the tables in the MySQL database using PHP scripting for display in an open source
web-mapping application called OpenLayers (Figure 3.2).
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Figure 3.2 Display of Quaternary fault trace and earthquake data in OpenLayers. Figure from
the Quaternary fault database of Mohadjer et al. (2016): https://esdynamics.geo.uni-
tuebingen.de/faults/

3.2 Statistical analysis (Li near regr essi onorrelation)Pe ar s

Linear regression is an efficient method for statistical analysis, and has been
widely used to quantify the linear relationship between a dependent variable (Y) and
one or more independent variables (X). Since performing linear regression makes
sense only if the relationship is linear, using a scatter plot to assist with the initial
judgement of a possible relationship between variables in question is recommended
(Schneider et al., 2010). Simple linear regression has a form Y = mX +c where m is
the slope of the line and c is the y intercept. The parameters m and c are estimated
from the values of the dependent variable Y and the independent variable X. The
slope m of the regression line is the regression coefficient, and a measure of the
contribution of the independent variable X toward explaining the dependent variable
Y. The coefficient of determination (r?) is a measure of how well the regression model
describes the observed data.
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The least square error is a popular approach for the linear regression model. It
consists of finding the best fitting straight line (i.e. the regression line) through a set
of data points by minimizing the sum of squared errors. In other words, the least
squares regression line is the line that makes the vertical distance from the data
points to the regression line as small as possible. For statistical measure of how close
the data points are to the fitted regression line, the coefficient of determination (r?) is
calculated using the following formula:

©

—— =P B 1)

where “Y"Y is the error sum of squares, Y'Y is the total sum of squares, w is the

actual value of the dependent variable, | is predicted or fitted value of w, and s the

mean of dependent variables. Taken together,”™ Y'Y i s t he Aunexplnthe nedo v
dependent variable while "Y"Y s the total variation of the dependent variable around its

mean value. Figure 3.3 provides a visual presentation of this formula.
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Figure 3.3 Visual representation of the coefficient of determination (r?). (a) The areas of red
squares represent the squared residuals with respect to the average value of data points (mean
of y), (b) the areas of blue squares represent the squared residuals with respect to the linear
regression. The coefficient of determination is one minus the ratio of the area of the blue squares
vs. the area of the red squares. Figure modified from Orzetto (2010).
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Statistical dependence of GPS and Quaternary rates was further evaluated by
calcul ating the P eodficieno(PCCE The BCCrmedswads thestrength
and the direction of the linear relationships between pairs of variables, and is a
dimensionless quantity in the range of -1 to +1. A correlation coefficient of +1 or -1
indicates total positive or negative linear relationship between variables, while correlation
coefficient of O is indicative of no linear relationship. The stronger the correlation, the
closer the correlation coefficient to £1. For a correlation between variables x and y (i.e.
GPS slip rates and Quaternary slip rates, respectively), the formula for calculating the
sample PCC is given by

—

(2)

In equation 2, the numerator is sample covariance and is defined in terms of sample
means (w & mean of w variable, is mean of w variable and ¢ is total number of
observation). The denominator is the product of sample standard deviations. The sample
standard deviations are the square root of their variance. The variance is a numerical
measure of how the data values are dispersed around the mean.

The above statistical methods were applied to investigate the overall relationship
between Quaternary and GPS slip rates for 19 faults in the India-Asia collision zone. A
total of 57 data points (i.e., Quaternary/GPS slip rate pairs) were visualized in a scatter
plot. These points represented slip rates for 19 Quaternary faults. To identify the extent
to which these rates relate to each other, a least squares regression line was computed.
The regression line was calculated by forcing it through the origin and to calculate an r?
value as a measure of the statistical dependence between GPS (independent variable)
and Quaternary (dependent variable) slip rates. Statistical dependence of GPS and
geologic rates were further assessed by calculating the PCC using equation (2). The
sensitivity of the PCC value to slip rates associated with each fault was then evaluated
for 19 sample subsets (one for each fault investigated). In each subset, all data points
(i.e., GPS/Quaternary rate pairs) associated with an individual fault were excluded from
calculation of the PCC. This process was repeated for each of the 19 faults investigated.
The uncertainties associated with each data point were taken into consideration by means
of Monte Carlo style experiments. The same procedure was applied to data points
associated with individual Quaternary dating methods to evaluate if individual dating
techniques have biases that strongly influence the sensitivity of the PCC. These statistical
approaches are further explained in section 4.2.2.
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3.3 Terrestrial light detection and ranging

Over the last few decades, advancements in remote sensing technologies have
enabled researchers to capture high resolution terrain information and three-dimensional
(3D) spatial data, allowing for rapid and accurate mapping of geomorphic factors. Light
detection and ranging (LIDAR) is an effective remote sensing method, capable of
producing high resolution Digital Terrain Model in 3D point clouds.

A TLS has three main components including a transmitter, rotating mirrors and a
receiver. The transmitter produces pulsed laser signals (laser beams), which are emitted
and oriented through rotating mirrors, in the direction of the object of interest (e.g., rock
surface) (Figure 3.4a). The backscattered laser pulses and the corresponding reflection
intensity are then detected by the receiver (Figure 3.4b) The TLS calculates the distance
to the object of interest (e.g., rock surface) using the time-of-flight technique (Abellan et
al., 2014) according to the following equation:

2 A — 3)

where R is the distance between the scanner and the object of interest (also known as
range), c is the speed of light and ToF is the time-of-flight. In addition to ToF, the
reflectance intensity and values for x-, y-, and z-coordinates for each measured point are
recorded. The reflectance intensity is defined as the ratio of the amount of emitted and
reflected signals, and its value depends on the range, angle of incidence, moisture,
surface geometry and object material (Abellan et al., 2011).
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Figure 3.4 Sketch illustrating basic operation of a TLS device (a), and TLS data acquisition using
the pulse method (b). Figure modified from Abellan et al. (2014).
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In this dissertation, an Optech ILRIS-LR terrestrial light detection and ranging scanner
was used to acquire high density 3D point clouds of rockwalls (Figure 3.5 and 3.6). The
scanner has scan frequencies of 10 kHz, a beam wavelength of 1,064 nm, and reflectivity
of 80% at 3 km distance. The field of view is 40° in both vertical and horizontal directions.
It uses a dual-mirror system, where the mirrors are controlled by different scanning
methods selected by the user. The controller program allows the user to define and
control a scan and set various scan settings including spot spacing, scan pattern, and
pulse mode (Figure 3.7). The spacing at which points are collected is set to ~7 mm. This
corresponds with angle distance of ~0.008° between laser pulses. The lower point
spacing values produce higher resolution scans. The scan pattern is set to step stare in
which one moving mirror produces the horizontal or x-axis while a second moving mirror
produces the vertical or y-axis (Figure3.8) . The scan pul se mode i s s
the range (distance between scanner and the object of interest) is determined by
measuring the last pulse returning to the scanner, filtering the earlier returns. This is ideal
for scanning in poor conditions such as scanning in fog, rain, or dust.
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Figure 3.5 Setup of the Optech ILRIS-LR terrestrial laser scanner in the Lauterbrunnen Valley
(a). An ideal scan position provides a clear view and nearly orthogonal perspective to rockwalls,
a secure zone of 114 m in front of the scanner, allowing for sufficient overlap between scans and
minimizing occluded areas by scanning from different angles. An example of a near-vertical
rockwall chosen for scanning (b).
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Figure 3.6 Topographic map of the Lauterbrunnen Valley including the scan positions and look

direction. Two scans with different look directions were collected fromeach | ocati on. Lab
and fAWO0 i n dch sidebfeahe valley thvehLiDAR scanner was positioned to collect point

cloud data from the opposite side of the valley. Figure from Strunden et al. (2015).
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Figure 3.7 Defining scan settings. The ILRIS PC Controller provides a graphical real-time display
of ILRIS-LR scan settings and operation. The white box marks the region of interest selected for

scanning.
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Figure 3.8 Step stare scanning pattern. The white rectangular area in (a) represents a region of
interest (ROI) selected for scanning by the user, and the red dots represent laser pulses emitted
from the scanner window, starting from the lower left corner of the ROI (panel 1 in b) and
continuing until the entire ROI is scanned (panel 4 in b).
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The software package (Joint Research Center (JRC) Reconstructor 2) and specific
methods of processing used in this study had been established for use at this field site by
Strunden et al. (2015) for rockfall detection and volume estimation. An overview of the
TLS data processing workflow is shown in Figure 3.9 and described in more detail below.

Raw scan data Postprocessing:
(1) Noise Removal
* e (2) Compute Normal
Parser N (3) Delete Vegetation
(Transformation
to ixf files)

Preregistration

/ (Alignment)

Registration

(Best fit algorithm)
Inspection Tool
¢ (Comparison 2 scans
from different Time)
Mesh ¢
Construction -

Cut and fill

algorithm
(Rock fall volume

calculation)

Figure 3.9 TLS data processing workflow for quantifying rockfall volumes. Figure from Strunden
et al. (2015)

Post-processing - The raw scan data are converted to the IXF (Integration Exchange
Format) format using the Parser software from Optech. In the JRC software, a set of
algorithms are applied to remove noise in data. Vegetation and artefacts are removed
manually in a two dimensional (2D) image.

Pre-registration and Registration - To compare scans from the same scan position
collected at subsequent times, the point cloud of the first scan (reference scan) is first
manually aligned with the later scan (moving scan) by identifying a set of corresponding
points among the two scans during pre-registration (Figure 3.10). During registration, this
alignment is refined automatically using the Iterative Closest Point (ICP) algorithm. The
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algorithm finds points (i.e., control points) on the moving cloud that are close to the
reference cloud. The algorithm then iteratively moves the moving cloud to reduce the
distance of the control points to the reference models.

Bl Lo -t et gk Cnrwers

Figure 3.10 Pre-registration dialog in the JRC software. This technique allows user to manually
compute a rough alignment between two point clouds. The image on the right is the reference
grid, and the image on the left is the moving grid. Selected control points are shown below the
grids. The alignment can be later refined automatically using the ICP registration.

Meshing and Inspection: A triangulated mesh of the reference scan is computed from
a predefined view/projection. To create a mesh, the algorithm projects all the points on a
2D surface (the near plane of the selected projection). These points are then meshed with
a standard 2D meshing algorithm named Delaunay, and the resulting mesh is projected
back into the 3D space. Using the inspection tool, the distance between each point in the
moving scan and the reference mesh is computed along a specific axis, and changes are
visualized in pseudo colors (Figure 3.11a). Rockfalls regions of interest (ROI) are
identified by visual identification of changes between scans (Figure 3.11b), and
comparison to photographs taken during each scan (Figure 3.12).
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119.34+£1.70 n¥

Figure 3.11 An example of the difference image where the results are shown as a new color layer
that carries for each point its measure distance from the reference model (a). Example of an
individual rockfall (b); color code is blue: no volume change; red: cut distance in meters. The exact
rockfall volume including the uncertainty is shown below box (b). The white box in (a) shows the
extent of the image displayed in (b).

Rockfall volume calculation: The ROI extent is digitized and a cut-and-fill volume
calculation is carried out by creating a mesh of the ROl and comparison with the reference
mesh. Cut values represent material loss due to rockfall, loss of snow cover, or vegetation
loss. Fill values show added volumes such as from snow cover, or vegetation growth.
Photographs taken during each scan assist with distinguishing rockfall events from other
features.

Figure 3.12 Photographs taken one year apart are used for distinguishing rockfall events from
other features. The white box shows the location of the rockfall event detected in Figure 3.11.
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3.4 Frequency-Magnitude calculations

The frequency-magnitude relationship of rockfalls is an important component of
rockfall hazard and risk assessment and has been used to estimate the repeat time of
larger rockfall events (Guzzetti et al., 2003; Hergarten, 2012; Strunden et al., 2015).
Previous studies have shown that there is a relationship between rockfall volume and
cumulative rockfall frequency, defined by a power law:

0w Ow (4)

where 0 @ is the cumulative number of rockfalls, wis the rockfall volume and prefactor
¢and scaling exponent Gare empirically-determined constants. This relationship can be
evaluated through the use of a rockfall inventory. Previous work using TLS-derived
rockfall inventories have shown that above a certain magnitude, the frequency of rockfalls
appears to decay as a power-law (Barlow et al., 2012; Guerin et al., 2014; Santana et al.,
2012; van Veen et al., 2017). Below this magnitude (also known as rollover), there is no
clear trend. The rollover volume as to be determined, and events smaller than the rollover
volume should be excluded, before estimating a power-law distribution.

To estimate the rollover volume, two approaches are used in this study. First,
nonlinear fits to the data are computed for all possible rollover volumes, and the best fit,
as determined by the highest R? value, is selected. The use of a least-square linear fit on
log-transformed data is avoided as this procedure yields a biased estimate for the scaling
exponent @by distributing the error in the tail of the power law distributed data unevenly
(Barlow et al., 2012; Clauset et al, 2007; Goldstein et al., 2004). Second, the choice of
the rollover volume and its corresponding maximum-likelihood estimate for the scaling
component ®are tested using the Kolmogorov-Smirnov (KS) goodness-of-fit test, in which
the lowest KS value describes the best fit.

The calculated power law relationship is then used to extrapolate to the time between
larges events, following the method described by previous studies (e.g., Bennett et al.,
2012; Malamud et al., 2004; Strunden et al., 2015), using this relationship:

0o Lz — (5)

where = is the number of events larger than the volume @ in the observation time Y
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The long-term averaged total eroded volume (.Q; Is calculated by integrating the

frequency density of rockfall magnitudes multiplied by the event volume following the
method described in Barlow et al. (2012):

W 0w WwQw (6)

where @ & "G the minimum rollover volume and w & @i&the maximum expected rockfall
volume based on historic records. From the total eroded volume, a corresponding
rockwall retreat rate can be calculated.
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4 Results

The main scientific results that address the hypotheses outlined in section 2 of this
dissertation are shown in the following sections (i.e., 4.1-4.4). These results are presented
as published or manuscripts in revision. Supplement files associated with each
manuscript is shown at the end of each section.

4.1 Online database of fault locations, fault attributes and seismicity

4.1.1 Author contributions

The following section of the dissertation has been published and is available
online: https://doi.org/10.5194/nhess-16-529-2016. The full citation is:

Mohadjer, S., Ehlers, T.A., Bendick, R., Stibner, K. and Strube, T., 2016. A Quaternary
fault database for central Asia. Natural Hazards and Earth System Sciences, 16(2),
pp.529-542.

The original manuscript is provided in section 4.1.2 and the original supplement file is
given in section 4.1.3. The online database and associated data files are available at:
https://esdynamics.geo.uni-tuebingen.de/faults/

Five authors contributed to the work presented in this paper: Solmaz Mohadjer (SM),
Todd Ehlers (TAE), Rebecca Bendick (RB), Konstanze Stubner (KS), and Timo Strube
(TS). A summary of the contributions is provided in Table 4.1. The detailed contributions
are as follows: RB sparked the overall idea about the need for an open-access fault
database for Central Asia. The idea was further developed by SM and TAE. All data files
were compiled, prepared in ArcGIS, and furthered managed in phpMyAdmin by SM.
Programming work for data web mapping and online visualization was done by TS with
input from SM. Analysis and interpretation of results were done by SM with contributions
from TAE, RB and KS. SM drafted the first version of the manuscript along with all Figures
and tables. The manuscript was further reviewed and edited by TAE, RB, KS, and TS, as
well as three external reviewers during the peer review process.
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Table4.1: Summary of contributions to joint work for t
Central Asiao, indicating the average fraction of
Scientific Data Analysis and Paper
Author Position Ideas generation Interpretation writing
(in %) (in %) (in %) (in%)
SM [1] 60 60 70 70
TAE [2] 30 0 10 10
RB [3] 10 0 10 10
KS [4] 0 0 10 5
TS [5] 0 40 0 5
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4. 1. 2 Paper
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Abstract. Earthquakes represent the highest risk in terms
of potential loss of lives and economic damage for central
Asian countries. Knowledge of fault location and behavior
is essential in calculating and mapping seismic hazard. Pre-
vious efforts in compiling fault information for central Asia
have generated a large amount of data that are published in
limited-access journals with no digital maps publicly avail-
able, or are limited in their description of important fault
parameters such as slip rates. This study builds on previ-
ous work by improving access to fault information through
a web-based interactive map and an online database with
search capabilities that allow users to organize data by dif-
ferent fields. The data presented in this compilation include
fault location, its geographic, seismic, and structural char-
acteristics, short descriptions, narrative comments, and ref-
erences to peer-reviewed publications. The interactive map
displays 1196 fault traces and 34 000 earthquake locations
on a shaded-relief map. The online database contains at-
tributes for 123 faults mentioned in the literature, with Qua-
ternary and geodetic slip rates reported for 38 and 26 faults
respectively, and earthquake history reported for 39 faults.
All data are accessible for viewing and download via http:
/lwww.geo.uni-tuebingen.deffaults/. This work has implica-
tions for seismic hazard studies in central Asia as it summa-
rizes important fault parameters, and can reduce earthquake
risk by enhancing public access to information. It also allows
scientists and hazard assessment teams to identify structures
and regions where data gaps exist and future investigations
are needed.

1 Introduction

The ongoing collision of the Indian subcontinent with Asia
resultsin active deformation and seismicity in the Indo-Asian
collision zone (Fig. 1). Continental collision initiated in the
early Cenozoic (ca. 55Ma) and is marked by large spatial
and temporal variations in deformation across the Himalaya
and surrounding areas (e.g., Hodges, 2000; Avouac, 2007;
Thiede and Ehlers, 2013). India-Eurasia collision has cre-
ated a complex zone of deformation that is characterized by
an intricate network of faults, some of which have histori-
cally caused devastating earthquakes and continue to pose
threats to the population at risk. Seven of the 28 deadliest
earthquakes reported for 1990-2014 (USGS, 2014) are lo-
cated in this zone with magnitudes ranging from 6.1 to 7.9
(Fig. 1). According to the United States Geological Survey,
these events caused at least 195796 fatalities in total, cor-
responding to 23 % of total death toll reported for all deadly
earthquakesin the world for the above period. Earthquakesin
this region do not have to be particularly large to cause heavy
damage. Only one of the 28 largest earthquakes reported for
the above period is located within the India-Eurasia colli-
sion zone (i.e., the 2008 M 7.9 Sichuan earthquake). Smaller
events of magnitudes 6.1 and 6.6 that occurred in the Hindu
Kush region in 2002 and 1998 respectively, caused over 5000
fatalities, and left about 10 000 injured and tens of thousands
homeless. To understand earthquakes and to address earth-
quake hazards, itis crucial to locate and characterize Quater-
nary faults accurately. In particular, fault location, earthquake
history and cycle, as well as slip rate, are important input pa-
rameters that are used in calculations of earthquake hazards
and probabilities. This information can serve as the basis for
understanding faulting and earthquake behavior in the region
(Trifonov and Kozhurin, 2010; Field et al., 2013; Willset al.,

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Figure 1. Map of the study area showing M ' 5 earthquakes (orange circles) for the 1900-2014 period from ANSS Comcat (2014). Red
stars mark the location of the deadliest earthguakes for the 1900-2014 period that are discussed in the text. The only exception is the 2001
M7.7 Bhuj earthquake which is located outside the study area, but it is still considered to be within the India-Eurasia collision zone.

2008; Plesch et al., 2007; Ruleman et al., 2007; Tapponnier
etal., 2001).

Previous studies in central Asia have produced a large
amount of data that enhance our understanding of regional-
and continental-scale tectonics as well as seismic hazards in
the region. Geodetic measurements using the Global Posi-
tioning System (e.g., Bendick et al., 2015; Ischuk et al., 2013;
M ohadjer et al., 2010; Zubovich et al., 2010; Bendick et al.,
2007, Reigber et al., 2001; Abdrakhmatov et al., 1996) and
regional seismic investigations and catalogs (e.g., Feld et al.,
2015; Schneider et al., 2013; Sippl et al., 2013; Mechie et al.,
2012; Haberland et al., 2011; Mellors et al., 1995) continue
to provide a more detailed pattern and rates of deformation
associated with individual faults and other major structures.
High-resolution imagery allows for more accurate mapping
of previously recognized faults and their geomorphic expres-
sions (e.g., Chevalier et al., 2012; Robinson, 2009; Taylor
and Yin, 2009; Strecker et al., 2003), and a significant num-
ber of previously unknown, but potentially active structures
have been detected and interpreted based on satellite images
and digital topographic data (e.g., Ruleman et al., 2007).
Despite being limited in their coverage, recent paleoseismo-
logic studies (e.g., Schiffman et al., 2013; Korjenkov et al.,
2012; Ran et al., 2010; He et al., 2007; Kumar et al., 2006;
Washburn et al., 2003) provide improved constraints on the
magnitude and recurrence time of past earthquakes for some
faults. The paleoseismic history of many faults, however, re-
mains poorly understood. Previous investigations have often
been limited to the Himalayan main frontal thrusts (Kumar
et al, 2001, 2006; Lavé et al., 2005) and other major struc-
tures such as the Kunlun and Altyn Tagh faults (He et al.,
2007; Washburn et al., 2001, 2003, respectively), or were
only conducted in the aftermath of large events such as the
2005 K ashmir and the 2008 Sichuan earthquakes (K aneda et

Nat. Hazards Earth Syst. Sci., 16, 529-542, 2016

al., 2008 and Ran et al., 2010, respectively). A more com-
plete paleoseismic record can enhance our understanding of
fault behavior and earthquake hazard in the region. All data
from previous work provide baseline observations for under-
standing patterns and rates of Quaternary faulting in central
Asia.

Despite considerable advancements provided by previous
work, there are several shortcomings that impede informa-
tion sharing and adequate assessment of fault activity and
hazards in the region. Previous investigations have gener-
ated data that are documented in a wide range of formats
(e.g., digital, texts, maps, and images) that are often pub-
lished in non-open access journals. This can make access,
usage, and dissemination of fault data a time-consuming and
resource-intensive task, particularly for non-academic users
and the general public. Despite initiatives that aim to pro-
vide a centralized platform for storage, maintenance, and
the display of fault data specific to other regions of the
world such as the online Quaternary Fault and Fold Database
of the United States Geological Survey (http://earthquake.
usgs.gov/hazards/qfaults/), few attempts have been made for
central Asian faults (e.g., loffe and Kozhurin, 1996; loffe
et al., 1993; Trifonov, 2000). The HimaTibetM ap of Tay-
lor and Yin (2009) is currently the only publicly available
digital database of active structures located in central Asia.
Users can download and view fault location data on a semi-
interactive map. The fault data, however, are unsearchable
and limited to only a few parameters. The Global Earth-
quake Model Global Active Faults Database (http://www.
globalquakemodel.org/) is currently being tested with no
fault data from central Asia. Therefore, there is a clear need
for an open-access database with fault information that fo-
cuses on central Asia.

www.nat-hazards-earth-syst-sci.net/16/529/2016/

37



4, Results

38





















































































































































































































































































































