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Abstract

In this project, interdisciplinary methods are applied to study abundant submarine landslide
valleys, sediment wave trains and volcaniclastic deposits in submarine parts of Azores volcanic
islands to assess the sedimentary processes, characteristics of deposits and their hazard
implications. Marine geophysical data help to characterise geomorphological features of
submarine topography. Sedimentary structures, morphometric parameters, geochemical
compositions of volcanic particles and bulk sediments, and chronostratigraphy are derived from
marine sediments. Statistical methods are used to find relationships between data sets.
Numerical calculations help to assess the sedimentary processes induced by external forces
(e.g., ground motion, wave-induced stress and oceanic current).

Four key findings are found. 1. More than 1200 submarine slope valleys have been found
around the central Azores, mostly caused by landslides. Thirteen landslides would likely have
generated tsunamis with heights of 1-7 m at source, hence potentially hazardous. Higher
landslide volumes of submarine slopes in Terceira and S&o Jorge Islands compared to Faial and
Pico Islands may result from more frequent large earthquakes beneath Faial and Pico. 2.
Sediment wave trains are twice as abundant on northern island slopes compared with their
southern slopes. This asymmetry is associated with greater wave energy arising from the
northwest, leading to greater coastal erosion and wave-induced bed stress, encouraging
sediment suspension and redeposition on the slopes and eventually initiating sediment gravity
flows. (3) A wide range of information is integrated to discriminate tephra fallout and primary
and secondary volcaniclastic turbidites in four gravity cores collected nearby the Azores islands.
Sediment type discrimination suggests that two-thirds of volcaniclastic beds originate from
eruptions and only one-third are from submarine landslides. (4) Modelling of turbidite volumes
in the basins suggests only sediments from the largest landslides and eruptions have been
deposited in the basins. Age-depth models built from “C dates of foraminifera from
hemipelagic intervals and tephra bed correlation suggest the emplacement ages and the

frequencies of large submarine landslides and volcanic eruptions are both > 1 ky.
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Chapter 1. Introduction

1.1 Motivation

Millions of people live close to volcanoes around the world. Many of them are located around
the Pacific Rim, and some are close to spreading centres like the Mid-Atlantic Ridge. Volcanic
ocean islands are volcanoes lying in the oceans away from the subducting plate boundaries.
Their glamorous scenery and unigque environment always attract thousands of tourists visiting
there every year. However, travelling or living close to an active volcanic island is not without
risks. It is maybe the thrill experience of the lifetime—or a fatal destination. Illustrating the
potential for future catastrophes, in June 1783, the Laki volcanic fissure vent in Iceland erupted
for eight months. This eruption produced the largest lava flow in historical times and damaged
tens of farms (Thorarinsson, 1979). Nonetheless, the most significant impact caused by this
eruption was the emission of voluminous toxic SO volcanic gases from the 25-km-long fissure,
resulting in a severe haze famine and the loss of 75% of livestock and 24% of citizens in Iceland
(Hammer, 1977). This eruption even profoundly affected the global temperature in the
subsequent years as an abnormal temperature drop found in the eastern US between 1783 and
1784 (Sigurdsson, 1982) due to the effects of significant gas emissions on the backscattering of
solar radiation and cooling of the earth (Hansen et al., 1981). Though more locally important,
similar damages have occurred in the other volcanic ocean islands, such as the Capelinhos
eruption of Faial island in 1957-1958 (Machado et al., 1962) and the eruption on Tristan da
Cunha in 1962 (Baker et al., 1964).

The damage caused by the volcanic activities on volcanic ocean islands and the subsequent
influences on broader issues highlight the necessity of understanding the role of volcano-
sedimentary processes and how they vary over time. Developing the knowledge of the
geological processes allows the preconditions, triggering mechanisms and their hazards to be
better revealed. It is particularly critical for volcanic ocean islands, such as the Azores
archipelago (Fig. 1), because of their remote locations and the difficulty of evacuation and

support when severely interrupted by volcanic ash clouds. The lack of understanding may lead
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Chapter 2

to underestimating the consequences of hazards occurring there. This project, therefore,
contributes towards the effort to comprehensively investigate the interplay between different
geological processes (sedimentary deposition and transportation, biogenic production, tectonic
movements and volcanic activity) and hazards (earthquakes, volcanic eruptions, submarine
landslides and landslide-induced tsunamis) affecting the Azores volcanic ocean islands. The
preconditions, event magnitudes, frequencies and temporal-spatial changes of these processes
and comparisons between other volcanic settings can be explored by integrating marine
geophysical and geochemical, sedimentary, physical oceanographic and chronostratigraphic

data.
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Figure 1.1. Maps of regional tectonic settings and distributions of historical natural hazards
of the (a) Azores Islands, (b) central Azores group and (c) Séo Miguel Island. Bathymetric data
are derived from Global Multi-Resolution Topography Data Synthesis (GMRT) of GeoMapApp
(Ryan et al., 2009).
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1.2 Rationale

The present-day geomorphology of insular volcanic islands is a combined result of volcanic,
tectonic, mass-wasting, sedimentary, and oceanographic processes (Fig. 1.2; Ramalho et al.,
2013). Volcaniclastic and sedimentary materials denuded from the islands through volcanic,
tectonic, and sedimentary processes are transferred to their surrounding seafloor (Menard,
1983). Therefore, they can help to assess the magnitudes of volcanic eruptions and submarine
slope failures and their variance over time, as has been done for Gran Canaria (Carey et al.,
1998; Schmincke and Sumita, 1998), Reunion (Ollier et al., 1998; Saint-Ange et al., 2013) and
Cape Verde (Eisele et al., 2015b). Understanding the geological processes that affect volcanic
ocean islands helps to explore the submarine and internal structure of volcanic ocean islands
and guyots, where high-quality data able to reveal internal structure is limited. For example,
scientific drilling has been attempted at only a few islands and seamounts (e.g., Hawaiian
Islands (Moore et al., 1996), Sao Miguel (Muecke et al., 1974), the Louisville Seamounts
(Buchs et al., 2018) and the Walvis Ridge (Sager et al., 2022)). However, these have been
almost exclusively in their centres or in the deep sedimentary basins around them rather than
on their steeply dipping flanks.

Two contrasting models of internal structures of volcanic ocean islands were originally
proposed based on marine geophysical data, ocean-bottom photographs, and dredge samples
(Moore and Fiske, 1969). Accordingly, submarine flanks could be either composed of
volcaniclastics with occasional lavas extruded from submarine vents (Fig. 1.3a; Moore et al.,
1995) or substantial quenched pillow lavas fed by lava tubes from land vents (Fig. 1.3b; Moore
and Fiske, 1969; Fornari et al., 1979). The first compositional model was inferred from the
observations of widespread thick fragmental debris layers (7.5 km) on the submarine slopes of
Kilauea, Hawaiian Islands (Moore and Chadwick, 1995). The pillow-lava model served as the
structural prototype for interpreting other ocean island volcanoes where coherent pillow lavas
formed dominantly on the submarine flank surface, transitioning to volcaniclastic only when
vents approached sea-level (e.g., La Palma, Canary Islands; Staudigel and Schmincke, 1984).

Although individual chapters of this thesis mainly focus on the sedimentary processes,
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characteristics of deposits and hazards around the Azores volcanic ocean islands, that work in
combination also addresses a broader need to reveal the structure under the submarine flanks

of the Azores volcanic islands, contributing to the above debates.
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Figure 1.2. Processes affecting the evolution of volcanic ocean islands (Ramalho et al., 2013).
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Figure 1.3. Two conceptual models of internal structures of volcanic ocean islands (Garcia
and Davis, 2001). (a) Fragmental debris model. (b) Pillow-lava model. Note in (b) that
hyaloclastites and pillow lavas are dominant in the upper 1 km and the rest of submarine

section, respectively.
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The first systematic marine geophysical survey in the Azores occurred in 1978 (Searle 1980),
focusing mainly on the central and eastern Azores islands and the adjacent Mid-Atlantic Ridge.
In the past two decades, increasing marine surveys with more advanced survey systems have
been carried out for extensively imaging and collecting sediment samples to better reveal
marine tectonic and volcanic structures (Mitchell et al., 2018 and references therein). In this
study, six types of data have been compiled from different marine research cruises and data
repositories (Table 1.1), including one set of instrumental earthquake records, three sets of high-
resolution multibeam bathymetry, two sets of seismic reflection sections, one set of sediment
profiler records, one set of backscatter images, two sets of sediment cores, and three sets of
oceanographic properties. High-resolution bathymetric data have revealed rugged submarine
slopes and widespread sediment wave trains on the seafloor of the central and eastern Azores
area (Fig. 1.4), likely resulting from frequent submarine geological processes such as mass
wasting (Mitchell et al., 2012; Quartau et al., 2014; 2015) and sedimentary flows (WeiR et al.,
2015 and 2016). Coarse dark volcaniclastic beds and fine pale clay-rich beds are interspersed
in the sediment cores collected adjacent to the central Azores islands (Fig. 1.5), suggesting
frequent supply of sediment from eruptions and landslides. The many flat-floored basins lying
close to the eruptive centres and island slopes of the Azores islands (Fig. 1.1.b and 1.1.c)
provide a great chance to study the sediments originating from large geological events and
potentially also allow more products of smaller events to be captured because of their locations
proximal (within 10-30 km) to potential sources on or near the islands. The observed features
in submarine geomorphology and sediments cores were investigated by combining all types of
available data (Table 1-1) with numerical and statistical analyses to answer questions related to
magnitudes and frequencies of volcanic and submarine sedimentary processes, induced hazards,

and mechanisms behind them.
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Table 1.1. Compiled list of datasets used in the study

profiles

measurements crossing the central Azores islands.

Dataset Data contents and coverage/location Collected years | Chapter
International
Earthquake 30 largest earthquakes with Mw > 4.5 for the central Seismological
Centre catalog, | Chapter 3
events Azores from 1964 to 2019.
downloaded
2019
High- Resolution ranging 0.26-26 m from 10 to 1000 m
resolution depth. A combined dataset of grid node spacing of RV Arquipélago | Chapters
multibeam 10-25 m? for the submarine slopes and basin floors 2003 3,5and 6
bathymetry A | around Faial, Pico and S&o Jorge islands.
High- Resolution ranging 0.5-1 m in the shallowest 100 m Chanters
resolution water depth to 20-50 m at 2000 m water depth for RV I’Atalante in p
. . . 3,4,5
multibeam the submarine shelves, slopes and basin floors 2011 and 6
bathymetry B | around Terceira island and Serreta Ridge.
Resolution ranging from 5 m in the shallowest 200 m
High- water depth to 50 m at 2000 m water depth for the .
. . . . RV Meteor in
resolution submarine slopes and basin floors around Séo
. : . . 2009, 2015and | Chapter 5
multibeam Miguel island and partly on the central group islands. 2016
bathymetry C | A combined dataset of grid node spacing of 26-50
m2,
Seismic Four 2D multichannel seismic reflection sections
. located on the northern and southern slopes of Séo RV Meteor in
reflection : . . ; Chapter 5
Miguel island. Signals were recorded with a 600 m 2009
dataset A L
long streamer comprising 144 channels.
Four 2D multichannel seismic reflection sections
Seismic located on the submarine slopes and seafloors of RV Meteor in
reflection Faial, Pico and S&o Jorge islands and Serreta Ridge. 2015 Chapter 6
dataset B Signals were recorded with a 600 m long streamer
comprising 144 channels.
Three sediment profiler sections were collected on
the submarine slopes around Pico and S&o Jorge
Sediment islands and Serreta Ridge using a hull-mounted RV Meteor in
profiler Parasound system emitting two pulses of high 2015 Chapter 6
records primary frequencies (18 kHz and 22 kHz) which
generate lower frequency narrow beam signals by the
parametric effect.
Combined dataset of backscatter for the shelf of RV Arquipélado
Faial island derived from beam-forming sonar (50 . quipelag
Backscatter . in 2003 and RV
g kHz) and phase-measuring sonar (117 kHz) systems. | ; s Chapter 5
mosaic Images . - Aguas Vivas in
Backscatter mosaics were produced at a resolution of 2004
1 m and grid node spacing of 5-20 m?.
Sediment core Four gravity sediment cores_of ~25,4.9,2.1and 3.7 RV Meteor in Chapters
m length collected from basin floors around the
dataset A : 2017 4 and 6
central Azores islands
Sediment core | Eighty-eight sites on the shelves of Faial and Pico RV Arquipélago Chabter 5
dataset B islands were box-cored in water depths of 20-80 m. in 2003 P
A two-year interval of wave properties extracted
)j/\;?;szf K)perty from a SWAN model for the central (29°W, 39°N) ?Q:ear:]);g?;gltg Chapter 5
and eastern (26°W, 38°N) Azores areas.
\Wave propert A three-month interval of wave properties extracted January 2001 to
datase'FB PEY 1 from a SWAN model for the central (29°W, 39°N) Marchy2001 Chapter 5
and eastern (26°W, 38°N) Azores areas.
Ocean densit Seven ocean density profiles derived from
y conductivity-temperature-depth (CTD) Unknown Chapter 5
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Chapter 2

Figure 1.4. Features of seafloor topography on high-resolution bathymetric data on the

submarine slopes of the (a) Faial, (b) Pico, (c) Séo Jorges, (d) Terceira and (e) Sao Miguel
Islands. Steep head scars along the submarine island slopes and widespread sediment trains
are distributed on the seafloor.
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undulations

Figure 1.4 continued
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Chapter 2

Figure 1.4 continued
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Figure 1.5. Photoscans of sediment gravity cores collected around the Azores Islands. Dark

rich sediments are frequently found in the cores.
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1.3 Aims and objectives

Aims

Aim 1. How is sediment created by volcanism, erosion and biological activity
transferred to the archaepelagic aprons of volcanic islands?

Aim 2: What processes are responsible for the high abundances and varied
characteristics of slope valleys around the submarine flanks of the central Azores
volcanic islands?

Aim 3: What are the implications of slope valleys for assessing hazards associated with
submarine landslides?

Aim 4: What processes are responsible for creating trains of submarine sediment waves
around the Azores volcanic islands?

Aim 5: What are the characteristics and emplacement frequencies of volcaniclastic
deposits in sediment cores originating from eruptions and landslides?

Aim 6: How do the records in sediment cores near to the Azores islands compare with

potential sources on the islands and with sediment records in other volcanic settings?

In order to address these aims, a series of objectives have been tackled as outlined below.
Aim 1 is essentially addressed by all the following objectives.
Addressing aim 2, the objectives of Chapter 3 are to:
*Identify and classify submarine landslide valleys by adopting different classification
schemes based on marine geophysical data.
*Assess different factors that may cause variations in submarine landslide features
amongst the Central Azores.
Addressing aim 3, the objectives of Chapters 3 are to:
*Carry out landslide volume-frequency statistical analysis to represent the relative

probability that a landslide greater than a particular size occurs.
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*Use empirical equations to estimate tsunami heights at source.
*Generate measures of landslide abundances and size, and interpret them from varied
long-term earthquake risk and other factors among the islands.

Addressing aim 4, the objectives of Chapter 5 are to:
*Use morphological evidence from marine geophysical data and logic in explaining the
asymmetric abundances of sediment waves to determine the main process forming the
wave trains.
*Assess shelf sediment mobility from sidescan sonar data, sedimentary grain size
texture and the threshold of movement under wave-induced stresses.

Addressing aim 5, the objectives of Chapters 4 and 6 are to:
*Discriminate different types of emplaced volcaniclastic beds based on multiple lines
of evidence, including sedimentary structures, and morphometric and geochemical
analyses.
*Build age-depth models based on *C dates of foraminifera from hemipelagic intervals
and tephra-bed correlation to find the frequencies of submarine landslides and
eruptions.

Addressing aim 6, the objectives of Chapters 4 and 6 are to:
*Compare volumes of secondary volcaniclastic turbidites derived by geometric
modelling with volumes of their adjacent upper slope submarine landslide valleys.
*Model the volumes of pyroclastic turbidites in the basins to adjust the known total
volumes of explosive erupted materials based on land deposits.
*Correlate pyroclastic beds between cores and their adjacent islands.
*Compare volcaniclastic bed thickness-frequency distributions of the Azorean cores
with those near other oceanic islands

1.4 Thesis structure

The thesis is written in a journal format and structured into eight chapters.
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Chapter 1 is general introduction. This chapter brief the motivation, rationale, and research aims

and objectives of this thesis.

Chapter 2 is general literature review. This chapter describes the most relevant background

knowledge of the processes and natural hazards around the volcanic ocean islands.

Chapter 3 is a scientific manuscript entitled “Landslides in the upper submarine slopes of
volcanic islands: the central Azores”. In the work for this manuscript, >1200 slope valleys in
high-resolution multibeam sonar data are identified and the implications for tsunami and long-
term seismic hazards are assessed. Differences in landslide size distributions between islands
have been found, which suggest potential differences in triggering or conditioning by
earthquakes amongst them. The landslide abundances and geometrical properties also allow

tsunami hazards to be assessed.

Chapter 4 is a scientific manuscript entitled “Volcaniclastic deposits and sedimentation
processes around volcanic ocean islands: the central Azores”. This manuscript discriminates
tephra fallout, and primary and secondary volcaniclastic turbidites around the islands using a
range of information (e.g., sedimentary structures, volcanic glass composition and
morphometric parameters, bulk mineralogy and organic geochemistry) to resolve volcaniclastic
bed type ambiguities. Volcanic glass composition and their morphometric parameters and
existence of shelf-origin biogenic material are found to be the most critical clues. The results
suggest that volcaniclastic turbidites originate mainly from pyroclastic flows and only one third

from submarine landslides.

Chapter 5 is a scientific manuscript entitled “Asymmetric abundances of submarine sediment
waves around the Azores volcanic islands”. Sediment waves are shown to be more abundant
on the northern submarine flanks of the islands than on their southern flanks. This observation
favours explanations for their formation involving sedimentary gravity flows. Arguments
involving greater coastal erosion and shelf sediment mobilisation suggest that flows should be

more common from the northwest arising from the prevailing direction of wind and waves. A
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field of giant sediment waves on the northern flank of S&o Miguel Island, in contrast, is

suggested to have been the result of pyroclastic flows from one or more giant eruptions.

Chapter 6 is a scientific manuscript entitled “Emplacement history of volcaniclastic turbidites
around the central Azores volcanic islands: frequencies of slope landslides and eruptions”. In
this manuscript, four age-depth models were created based on tephra bed correlation and *4C
dates of foraminifera from hemipelagic intervals. This work has revealed hemipelagic sediment
fluxes and frequencies of eruptions and landslides and their changes over time, hence allowing
an independent assessment of the sedimentary history of the Azores islands. Turbidite volume
modelling suggests that the deposits preserved in the cores originate from only the largest

landslides, whereas smaller landslides generate flows that deposit on the slopes.

Chapter 7 is a synthesis and broader discussion. This chapter discusses the insights into the

research project in general and recommends future work.

Chapter 8 is concluding remarks. This chapter briefs the principal results of each scientific

manuscript and the progress overall towards Aim 1.
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Chapter 2. Geological background and general review of processes

and hazards around insular volcanic islands

2.1 Geological background

The Azores archipelago consists of nine volcanic islands lying close to the slow-spreading Mid-
Atlantic Ridge (Fig. 1.1). They can be divided into the western group (Flores and Corvo), the
central group (Faial, Pico, Sao Jorge, Terceira and Graciosa) and the eastern group (Sao Miguel
and Santa Maria). They rise above a broad oceanic plateau of thick crust, developed at a hyper-
slow oblique spreading hotspot-dominated plate boundary or formed by intense volcanism or
mantle melting from other sources (White et al., 1976; Bonatti, 1990; Gente et al., 2003; Vogt
and Jung, 2004). Nine Azores islands are generally aligned NW-SE and their volcanic
alignments and tectonic structures on the islands mainly align in two directions (i.e., N150°E
and N110°E-N120°E; Fig. 2.1), likely resulting from a regional dextral transtensional

deformation (Lourenco et al., 1998; Miranda et al., 2015).

Figure 2.1. Neotectonic maps of the five studied Azores islands derived from Maderia et al.
(2015).
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Many of the Azores Islands are geologically young, with tectonic and volcanic activities during
at least the late Quaternary (Féraud et al., 1980) and continuing toward the present (Gaspar et
al., 2015). For instance, cinder cones on S&o Jorge and Pico islands and basaltic Holocene lava
flows on the fissure zones of Terceira island have been sheared or displaced by active faults
(Madeira and Brum da Silveira, 2003; Madeira et al., 2015), evidence of pre-historic seismic
activity. The recent “°Ar/**Ar and K/Ar dating results suggests that the oldest edifice on Terceira
is younger than 0.4 Ma and the most recent-formed edifice is ~50 ka (Calvert et al., 2006;
Hildenbrand et al., 2014). S&o Jorge Island can be subdivided into old and young volcanic
complexes according to the results of “°Ar/**Ar and K/Ar dating (Hildenbrand et al., 2008; Pinto
Ribeiro et al., 2010; Marques et al., 2018). The oldest subdivision in the southeast is of age 1.2—
1.85 Ma, and the intermediate to young volcanic subdivisions in the northwest is younger than
0.75 Ma. Two historical eruptions occurred in the northwest of S&o Jorge in 1580 and 1808
(Madeira, 1998). The oldest part of Faial Island is of age ~850 ka (Hildenbrand et al., 2012),
but most parts of the island are widely blanketed by a younger volcanic complex of 10-440 ka
age (Pacheco, 2001; Pimentel et al., 2015). The Capelo fissure system in the west is younger
than 10 ka and its youngest unit (i.e., Volcano Capelinhos) arose from the sea during the
historical basaltic eruption of 1957/58 (Machado et al., 1962). K/Ar dates suggest that Pico
Island has developed since 0.19 Ma (Costa et al., 2015) and has had three historical eruptions
since 1562. Although radio-isotopic dating has been extensively carried out on samples from
Séo Miguel Island, the geological history of the Azores island remains poorly constrained as
some obtained ages of the same volcanic unit vary by a factor of 4. Despite lacking an
unambiguous evolutionary history, recent works generally agree that Sdo Miguel Island was

built since at least 1 Ma with a westward developing trend (Féraud et al., 1980; Gandino et al.,
1985; Johnson et al., 1998).

Eruptions in the Azores are usually moderate (e.g., effusive Hawaiian eruption), but more
explosive eruptive styles can also occur, with mildly explosive Strombolian, phreatomagmatic

to Plinian eruptions (Machado, 1959; Cole et al., 2001; Calvert et al., 2006; Pimentel, 2007;
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Larrea et al., 2014; Sibrant et al., 2014). Mild basaltic eruptions were usually related to fissure
volcanic systems, generating lava flows with directions following the regional NW-SE tectonic
trend. The explosive ignimbrite-forming eruptions instead were associated with caldera
development that is capable of generating dispersed pyroclastic fallout and pyroclastic density
current deposits (e.g., Pimentel et al., 2015; 2021). Such ignimbrite sequences have been

frequently identified on Terceira, Faial and S&o Miguel Islands.

2.2 Geological processes affecting volcanic ocean islands

There are relatively few detailed studies of insular volcanic islands or of the Azores islands in
particular. Therefore, in this section, knowledge and examples from other islands and
continental shelves or slopes with comparable geomorphology are drawn upon to suggest the
types of processes and structures that may occur in the Azores.

2.2.1 Volcanism

Volcanism is the foremost factor of insular volcanic island growth and is also an important
sediment source. Although volcanism is often associated with rising juvenile magma from the
mantle or lower crust, other near-surface activities can also induce volcanism due to surface
mass unloading resulting from multistage retrogressive landslides (Hunt et al., 2018) and
hydrothermal depressurisation (Reid, 2004). Depending on magma viscosity and gas content,
eruptive styles can be divided into effusive and explosive eruptions. Effusive volcanism
generally generates large tracts of low viscosity lava flows (Peterson, 1976), expanding the
shorelines of insular islands. Opening of linear fissure vents, lava flows and domes extruding
onto the surface are usually associated with effusive or mildly explosive eruptions (e.g.,
Pedrazzi et al., 2015). Explosive eruptions instead involve a sudden exsolution and expansion
of gas during depressurisation of viscous magma, resulting in gas and tephra particles (a
collective term used to describe all ejected volcanic particle irrespective of size, shape and
composition of erupted clasts (e.g., Fisher, 1961; White and Houghton, 2006)) ejected out of
the volcano. Explosive eruptions are subdivided into different types from mildly-moderately

explosive styles (e.g., Strombolian, phreatomagmatic and Vulcanian) to fiercely explosive
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styles (e.g., Peléan and Plinian eruptions). Significant explosive volcanism can greatly reshape
island landscapes by destructing or constructing calderas (e.g., Gertisser et al., 2010) or by
inducing volcanic island flank collapse and landslides. Such explosive activities are usually
responsible for life and property loss. Illustrating their potential, explosive eruptions in volcanic
arcs can be even more significant and inject voluminous sulfate aerosols into the stratosphere,
eventually causing a decrease in global surface temperatures for the following several years
(e.g., Rampino and Self, 1982).

2.2.2 Tectonics

Tectonic structures can be formed associated with magma intrusion (e.g., dyke swarms; Walker,
1960), regional plate deformation (e.g., fault scarps; Carmo et al., 2015) and deep-seated
slumping (Moore et al., 1989). Tectonic activities, when they occur, are typically accompanied
by earthquakes. Besides creating new tectonic structures, vertical movements (either uplift or
subsidence) can affect sedimentary processes (subaerial erosion and biogenic production;
Quartau et al., 2014) and trigger mass wasting (e.g., destabilizing volcanic flanks and the
unconsolidated deposits on them; Masson et al., 2006). For instance, modelling the 1975
Kalapana, Hawaii, earthquake (Ms = 7.1) revealed that it was caused by large-scale slumping
occurring in the south flank of Kilauea Island (Eissler and Kanamori, 1987).

2.2.3 Mass wasting

Mass movement (either small, gradual, or catastrophic) is one of the most effective mechanisms
for transporting coarse sediments to the sea (Trenhaile, 2011). Triggering of mass wasting can
be either directly, indirectly or non-directly associated with volcanic activities. For instance, an
explosive eruption can directly deconstruct volcanic edifices (e.g., Gertisser et al., 2010; Paris
etal., 2017). Volcanic flank slope failures can be indirectly associated with volcanic activities
because of volcano-tectonic earthquakes (Carracedo, 1994) and excess deposition of magmatic
material (lava flow and unconsolidated pyroclastic material; Di Traglia et al., 2018), which can
overload the submarine slopes or lead to slope over-steepening. Other non-volcanic processes

involve cyclic loading originating from earthquakes (Keefer, 1994) and storm-waves (Zhang et
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al., 2016), and reduced slope strength due to excess sedimentation, erosion and gas pressure
(Hampton et al., 1996 and references therein).

When they occur, gravitational mass wasting events typically create steep head scars on the
upper slopes and displace deposits on the seafloor (Moore et al., 1989). Catastrophic lateral
flank collapses can remove voluminous sediments into the sea in short period (Mitchell et al.,
2003), potentially generating tsunamis and resetting the balanced erosional or depositional
status. Small submarine slope valleys in continental slopes have been suggested to be associated
with repeated small failures and erosion by sediment gravity flows resulting from
disaggregation of the failed material (Pratson and Coakley, 1996). As similar processes also
commonly occur on volcanic islands (Masson et al., 2006), slope valleys in volcanic island
submarine slopes potentially also develop by those mechanisms.

2.2.4 Biogenic production

Although coral growth is typically restricted to regions in tropical water (Stoddart and Steers,
1977; Chappell, 1980; Spalding and Grenfell, 1997; Dullo, 2005), corals also grow in cool-
water temperate and cold-polar environments (James and Clarke, 1997; Pedley and Carannante,
2006). Present-day ‘'temperate’ environments are dominated by heterozoan benthonic
assemblages (benthic foraminifera, echinoids, molluscs and bryozoans; James et al., 2011).
Coralline algae are the most important phototrophs contributing directly to the sediments.
Although the relationship between nutrients and carbonate in marine environments is complex
(Lukasik and James, 2003; Mutti and Hallock, 2003), the principal factors affecting growth are
seawater temperature, nutrient availability and light. For those volcanic ocean islands in
temperate environments, nutrient availability is a more sensitive factor to the growth of
plankton foraminifera and heterotrophic metazoans than seawater temperature and light (Multti
and Hallect, 2003). The absence of reef barriers and baffles has major effects on sea cliff
development and stability as there is little to prevent direct wave and storm energy reaching the
shoreline.

2.2.5 Erosion

Subaerial and submarine erosion are both important processes modifying volcanic islands.
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Riverine erosion

Streams are important sources of sediment to coasts at some high volcanic ocean islands, such
as the Hawaiian Islands (Stidd and Leopold, 1951) and Reunion Island (Barbary et al., 2019),
where orographic rain occurs and the climate is humid. The windward sides of those volcanic
edifices receive higher precipitation, enhancing subaerial erosion and the release of terrestrial
sedimentary particles. If this applies locally in the Azores, hyperpycnal flows initiated during
ephemeral periods of heavy rains and flash flooding (e.g., Babonneau et al., 2013; Quartau et
al., 2018) could discharge large volumes of terrestrial sediments into the sea. However, riverine
erosion and hyperpycnal river outflows are thought to be less important in the Azores islands,
as their rivers are small, storm flows are ephemeral and there is little orographic effect on
rainfall due to their low relief (Forjaz et al., 2004; Cruz et al., 2010; Instituto Nacional De
Meteorologia, 2012).

Coastal erosion

Wave energy, tides, currents, and wind-driven processes can play important roles in controlling
the intensity of marine and coastal erosion (Trenhaile, 2000; 2001). In many volcanic ocean
islands where sea cliffs have high reliefs (Quartau et al., 2012; Huppert et al., 2020), wave
forcing is probably the main process modifying coastline morphology (Borges, 2003; Quartau
et al., 2010), although weathering and large landslides may also contribute. The energy of
waves reaching coastal areas varies in space and time as it originates from both near and far-
field winds, which vary with climate, and waves are refracted and attenuated by shallow
bathymetry. During sea-level fall, sea cliffs can become moribund and isolated from waves. In
contrast, increased wave exposure of sea cliffs during the sea-level highstands results in
enhanced sea-cliff erosion due to repeated wave impacts (Sunamura, 1977). High-energy
storms and tsunamis can extensively modify coastal geomorphology in merely minutes or hours
(Noormets et al., 2002; Paris et al., 2009).

Submarine erosion

Submarine erosion can result from sediment gravity flows originating from the disintegration

of materials in submarine mass movements (Nisbet and Piper, 1998), agitation of shelf sediment
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by waves effects (Porcile et al., 2020) and wind-driven circulation (Normandeau et al., 2020).
Other oceanic processes such as internal tidal wave currents resulting from interactions of
barotropic tides with seafloor topography (Belde et al., 2015; Ribd et al., 2016) and geostrophic
bottom currents originating from the force balance between the pressure gradient and the
Coriolis effect (Thran et al., 2018) have been suggested to be capable of modifying deep-marine
bathymetry around some volcanic islands (e.g., Canary Islands; Palomino et al., 2016) and in
the pelagic caps of guyots (Mitchell et al., 2015). Although these oceanographic processes are
not as intense as storms or tsunamis, their sustained effects have been suggested to continue
remobilizing finer-grained unconsolidated sediments on continental slopes (e.g., Fuhrmann et
al., 2022), which may eventually readjust the slope balance and then induce gravity-driven mass

movements.
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2.2.6 Eustatic sea-level change

Changes in relative sea-level, which likely follow eustatic sea-level in the Azores Islands as
they lie far from changing glacial and hydrostatic loads, have a number of influences on the
evolution of volcanic ocean islands. In volcanic islands such as the Azores, higher biogenic
production and sea-cliff erosion are expected during sea-level highstands because of broader
shelves submerged under shallow water and the increased wave exposure of tall sea cliffs
(Quartau et al., 2012).

Increased volcanic eruption frequency of Santorini Volcano has been correlated with periods
of falling sea-level, suggested to be due to reduced overburden pressure in the rocks above the
magma chamber (Satow et al., 2021). However, other researchers either have not found such
an association (Walker et al., 2021) or cannot explain this trend by a single external modulation
(Neuberg, 2000). Increased sediment fluxes originating from processes driven by sea-level
adjustments may also affect the stability of the submarine slopes, such as by over-steepening
and rapid deposition (weak consolidation), ultimately leading to submarine slope failures (e.qg.,
Sansone and Smith, 2006).

2.3 Hazards at/around volcanic islands

Various types of natural hazards can occur at/around volcanic islands. They are either directly,
indirectly, or unrelated to volcanic activities. However, a complex scenario of multiple types
of hazards overlapping with each other is also likely (e.g., Selva et al., 2019).

2.3.1 Hazards related to eruptive activities

Volcanoes can directly pose multiple types of hazards and severely affect the surrounding area.
In this section, only the hazards relevant to this project are introduced.

Lava flows

Lava flows are one of the common volcanic eruption products, and their high temperatures can
cause fires in vegetation and buildings along their transport paths. Iron/magnesium-rich basalt
lavas have low viscosities and can widely spread in broad and thin sheets. On the other hand,
silicon-rich andesite, dacite, and rhyolite lava flows are much less fluid and tend to form steep-

sided lava domes restricted to more limited areas. Early works on the Hawaiian (Moore and
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Chadwick, 1995) and Canary Islands (Schmincke et al., 1995) suggested that the submerged
parts of volcanic ocean islands probably consist of pillow lava (Fornari et al., 1979)
volcaniclastic debris of lava fragmentation (Moore and Chadwick, 1995) and explosive
eruptions (Schmincke et al., 1995). High-resolution bathymetric data have further revealed
varied submarine lava flow structures in the Azores islands (Mitchell et al., 2008), a result of
lava flow penetration into the sea. Lava flow emplacements may overload slopes, leading to
instability and eventually failures and tsunamis (e.g., Di Traglia et al., 2018).

Pyroclastic density currents (PDCs)

The terms "pyroclastic density current" are used here to refer to both dilute and dense gravity
currents of predominantly volcaniclastic particles. PDCs are mixtures of fragmented magma,
rock debris and hot gas that flow along the ground and discharge into the sea at high speed (i.e.,
several hundred m/sec). PDCs deposits are derived from volcanic eruptions of different scales,
from small-volume events (e.g., directed blasts and small dome collapses) to caldera-forming
eruptions (e.g., Calder et al., 1999). The generated fast-moving pyroclastic flows can cause
damage along their transport paths and may also induce other associated hazards (e.g., tsunamis
or slope instability) while entering the sea. For instance, the largest dome collapse of Montserrat
(0.2 km?®) produced a tsunami that locally ran up to 15 m (Herd et al., 2005). Most ejected coarse
volcanic clasts (Lapilli and volcanic bombs) tend to fall or translate on the ground close to
volcanoes at distances of tens of kilometres (e.g., Baker, 1969). Trofimovs et al. (2008)
comprehensively documented the processes and composition of submarine pyroclastic deposits
from the July 2003 Montserrat dome collapse. While pyroclastic flows penetrated into the sea,
phreatic explosions (steam-driven explosions occurring when magma overheats the ground or
surface water) were observed at the air-ocean interface, creating surge clouds decoupled from
the main flow body and travelling several kilometres over the ocean surface before settling. The
bulk of the pyroclastic flow was submerged and rapidly mixed with sea water forming a water-
saturated mass density current. About 60% of total eruption volume, mostly coarse components,
were deposited at proximal distances. The remaining 40% of erupted volume, mostly finer

components, evolved into a far-reaching turbidity current.
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Pyroclastic tephra fallout

Tephra fallout deposits comprise volcaniclastic particles that have gravitationally settled
through air or water. They are usually generated during phreatic activity (steam-driven
interaction), dome-collapse, magmatic explosion and ash-venting. Although most of the larger-
size tephra particles (>2mm) fall onto slopes close to source vents, smaller and lighter tephra
ash (<2mm) can be transported by winds to distances of hundreds to thousands of kilometres
from their source vents. Tephra fallout ash tends to consist of fine and angular volcanic
fragments and debris. In a multi-hazard scenario, tephra fallout is often accompanied by partial
collapses of the eruptive column (and consequent pyroclastic flows) or base surges and
atmospheric phenomena (Selva et al., 2019). Local weather conditions can become violent (i.e.,
heavy raindrops, downbursts and frequent lightning) during the growth of phreatomagmatic
eruptive columns, where high water contents in the columns interact with hot magma. Raindrop
nucleation is stimulated by volcanic ash particles and magmatic water injected into the
atmosphere. Where such rains fall, they can interact with unconsolidated volcaniclasts and may
ultimately trigger lahars. The far-reaching fine tephra particles, even in low concentrations,
potentially still can disrupt human activity, damage electronics and machinery, interrupt power
and transportation systems, and pollute water sources (e.g., Wilson et al., 2012). Aircraft can
be endangered by drifting clouds of finer fallout ash even thousands of miles away from their

source vents.
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Figure 2.2. Natural hazards that are associated with volcanic activities (USGS:

https://www.usgs.gov/media/images/geologic-hazards-volcanoes-click-larger-version).

2.3.2 Earthquakes

Two types of earthquakes can occur beneath volcanic islands: volcanic earthquakes caused by
the pressure changes of magma or fluids underground (Chouet, 1996) and tectonic earthquakes
induced by slip movement of structures (e.g., seismic faults; Yamashina and Nakamura, 1978).
Volcanic earthquakes can have long-periods, which helps to identify magma chambers, but are
often too small to be detected without broadband seismometers. A tectonic earthquake, in
contrast, can cause large vertical ground movement and cracks, leading to volcanic eruptions
(Hill et al., 2002), catastrophic caldera collapses (Hurlimann et al., 2000) or submarine
landslides (Fine et al., 2005). Besides the direct impacts of earthquakes on the landscape, large
earthquakes have also been found to be tsunamigenic due to sudden vertical ocean surface
displacement (e.g., Hemphill-Haley, 1995) or voluminous mass failures from the slopes

towards the seafloor (e.g., Ward and Day, 2003).
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2.3.3 Submarine landslides

"Landslide" is used here as a general term referring to any type of slope failure and resulting
mass movement regardless of the initiation location (onshore or offshore). Unstable submarine
slopes are subject to landslides, ranging from creep (i.e., downward slow slope movement with
low strain rates) to debris flows (i.e., rapid mass movement with high strain rates). Landslides
can be triggered by many potential processes (Fig. 2.4) and can ultimately evolve into turbidite
currents underwater. Typical causes of submarine landslides proposed in different volcanic
settings include explosive volcanic eruptions (e.g., Hunt et al., 2021), cyclic stresses originating
from earthquakes (e.g., Hughes Clarke et al., 1990; Watt et al., 2014) and storm-waves (e.g.,
Dengler et al., 1984; Zhang et al., 2016), and over-steepening of slopes due to stacked lava
deltas (e.g., Di Traglia et al., 2018), faults (Nunes, 1999) and lateral magma intrusions
(Bonaccorso et al., 2003), and complex interactions between a range of processes (Clare et al.,
2018). Submarine landslides can displace infrastructure both on land and undersea. Turbulent
sediment gravity flows evolving from downward-moving mass disintegration can also cut off
telecommunication cables deployed on the seafloor (e.g., Hsu et al., 2008). Tsunamis can be
generated from collapses of volcanic flanks (Barrett et al., 2019) or failures of submarine slopes
(e.g., Tinti et al., 2005).

In recent decades, offshore exploration has increased the accessibility of high-resolution
bathymetric and seismic data and dense collections of sediment cores, allowing the evolution
of submarine landslides or flank collapses to be revealed (i.e., single or multi-stage failures;
Hunt et al., 2013, 2014, 2018). The identification of multi-stage failures has a broader
implication for tsunami assessment as this type of failure serves to divide the total landslide
volume into several smaller events. The smaller failures would produce significantly smaller
tsunamis as the volume of a landslide is one of the critical factors affecting tsunami magnitude

(Murty, 2003).
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Figure 2.3. Complexity of interacting processes at volcanic islands that may precondition and
trigger submarine landslides and turbidity currents (Clare et al., 2018). Plus symbols and
arrows indicate how an increase in a variable may make a subsequent process more likely.
Dark gray and light gray areas show scenarios where volcanic factors and climatic or

anthropogenic factors may dominate.

2.3.4 Tsunamis

A tsunami is a series of propagating waves caused by a large volume of water displacement.
Tsunami waves tend to be difficult to detect in deep water due to their small wave heights (<1
m), long wavelengths (100-200 m) and high speeds (>800 km/hr). Once tsunami waves
approach shallow water near the coast, the wave shoaling effect increases wave heights because
of wave compression due to a decreased wave speed with shallowing water depth. From a
global analysis, tsunamis are mostly generated by earthquakes (i.e., ~80%; Reid and Mooney,
2022), but submarine landslides (e.g., Masson et al., 2006; Hunt et al., 2017) and volcanic
eruptions (Egorov, 2007) are also important mechanisms, particularly for regions far from the

subduction boundaries (i.e., 30-40%, Reid and Mooney, 2022).
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Assessing tsunami hazards (e.g., wave amplitude and run-up height) is essential for coastal
managements in volcanic island settings. Seismogenic tsunamis typically occur at subduction
zones, where frequent inter-plate thrust motions can cause significant vertical seafloor
deformations. Assessment for this type of tsunamis requires parameters of the dimensions (slip
length and area), dynamic (shear stresses) of the rupture plane and physical properties of
surrounding rock (shear modulus and friction coefficients). Landsliding, instead, is a more
important tsunamigenic mechanism in the area where large earthquakes (M>6) are less frequent.
A first-order landslide-induced tsunami wave amplitude assessment can be done using
morphometric parameters of landslides scars, slope gradient and water depth (e.g., Mcadoo and
Watts, 2004; Casalbore et al., 2011). A more sophisticated numerical modelling for predicting
tsunami generation, propagation and run-up at the coast requires additional in-situ geotechnical
data (e.g., landslide density, coefficients of the basal Coulomb friction, skin friction and drag;
Fornaciai et al., 2019). Giant tsunamigenic landslides have been extensively studied in the last
several decades due to the induced devastating hazards (Lipman et al., 1988; Moore et al., 1994;
Masson et al., 2010; Hunt et al., 2013). However, increasing attention is also placed on the
smaller tsunamigenic submarine landslides (Fig. 2.5; Casalbore et al., 2011; 2018) because of
the more limited response time for tsunami arrival (i.e., tens of minutes) and a far shorter

recurrence period (i.e., 100 times more frequent than the giant ones).
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Figure 2.4. Volume-frequency plot illustrating the submarine landslide scales and recurrence
periods (Casalbore et al., 2011). The term “danger” used here refers to a combined index

generated by considering the frequency and mobilised volume of submarine landslides.
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2.3.5 Hazards within the Azores Islands

Located close to plate boundaries and with evidence from widespread fault offsets of
Holocene lava flows on land (Madeira and Brum da Silveira, 2003), the Azores islands are
seismically active with a recurrence interval of 70 years for large earthquakes (M > 6.5) on
average (Nunes and Ribeiro, 2001; Nunes et al., 2001). Historical records and recent seismic
activity show that most destructive earthquakes occur in the early stage of earthquake
sequences that can last for weeks or even months (e.g., events in 1980 and 1998). The effects
of large events in the Azores can be exacerbated by the poor preparedness of legacy buildings
(Maio et al., 2017). For instance, the strongest Azorean earthquake (M > 7.4) on 9" July 1757
occurred close to the north coast of Sdo Jorge (Machado, 1949), causing over 1000 casualties.
The first report of a volcanic eruption can be traced back to the settlement of Sdo Miguel
Island and relates to a sub-Plinian phreatomagmatic eruption in the caldera. The most recent
event in 1998-2001 was a submarine eruption on the Serreta Ridge (Gaspar et al., 2003).
Since island settlement, at least 21 major earthquake crises and 27 volcanic eruptions have
occurred around the central Azores and S8o Miguel islands, including events both offshore
and onshore (Fig. 1.1.b and 1.1.c). The islands also regularly suffer from coastal flooding
during extreme storms, which can cause maximum wave heights of >20 m (e.g., Borges et al.,
2011) and occur with a recurrence interval of about seven years (Andrade et al., 2008).
Tsunamis are less historically important than earthquake crises. Their appearance sometimes
cannot be fully explained by the occurrence of earthquakes, suggesting other mechanisms
forming them such as submarine landslides. The various types of natural hazards and their
frequency highlight the need for a better understanding of the processes and hazards around

the Azores volcanic islands.
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Chapter 3. Landslides in the upper submarine slopes of volcanic

islands: the central Azores

This chapter is a reproduction of a manuscript published in the Journal of Geochemistry,
Geophysics, Geosystems. Chang, Y.-C., Mitchell, N., Quartau, R. 2021. Landslides in the upper
submarine slopes of volcanic islands: the central Azores. https://doi.org/10.1029/2021G

C009833

Y-C.C produced the original draft of the manuscript and figures. All co-authors contributed
their opinions and comments to the draft manuscript. The journal reviewers also effectively

made contributions by commenting on the article.

In this chapter, | digitised and classified the submarine landslide valleys from the high-
resolution bathymetric data. Landslide sizes (area and volumes) and the morphometric
parameters (e.g., slope angle, landslide length, width and thickness) were measured. Those
measurements were used for landslide size-frequency analysis, including submarine landslide
inventory, volume-frequency distribution, sediment cohesion estimates and assessment of
tsunami wave heights at source. Earthquake event data were acquired from the International
Seismological Centre (ISC) for years from 1964 to 2019 and used to calculate a peak horizontal

acceleration map.

High-resolution bathymetric data were collected, processed and provided by co-authors R.Q

and N.M (Mitchell et al., 2008; Quartau et al., 2014).
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Abstract

Small landslides in the upper submarine slopes of volcanic islands present potential hazards
locally because of their high frequency. We examine evidence for landsliding in high-resolution
bathymetric data from Faial, Pico, S&o Jorge and Terceira islands of the Azores. Because the
rugged morphology of the upper slopes makes landslides difficult to interpret, we develop two
classification schemes for the 1227 identified slope valleys. One scheme addresses how
recognizable the valleys were as originating from landslides (whether scarps are prominent or
indefinite), whereas the other scheme addresses valley types (whether apparently produced by
single or multiple failures). Size distributions are used to assess the relative occurrence of large
versus small landslides. Thirteen landslides are predicted to have generated tsunami heights at
source of >1 m and one with height of >7 m. Some slopes have gradients far above 30°, the
angle of repose of incohesive clastic sediment, so the seabed in those areas is strengthened
perhaps by carbonate cementation, by seismic shaking or by the presence of coherent lava or
lava talus. Using all types of slope valleys, Faial and Pico have smaller affected volumes per
unit slope area than those of S&o Jorge and Terceira. These differences could be associated with
varied seismic activity, with more frequent earthquakes beneath Faial and Pico preventing the
build-up of sediments on their slopes. Submarine landslide statistics are therefore potentially
useful for assessing long-term earthquake hazards of volcanic islands in seismically active
environments such as the Azores.

Key words: submarine landslides, seismic hazards, size-frequency distribution, landslide-

induced tsunami, slope stability
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3.1 Introduction

Giant landslides have been found around many volcanic ocean islands (those located away from
convergent margins), including the Canary archipelago (Masson et al., 2002, 2006; Mitchell et
al., 2002; Wynn and Masson, 2003), the Hawaiian Islands (Lipman et al., 1988; Moore et al.,
1989, 1994; McMurtry et al., 2004), Cape Verdes (Masson et al., 2008; Ramalho et al., 2015;
Barrett et al., 2019), Madeira archipelago (Quartau et al., 2018; Santos et al., 2019), Reunion
Island (Labazuy, 1996; Ollier et al., 1998), and islands near mid-ocean ridges (Mitchell, 2003).
Smaller submarine landslides have been found in the steep upper flanks of volcanic islands and
they have generated tsunamis (Tinti et al., 2005; Rahiman and Pettinga, 2006; Chiocci et al.,
2008; Tommasi et al., 2008; Kelfoun et al., 2010; Casalbore et al., 2011; Casas et al., 2016;
Alberico et al., 2018; Casalbore et al., 2018; Fornaciai et al., 2019), but their threats are less
well known. These smaller landslides are more frequent (Casalbore et al., 2011; Chiocci and
Casalbore, 2017) compared with the giant landslides, which recur globally every ~10 ky around
volcanic islands and locally every >100 ky in the Canary (Krastel et al., 2001) and Hawaiian
Islands (Garcia et al., 2006). Although tsunamis they generate are smaller, those tsunamis may
nevertheless be significant geohazards because of their greater frequency. According to
historical reports analysed by Andrade et al. (2006), at least 23 tsunamis have affected the
Azores since the human settlement of the islands and one with wave height > 10 m. Some of
them were not explained by earthquakes so they may have originated from submarine landslides.
One motivation for this research was therefore to investigate the sizes and geometries of upper-
slope submarine landslides among the islands, in order to assess whether the landslides were
large enough to generate tsunamis.

Earthquakes also pose significant geohazards on volcanic ocean islands and can include events
of magnitude M>7.0 (Furumoto and Kovach, 1979; Crossen and Endo, 1982; Madeira et al.,
2015). Unfortunately, the instrumental record is not sufficient to characterise seismic hazards
of small areas (Scholz, 2002). As the central and eastern Azores islands lie in a region of

distributed deformation of the Eurasia—Nubia plate boundary (Lourenco et al., 1998; Fig. 3.1),
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Figure 3.1. (a) Dlstrlbutlon of high- resolutlon bathymetry dta |n the central Azores available

to this study (outlined by black-dashed lines). Red dashed line on S&o Jorge island is the
boundary separating the old volcanic complex in the southeast from the young volcanic
complex in the northwest. Purple dashed line on Pico island is the boundary separating 'a'a
lava flow dominated zone of Pico mountain from the zone of mixed lava types i the east of the
island. Background bathymetric data are from Ryan et al. (2009). Island elevations above sea-
level are shown in gray with black outlines. Red circles locate the sediment cores analysed by
Chang et al. (2021). Inset shows the regional tectonic setting of the area in the diffuse boundary
between the Eurasia (EU) and Nubia (NU) plates (NA: North American plate). Purple lines
locate the Mid-Atlantic Ridge (MAR), solid black lines locate its associated fracture zones, and
dashed-dot-dashed line locates the East Azores Fracture Zone (EAFZ). Dashed black lines are
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the limits of the diffuse Nu—Eu plate boundary and the orange solid line represents the centre
of Terceira Rift (TR). (b), (c), (d), (e) Selected maps of maximum local gradient revealing
landslide scars in the steep upper island submarine slopes. Map extents are shown by yellow
rectangles in (a). The gradients in these four panels share the scale in (c). Red arrows locate
interpreted landslide scars.

they are seismically active. The question of adequacy of the instrumental record is, therefore,
important locally. In particular, onshore mapping and sonar data has revealed potentially active
faults of 10-20 km in length (Lourenco et al., 1998; Madeira et al., 2015; Mitchell et al., 2012;
Casalbore et al., 2015), whereas the north slope of Sao Jorge, which appears fault controlled
(Walker, 1999), is 60 km long and the walls of the Terceira Rift (Fig. 3.1a) reach 100 km in
length. Madeira et al. (2015) estimated that earthquakes up to M= 6.8 could occur based on the
lengths of active faults mapped on the islands, but this is likely an underestimate as the
submarine faults are longer. From data compiled by Scholz (1994), a strike-slip rupture of 110
km length (the approximate maximum of the faults outlined later) could produce an earthquake
with seismic moment ~5x10% N-m, (i.e., moment magnitude Mw~7.4). Such an earthquake
would be similar in size to events that have occurred in the Azores historically (e.g., Mw~7.2;
Gaspar et al., 2015). If such a large event were to occur in the Azores, its effects would be
exacerbated by the poor preparedness of legacy buildings (Maio et al., 2017). Unfortunately,
assessing the frequency of large earthquakes is difficult because palaeoseismological methods
are not easily applied to volcanic sequences and many of the faults lie underwater. Alternative
assessment methods are therefore needed.

High-resolution bathymetric data have revealed evidence of widespread submarine mass
wasting along the upper submarine slopes of islands in the Azores (Mitchell et al., 2008, 2012;
Quartau et al., 2012, 2014, 2015; Ricchi et al., 2020). Unfortunately, those data such as shown
in Figs 3.1b to 3.1e present a difficulty of interpretation. Whereas landslides in continental
slopes often occur over decollements parallel to the seabed and create landslide scars that are

clearly defined (e.g., ten Brink et al., 2006), this is not the case in the Azores data, which instead
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show a rugged morphology likely due to past volcanic history, transfer of slope sediments and
multiple small-scale landsliding. We address this problem by adopting the general term “slope
valley” for topographic depressions without connotations of origin. Within a database of such
identified features, we classify them first according to the degree to which they adhere to the
classical features of landslides (Varnes, 1978). A second classification is then used to separate
them according to whether they appear to form single landslide scars, amphitheatres created by
multiple landslide events (e,g., Pratson and Coakley, 1996) or potential retrogressive failures.
We then interrogate this database using the different classes depending on the objective being
addressed. The results indicate a significant variation in submarine slope landsliding and hence
hazard among the islands.

3.2 Geological setting

It is useful to know aspects of Azorean geology in order to assess how frequently volcanic
materials are fed to the coasts during eruptions and earthquakes, both of which may affect
landslide frequency and geomorphology. The central Azores islands of Faial, Pico, Sdo Jorge,
Graciosa, and Terceira lie east of the Mid-Atlantic Ridge (Fig. 3.1). Rift zones, faults on land
and submarine ridges commonly lie perpendicular or oblique to Nubia—Eurasia plate motion
suggesting that they were produced by trans-tensional deformation, continuing through the
Quaternary to the present-day (Lourenco et al., 1998; Madeira and Brum da Silveira, 2003).
Recent “°Ar/*°Ar and K/Ar dating results suggest that Terceira is generally young, with the
earliest-formed edifice in the east younger than 0.4 Ma and the most recent edifice in the west
~50 ka (Calvert et al., 2006; Hildenbrand et al., 2014). S&o Jorge Island can be subdivided into
old and young volcanic complexes (Fig. 3.1). The oldest complex in the southeast is 1.2-1.85
Ma and the intermediate to young volcanic complex in the northwest is younger than 0.75 Ma
based on “°Ar/*°Ar and K/Ar dating (Hildenbrand et al., 2008; Pinto Ribeiro et al., 2010;
Marques et al., 2018). The northwest of S&o Jorge also has had historical eruptions in 1580 and
1808 (Madeira, 1998). Although K/Ar dates suggest the maximum age for Faial Island is 0.85
Ma (Hildenbrand et al., 2012), most parts of the island are widely blanketed by a 10-440 ka

volcanic complex (Pacheco, 2001; Pimentel et al., 2015). The youngest part of Faial in the west
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(<10 ka) also experienced the historical Capelinhos eruption in 1957/58 (Machado et al., 1962).
K/Ar dates suggest an oldest age of 0.19 Ma for Pico Island (Costa et al., 2015), which has had
three historical eruptions since 1562. Lava flows of Pico volcano in the west of the island
originated from the summit area and some from flank sources. The flows include both pahoehoe
and ‘a’a lava types. In contrast, 'a'a lava flows are more common in eastern Pico (Fig. 3.1;
Scarth and Tanguy, 2001).

Neotectonic structures (Fig. 3.2) can be explained by regional trans-tension (Lourenco et al.,
1998). Active strike-slip faults on S&o Jorge and Pico islands are revealed by sheared cinder
cones (Madeira and Brum da Silveira, 2003). Some Holocene lava flows have been displaced
by faults (Madeira et al., 2015), which is evidence of pre-historic seismic activity. From 1522
t0 1964, at least 10 destructive earthquakes occurred in the central Azores (Fig. 3.2) responsible
for hundreds of deaths (Gaspar et al., 2015). Since 1980, seismometers have been installed on
several Azores islands (CIVISA, 1998), greatly improving earthquake detection threshold and
location accuracy (Carvalho et al., 2001). At least 30 earthquakes of Mw>4.5 were recorded
(Fig. 3.2)

The deposits forming the upper submarine slopes have not been directly observed or sampled,
but their origins can be speculated on. Quartau et al. (2012 and 2015) showed that the shelves
of the Azores Islands have recently been accumulating volcaniclastic particles from subaerial
and coastal erosion and carbonate particles from in situ biogenic production. Such sediments
likely accumulated since the Last Glacial Maximum and are generally only 10 ms thick,
although a seismic reflection image in Marques et al. (2018, their Figure 8) reveals an unusually
thick 250 ms (~225 m) of sediment in the outer shelf of northeast S&o Jorge. During sea-level
lowerings, such sediments are likely to be remobilised by coastal and subaerial erosion, and
some of those sediments redeposited in the upper submarine slopes. Sonar images of the shelves
of Pico and Faial reveal Holocene dendritic lava flows, lobes and deltas (Mitchell et al., 2008;
Quartau et al.,, 2012, 2015). During sea-level low-stands, seaward extending shorelines
probably allowed such lava flows to reach the outer shelves and hence feed the uppermost

slopes. Sedimentary particles released by erosion by streams and waves also likely fed the upper
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submarine slopes of the islands at such times. However, during sea-level high-stands, sediment
can also be produced and exported from shelves due to greater biogenic production (Droxler
and Schlager, 1985). It is presently unclear exactly how the flux of sediment to the island slopes
has varied over time.

Offshore sediment gravity cores have been collected around these islands, which contain
turbidites likely originating from slope landslides such as those we describe here. Analyses of
four of those cores located in Fig. 3.1 (Chang et al., 2021) has revealed that those turbidites
comprise mainly silt to sand grade volcaniclastic and minor bioclastic particles. Glass shard
analysis and other data suggest that more than half of the turbidites originated as primary
volcaniclastic events (i.e., pyroclastic flows). Much of the uppermost slopes of the islands may

therefore also include such volcaniclastic deposits.
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Figure 3.2. Distributions of earthquakes. Earthquakes shown with moment magnitude scaling
were recorded between 1964 and 2019 and were derived from the International Seismological
Centre catalogue (Mw>4.5 shown). Yellow circles locate historical earthquakes from 1522
until 1964 (Gaspar et al., 2015, their Table 4-1). Red and black lines represent active and
inferred faults on land, respectively (Madeira et al., 2015). F, P, SJ and T are Faial, Pico, S&o
Jorge, and Terceira, respectively.
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3.3 Materials and methods

3.3.1 Research materials

High-resolution bathymetric data were collected on RV Arquipélago in 2003 and RV [’Atalante
in 2011, providing the coverage outlined in Fig. 3.1. The Arquipélago survey was carried out
with a portable multibeam sonar (Mitchell et al., 2008) and covered the submarine slopes of
Faial, Pico and S&o Jorge islands. These data suffer from imperfect rigidity of the transducer
mounting, which led to an artificial high-frequency cross-track corrugation of the data, which
needs to be borne in mind in interpretation (e.g., in the class C example in Fig. 3.2). The 2011
survey was carried out during project Features of Azores and Italian Volcanic Islands (FAIVI).
Bathymetry data were collected around Terceira Island, with a survey boat deployed into
coastal areas. Those combined data have a resolution of ~1 m in the first 100 m water depth
increasing to 50 m at 2000 m depths (Chiocci et al., 2013; Quartau et al., 2014; Casalbore et al.,
2015).

The earthquake event data were acquired from the International Seismological Centre (ISC)
un-reviewed catalogue for the years 1964 to 2019. Fig. 3.2 shows the 30 largest earthquakes
with Mw>4.5. Historical earthquakes from 1522 until 1964 are from Gaspar et al. (2015) and
the locations and lengths of active and inferred faults on land are from Madeira et al. (2015).
3.3.2 Landslide identification and calculations of area and volume

An idealised landslide comprises both an embayment or scar created by removed material and
an emplaced mound of deposits, sometimes also with a chute in between (Hampton et al., 1996;
Clare et al., 2019). Slope valleys that are potential landslide scars were identified by inspecting
multiple perspective views of the shaded bathymetric data and seafloor gradient maps, also
using tightly spaced contour lines as an indicator of steep gradients. Given the varied data
resolutions and poor imaging at deep water depths where the deposits lie, mapping complete
landslides was considered to be unrealistic. Therefore, our mapping focused on the heads of
landslides only. Even with this focus, subjective decisions were necessary because some

headwall escarpments are variably reworked or obscured by later sedimentation. Moreover,

53



headwalls and boundaries between adjacent valleys can become obscured by subsequent slope
failures and some escarpments appeared likely formed from multiple events.

The slope valleys were classified in two ways (Fig. 3.3; see detailed mapping results in
Appendix 3.1). The first classification addresses the varied level of recognition of these features
as landslides and hence conveys our confidence in their landslide origins. The second
classification addresses whether their morphologies suggest they formed by single slope failure
events or by multiple events (either subsequent different events or retrogressive failures
occurring over finite periods). For the recognition classification, five classes (A to E) were
chosen as follows (Fig. 3.3a). Class A: headwalls and sidewalls can be clearly identified by
sharp gradient changes and commonly with significant depth changes. Class B: headwalls and
sidewalls mostly can be identified by sharp gradient changes and commonly with significant
depth changes, though parts of them are less well defined. Class C: headwalls can be mostly
identified from gradient changes but sidewalls are obscured or missing. Class D: headwalls and
sidewalls are delineated based on modest gradient and depth changes (valleys belonging to this
class commonly still have a depression). Class E: headwalls and sidewalls are delineated based
on mild gradient and depth changes.

Examples illustrating our second classification scheme are shown in Fig. 3.3b. The slope
valleys were subdivided into three types (1 to 3) based on their morphometric features. Type 1
valleys were interpreted as produced by multiple failure events. In this cases, multiple-
branching valleys were identified and each of them appears important. Later erosive features
can also overprint the main rupture surface. Type 2 valleys were interpreted as each produced
by a single major failure event. Each valley contains a prominent headscarp. Type 3 valleys lie
above the headscarps of type 1 or 2 valleys, so we interpreted them as the result of retrogressive
failures. They have gentler gradients and form depressions of the sediment surface. Although
those depressions could be artifacts, such as due to sediment aggradation around them or other
factors, landsliding has occurred in similar shallow gradients and layered carbonate-rich

deposits (Schwab et al., 1988), so we suggest these were potentially also earthquake-triggered
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failures. Type 3 valleys typically occur in the outermost shelves of the islands, which are fully

mapped in the multibeam data.

(a)

Shaded bathymetry Gradient Interpretation

(m) (degree)
(b)
Shaded bathymetry

——so(m)|

SN

V

o —sso(m) 8

-2500 -2000 -1500 -1000 -500 0 >35 30

(m) (degree)

55



Figure 3.3. lllustration of different classes and types of valley polygons. Contour interval is 10
m. (a) Classes based on recognition as landslides with A the most recognizable as landslide
scars, E the least recognizable as such. (b) Classification based on suspected number of failure
events. Type 1 contains multiple branches, suggesting multiple failures. Type 2 contains a
single prominent valley, likely created by a single failure. Type 3 contains a valley lying above
a prominent escarpment, which potentially developed by retrogressive failure, either during or

after the lower failure.

The areas and volumes of valleys were measured following the methods of ten Brink et al.
(2006). We first manually digitised the boundary of each valley encompassing the potentially
collapsed region to acquire valley area. We then created a smooth upper surface by interpolating
over the perimeter of each digitised polygon. The present-day bathymetry (lower surface) was
then subtracted from the interpolated surface (upper surface) to acquire valley volume. As the
investigated submarine slope area varies amongst the islands and hence also affects the
abundances of landslide valleys, we normalised landslide valley areas and volumes by dividing
them by the submarine slope areas.

These measurements have the following potential uncertainties. (1) Later sediments deposited
in slope valleys bias volume estimates. (2) Further erosion may be possible from sediment
movements during or shortly following each slope failure. (3) Oblique artifacts due to the non-
rigid mounting of the 2003 data can influence the topography of headscarps. Uncertainty (3) is
minimised, as most slope valleys were located in the upper slopes. We mitigate against
uncertainty (1) when assessing tsunami risks by only studying the more distinct landslide scars
(classes A—C and type 2). That uncertainty may affect our inter-island comparisons of landslide
volume, although we also check variations using scars with prominent scarps. Uncertainty (2)
can potentially also affect the landslide volumes (e.g., Sun et al., 2018). However, the variations
in landslide volumes can be verified if similar variations also occur in the landslide areas, which
are less affected by either depositional or erosional modifications. Furthermore, our results
below suggest that the material has significant cohesion and is thus more resistant to erosions

by small sedimentary flows in the uppermost island slopes.
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3.3.3 Landslide size-frequency analysis

The complementary cumulative distribution function (CCDF) has been used to represent the
probability that a landslide greater than a particular size will occur and is helpful for
summarizing the distribution of landslide sizes as it emphases the larger features (e.g., Malamud
et al., 2004). CCDFs of area and volume were generated from slope valleys best representing
single-event landslide scars (classes A—C and type 2). Their correspondence with models
(goodness-of-fit) was tested using Kolmogorov-Smirnov tests (K-S test) and the p-value
suggested by Clauset et al. (2009). The K-S test is a nonparametric test of the equality of
continuous or discontinuous variations. It is used to quantify an interval between the empirical
cumulative distribution function of the sample and the reference distribution. The p-value can
vary from 0 to 1. If it is higher than 0.1, the observed data fit the tested distribution, whereas a
p-value equal to or less than 0.1 suggests that the data are unlikely to follow the distribution.
These tests have been applied in other submarine landslide studies (Casas et al., 2016; Geist
and ten Brink, 2019).

3.3.4 Estimates of peak horizontal accelerations during earthquakes

Earthquake-induced ground motions have been widely suggested to trigger landslides (Heezen
and Ewing, 1952; Tappin et al., 2001; Gracia et al., 2003; Fine et al., 2005). Earthquakes with
Ms > 6.5, which can create a local peak horizontal acceleration (PHA) >0.5g, occur every 70
years on average in the Azores (Nunes and Ribeiro, 2001; Nunes et al., 2001). To compare with
the landslide data, we estimated PHA as follows. Moment magnitudes Mw were derived from
all 1964-2019 body-wave magnitudes (ms), duration magnitude (Mq), and local magnitude (M)
of the ISC catalogue using the following relations (Das et al. (2011) for mp, Kadirioglu and

Kartal (2016) for Mg, and Castello et al. (2007) for M.):

Mw = exp (0.719 + 0.212my) - 0.737 (1)

Mw=0.7947Mq + 1.342  (2)

Mw=0.79M_+ 1.2 (3)
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Based on an empirical study of ground motion recordings in western North America, Boore et
al. (1997) suggested the following dependence of PHA (Y in fraction of g) on Mw and closest

horizontal distance from source (rj, in km).
InY = by + by (Mw-6) + bs (Mw-6)? + bsInr + by In (Vs/Va)  (4)
r=(r? + h2)1/2

Vs is average shear-wave velocity of the upper 30 m in m/s used to represent local site
conditions. Parameters Va (m/s) and h (m) are fictitious values found by the regression analysis.
Coefficients b1, b2, b3, b5, h, by, and Va are determined by nonlinear regression (Joyner and
Boore, 1994), which in this study were derived from Boore et al. (1997, their Table 8)
corresponding with period 0.75s as suggested by ten Brink et al. (2009). The 200 m/s value
used here for Vs is a representative average for 0-30 m depth in marine sediments from data
compiled by Hamilton (1976). Equation 4 was derived from larger magnitude earthquakes than
we study here and represents effects of attenuation and scattering over continental crust, so the
derived PHA could be biased, though we use it here as it is based on a large amount of strong-
motion data and lack of suitable alternatives.

3.3.5 Sediment cohesion estimates

Geotechnical data are not available to assess the stability of these slope sediments. However,
remarkably steep deposits in headwalls and, in places, chutes of landslides (Figs. 3.1b to 3.1e)
around the volcanic islands imply that the slope sediments are cohesive and that in turn has
implications for how we interpret them. In contrast, if the slopes were instead purely incohesive
sediment, they would be expected to have gradients no greater than the angle of repose of ~30°.
We estimated cohesion by inverting the conventional equations used in static limit-equilibrium
analysis using the seabed gradients found. Such analysis is still widely applied due to its
simplicity and ease of usage but tends to be conservative (Jibson, 2011), implying that cohesion
estimates based on it will be minima. According to that analysis, failure occurs when the factor

of safety (FS) (the ratio of resisting to driving stresses on the potential failure surface) is lower
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than 1. We use the simplified equations for failure on a surface parallel to the dipping seabed

(Fig. 3.4), assuming the structure extends infinitely. FS is then simply given by:

FS = [c/(y’H cos 6 sin Hf)] + (tan & /tan Qf) (5)

7= (ps-pw) 9

where ¢ = sediment cohesion, H = average thickness of failure, y’ = unit weight of submarine
deposit in water, ps = sediment wet bulk density and py = water density, g = gravitational
acceleration, 6; = the angle of failure, and @ = sediment friction angle. Using parameters given
later, we estimated c as the value satisfying FS=1. As earthquake shaking was not considered
but some of these steep sediments may have survived such shaking, this analysis provides a

minimum value for c.

h 4

Figure 3.4. Shallow slope failure parameters used in the static limit-equilibrium calculation

and estimates of tsunami height at source.

3.3.6 Estimates of tsunami height

Coastal run-up heights of tsunamis are difficult to reconstruct without sophisticated numerical
modeling. There is also the uncertainty over whether the valleys were created by single or
multiple landslides (Hunt et al., 2011; 2013). Nevertheless, Watts et al. (2003) derived
analytical expressions for the initial waves above the landslides that are potentially useful for
applying to the Azorean valleys likely produced by single events. Those expressions were

derived from laboratory experiments simulating landslides that are large along-slope compared
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with the tsunami wavelength. McAdoo and Watts (2004) updated the expressions to allow for
landslides that are narrower along-slope than the tsunami wavelength. In their model, the
sliding body was idealised as elliptical with specific gravity 1.85. With further corrections by

De Lange and Moon (2004), this wave amplitude at source for translational slides is:

A =0.224T [w/(w + D][(sind)*?° — 0.75 (sinf)??° + 0.170 (sin6)32°](b/d)**> (6)
A = 3.87(bd/sin®)'/?

where (Fig. 3.4) T = head scarp height, w = along-slope landslide width, A = tsunami wavelength,
6 = average slope angle, b = initial length of the slide measured downslope, and d = depth of
landslide initial centre of mass. Sediment density has not been measured here. If, based on the
offshore cores, our suspicion that the sediment comprises detrital particles is correct, a wet bulk
density of ~2.0 g/cm? is appropriate (Hamilton and Bachman, 1982) so the specific gravity of
1.85 should not be far in error. Spreading during wave propagation towards the coasts can
reduce wave amplitudes, whereas shoaling typically increases wave amplitudes. Local
bathymetry can refract waves, leading to either convergence or divergence. Depending on
direction, the incoming waves can also interfere with wave fronts emanating from the landslide
deposit area (Geist et al., 2009). Local wave impacts are therefore likely to vary greatly around
coasts and differ from these values of A. Nevertheless, Casalbore et al. (2011) found that
tsunami run-up heights in the Tyrrhenian Sea roughly compared with those predicted by
equation 6. Here, the estimated values of A were used mainly to provide a rough sense of

relative scale, in a similar way to how earthquake magnitudes are used to assess relative size.

3.4 Results

3.4.1 Seismic ground shaking

The map of PHA (Fig. 3.5) calculated from the ISC data (Fig. 3.2) suggests that the submarine
slopes of the four islands studied here have all experienced >0.05g and locally >0.4g since 1964.

Three areas of high acceleration occur around the slopes of Faial and S&o Jorge associated with
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Figure 3.5. Peak horizontal accelerations (PHA) derived from the International Seismological
Centre catalog for 1964-2019 earthquakes. F, P, SJ, and T are Faial, Pico, Sdo Jorge, and

Terceira, respectively.

the largest earthquakes in the ISC catalogue. However, if our suspicion is correct that the
landslides have formed over the Holocene, all of these slopes may have experienced as much
as 0.5g PHA over that timescale for at least two reasons. First, the historical (1522—-1964) record
includes 10 large events (Fig. 3.2), many of which occurred on Terceira where seismicity since
1964 has been modest (Fig. 3.2). This suggests a discrepancy with the instrumental data.
Although magnitudes of such old events are difficult to estimate accurately, they are likely to
have been M>6.5 based on magnitude assessments of historical records elsewhere (Nunes and
Ribeiro, 2001; Nunes et al., 2001). Second, active faults are widespread amongst the islands.
Madeira et al. (2015) estimated that >20-km-long faults on the islands could produce events of
M=6.5 if they ruptured along their whole lengths. However, mapping the full extents of active
faults is difficult on land, where they can be masked by subsequent deposits (Hipélito et al.,
2014). Identifying active faults between the islands and continuations of faults from land
underwater is another challenge. Deep-tow sonar images (Mitchell et al., 2018) show many
fault escarpments that lack erosional features seen in older inactive faults (Tucholke et al.,

1997), and the FAIVI data also show many “fresh” submarine fault scarps around Terceira
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(Chiocci et al., 2013; Quartau et al., 2014; Casalbore et al., 2015). We thus suspect that the
submarine areas host active faults, as also implied by the broad distribution of seismicity. Many
of these faults have greater lengths than those mapped on land by Madeira et al. (2015) so they
likely generate earthquakes larger than the M=6.5 that Madeira et al., (2015) suggested as a
maximum. Consequently, the pattern of seismic accelerations over the long-term remains
uncertain.

3.4.2 Submarine landslide inventory and volume-frequency distribution

We mapped 1227 slope valleys in total. The counts of the different classes and types are shown
in Figs. 3.6a and 3.6b. Volumes range from 10? to 108 m® with sample mean 7.9x10° m3. The
volume distribution for all valleys (Fig. 3.6¢) has a logarithmic bell shape. The volume
distributions for individual islands (Fig. 3.6d) differ from each other. The modes for Pico and
Faial (10*-10° m®) are smaller than those for Sao Jorge and Terceira (10°-10° m?), but the
distributions all have similar bell shapes. Fig. 3.6d also reveals that S&o Jorge and Terceira have
higher percentages (20-25%) of the larger valleys (V >10° m®) than Faial and Pico Islands (5
10%). The largest ten valleys (all types) all occur around Sao Jorge and Terceira. Sdo Jorge and
Terceira also have the largest valley cumulative area and volume (Figs. 3.7a and 3.7c), an
observation that persists when the data are normalised for slope area (Figs. 3.7b and 3.7d).
The relationship between area (A)) and volume (V) for valleys most likely to be single landslide
scars (type 2 and classes A-C) is shown in Fig. 3.8. Regressing the logarithmic variables
suggests V = 0.234 A¥% (R2 = 0.924). Mean thicknesses were also obtained by dividing
individual landslide scar volume by area (also for type 2 and classes A—C valleys). The mean
thicknesses are 9.2+0.5, 7.3£0.5, 12.6+0.8 and 10.6+1.3 m for Faial, Pico, S&o Jorge and
Terceira, respectively (uncertainties of means are 1c). CCDFs of area and volume were also
generated from these valleys (type 2 and classes A—C) as shown in Fig. 3.9. Both CCDFs follow

log-normal distributions (p=0.98 and 1.0).
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Figure 3.6. Histograms of slope valleys. (a) Counts by class. (b) Counts by type. Colours in (a)
and (b) are as Fig. 3.3 (right panels). (c) Counts of volumes of all mapped slope valleys. (d) As
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Figure 3.7. Summaries of total areas and volumes of slope valleys of each island (all types and
classes; bold colours represent the volumes of the type 2, classes A-C valleys only). (a) Total
volume of valleys. (b) As (a) normalised to submarine slope area of each island. Solid squares
show the abundances of the type 2, classes A-C valleys (scale to right). (c) Total area of valleys.
(d) As (c) normalised to submarine slope area of each island.
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Figure 3.9. Complementary cumulative distribution functions (CCDF) of (a) area and (b)
volume for valleys most likely to be landslide scars (type 2 and classes A-C). Orange dashed

lines are log-normal models. Note that axes are logarithmic.

3.4.3 Assessment of cohesions of steep deposits
Steep gradients in some headwalls and sidewalls exceed 60° locally and generally reach 30°—
40° (Figs. 3.1b and 3.1c). Using these slope gradient values for the failure gradient angle, we

inverted equation 5 for cohesion c¢. For H, we used the average thickness (10.6 m) of the scars
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associated with single landslides (type 2 and classes A—C) found by dividing their volumes by
their areas. A bulk density of 1.0 g/cm® was used for (ps - pw) representing sand in water
(Hamilton et al., 1956; Hamilton and Bachman, 1982). We used 25°—40° for internal friction
angle @ typical of volcaniclastic sands and calcareous ooze (Lee et al., 1994; Boldini et al.,
2009). Repeating the calculation for gradients of 30° to 60°, we estimated ¢ between 9 and 33
kPa (Fig. 3.10). However, these c-values are minima because the infinite-slope calculation is
conservative. Furthermore, if some of these steep sediment deposits have survived shaking by
earthquakes, such accelerations have not been taken account of by only the gravitational loading

used in equation (5), also ensuring that these c-values are minima.
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Figure 3.10. Estimates of sediment cohesion with varied slope angles from the pseudo-static
analysis with no seismic accelerations. Dashed lines represent typical cohesion values for the

materials shown.

The upper-slope sediments lie in water that is saturated with respect to aragonite and calcite

(Wisshak et al., 2010; 2015), so cementation may be involved in stabilizing the sediments.
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Carbonates are precipitated from seawater on the edges of clasts (Gabitov et al., 2019), binding
the sediments (e.g., Tucker et al., 2020). These cohesion values (Fig. 3.10) noticeably overlap
with laboratory results of Nafisi et al. (2020), who formed calcium carbonate cements in sand
by microbial precipitation and tested the results under 10-100 kPa effective stresses. They
showed that cohesion was 9-12 kPa after moderate cementation (1-4 wt% CaCOs3) and 56-65
kPa after high cementation (4-10 wt% CaCOs). Our 9-33 kPa estimates of sediment cohesion
therefore correspond with moderate to high cementation.

These cohesion values are also compatible with test results on some volcaniclastic deposits
(e.g., lava-breccia ~30 kPa) found in volcanic islands as here but lower than the ~600 kPa of
pyroclastic deposits (Di Traglia et al., 2018). Volcaniclastic deposits lying at up to 40° were
also found off the Sciara del Fuoco slope of Stromboli (Casalbore et al., 2020). Some of these
cohesions could therefore be compatible locally with lava deltas (Mitchell et al., 2008)
underlying parts of these slopes. The cohesions we estimated are logically smaller than found
in intact rocks (c > 25,000 kPa; Bieniawski, 1975; Marinos and Hoek, 2000).

3.4.4 Assessment of tsunami wave heights at source

Tsunami heights A immediately above landslides were derived for 83 single-failure landslides
(type 2) with V>108 m?® using equation 7 (detailed morphometric data in Appendix 3.2). The
CCDF of wave height in Figs. 3.11a also follows a log-normal model (p=0.43). We define an
initial wave height at source >1 m as potentially hazardous as such a wave could be amplified
to several meters when inundating coasts (e.g., Tinti et al., 2005). At least 13 landslides were
found capable of generating tsunamis with A>1.0 m, and one with A>7 m (Fig. 3.11). These
landslides were located around S&o Jorge, Terceira and Faial Islands.

Sophisticated modeling of landslide-triggered tsunami wave propagation is beyond the scope
of this paper. Coastal topography, refraction and wave steepening with shallowing water all
affect final run-up height (tides are a secondary consideration here as they are only ~1 m (Cruz
and Silva, 2001)). However, a first-order estimate of tsunami height at the coast can be made

using Green’s law (e.g., Federici et al., 2006), which predicts run-up heights relative to source
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heights. In our study area, the shoaling factor to 1 m water depth is between 3 and 5, suggesting

that there is an underappreciated risk of tsunamis around volcanic islands such as the Azores.
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Figure 3.11. Cumulative frequency of tsunami amplitudes (A) at source predicted using
equation 7 from landslide scars (volumes >10° m®, type 2, all classes), depths and other
characteristics. (b) Occurrences of potentially hazardous tsunamis (A>1m) for individual

islands.

3.5 Discussion

3.5.1 Assessing varied submarine landslide features in the central Azores

The above analysis has revealed lower cumulative volumes and areas of slope valleys around
Faial and Pico islands than around S&o Jorge and Terceira islands (Fig. 3.7). The density of
landslides around S&o Jorge is comparable with those of Faial and Pico, so landslides around
Séo Jorge are generally larger than those around the other two islands. Accounting for the low
density but high affected slope volume of landslides in Terceira island, the landslides there are
large as well. As might be expected from their different average volumes, therefore, landslides
are modestly thicker on average around S&o Jorge than around Faial and Pico. We explore these
contrasts in this section.

3.5.1.1 Earthquake triggering

ten Brink et al. (2016) suggested that slopes become more stable with decreasing sedimentation

rate and increasing frequency of earthquakes. Such increased sediment shear strength arises due
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to seismic shaking, causing shear-induced compaction (e.g., Sawyer and DeVore, 2015; ten
Brink et al., 2016) or sediment internal structure changes (Wu et al., 2021). This may help to
explain the comparatively high 9-33 kPa estimated cohesion of these Azorean sediments
besides carbonate cementation and prompts us to ask if earthquakes may explain other aspects
of the landslides data also. To represent the regional occurrences of landslides, we prefer the
cumulative volumes or areas of all slope valleys (Fig. 3.7) as they form the largest database,
although the restricted groups (type 2 and classes A—C) also show a similar tendency for
volumes and areas of valleys around S&o Jorge and Terceira to be larger than those around Faial
and Pico islands.

The pattern of extreme shaking in Fig. 3.5 is dominated by the three largest earthquakes
occurring since 1964, with two near S&o Jorge and one in northeast Faial. The pattern does not
correspond with the landslide volume and area differences between the islands. However, the
lack of correspondence could arise if the ISC catalogue is unrepresentative of the long period
over which these submarine landslides likely developed (>ky). E.g., patterns of seismicity can
change location over decades due to changes in stress after the largest events (Stein, 1999). The
historical record of earthquakes is also subject to uncertainties. The wide distribution of active
faults (Fig. 3.2) implies that there is a potential for large earthquakes that is more widespread
than suggested by the simplistic reading of either instrumental or historical records.

Sediments accumulating on the upper island slopes originate from various sources; from coastal
and subaerial erosion, biological production and volcanic eruptions. Their fluxes are hard to
quantify and most likely vary around the islands. However, a simple explanation for the larger
landslides around S&o Jorge and Terceira compared with Faial and Pico could involve a larger
time interval between destructive earthquakes, leaving more time for deposits to accumulate.
This in turn implies that there could be a higher frequency of larger earthquakes around Faial
and Pico islands and thus a greater longer-term threat of earthquakes there. This is an important
inference concerning the seismic hazards of the Azores islands. We however temper this
inference by assessing other factors below that may have also affected the landslide volumes
and areas.
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3.5.1.2. Varied lava flow types

Lava flows on east Pico island are mainly 'a'a whereas those of west Pico are more mixed
pahoehoe and ‘a’a types (Fig. 3.1). Pahoehoe flows typically form stacks of thin sheets whereas
‘a'a lava flows are commonly thicker (Macdonald, 1953). Although "a'a flows can have friable
clinkers above and below them, their interiors are commonly more massive and less porous or
fractured (Macdonald, 1953). During sea-level low-stands, lava flows would have more easily
reached the outer shelves, supplying the uppermost slopes directly. Although we anticipate
there being mainly sediments underlying the uppermost slopes because turbidites in offshore
cores contain mainly silt-sand grade volcaniclastic and bioclastic particles (Chang et al., 2021),
different landslide statistics may occur if there were widespread lava underlying the upper
slopes because of differences in geotechnical properties between the two lava flow types.
However, landslide volumes (Fig. 3.12) differ only slightly between west and east Pico. We
suggest that, even if lavas are common, volcaniclastic deposits of ‘a’a and pahoehoe are
probably similarly susceptible to failure, rapidly disaggregating on the steep upper submarine
slopes (cf. Sansone and Smith, 2006). Furthermore, varied effusion rates of lava flows and the
pre-eruption seafloor morphology can also lead to uneven loading of slopes by lava flows,
which ultimately affect slope stability (Bosman et al., 2014; Casalbore et al., 2021), so factors

other than merely flow type likely affect landslide occurrences.
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Figure 3.12. Cumulative volumes of slope valley per unit slope area for subdivisions of Pico

and Sao Jorge islands (all valley classes and types).
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3.5.1.3 Volcanic ages of adjacent land and shelf widths

The ages of the volcanic sequences comprising each island might be expected to influence
landsliding if more recent volcanic building led to steeper slopes of friable material that were
susceptible to failure. On the other hand, broad shelves typical of older volcanic islands
(Menard, 1986) may host thick sediments and those sediments may be exported to the island
submarine slopes by wave erosion and/or mass wasting (e.g., Fornari et al., 1979; Dengler et
al., 1984). Based on high-resolution bathymetry data, Quartau et al. (2010, 2014, 2015)
confirmed that most of the older volcanoes in the Azores have wider shelves than younger
edifices, though shelf width can be affected by vertical tectonic motions, varied wave climate
and other factors as well (Ramalho et al., 2013). As sediments are continually produced by
biogenic production as well as subaerial erosion and wave abrasion of sea cliffs, we might
expect the upper slopes of islands with wide shelves to be capable of accumulating thicker
sediment deposits during sea-level high-stands. For instance, the easterly older shelf of Séo
Jorge has a broad sedimented terrain where seismic data reveal an extreme ~250 ms of layered
sediment (Marques et al., 2018). However, shelf width is likely not the sole pre-conditioner for
slope failures. For instance, Santa Maria, which is the oldest island and has the widest shelf of
the Azores, has deposits on its shelf of only a few m thick (Ricchi et al., 2020). This is partly
because it is a low relief, semi-arid island and hence contributes little sediment from stream
erosion. In addition, wide shelves can attenuate waves crossing them, protecting cliffs from
erosion (Ricchi et al., 2020).

Although S&o Jorge has a higher cumulative volume of slope valleys than either Faial or Pico
islands, there are also differences between the volcanically old and young parts of S&o Jorge.
The slope valleys in old southeast S&o Jorge have nearly twice the volume per unit slope area
than those in the young northwest part of the island (Fig. 3.12). This favors an explanation
involving export of shelf sediment from the broad shelf in southeast S&o Jorge, leading to thick
slope deposits susceptible to failure. Sediment production rates are difficult to anticipate, given
that the sediments originate from varied sources such as biogenic particles created on the

shelves, subaerial and coastal erosion, and pyroclastic fallout from eruptions (Quartau et al.,
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2012), though collecting sediment cores and other data around the islands could in principle
help resolve this in the future. Nevertheless, the thick sediment imaged seismically beneath the
shelf of S&o Jorge (Marques et al., 2018) suggests this could indeed partly explain its high
cumulative volume of slope valleys. Despite this effect, the cumulative volumes of landslide
valleys of west S&o Jorge (~1 m*/m?), where the island is volcanically young and the shelf is
narrow, is still larger than the volumes for Faial and Pico, which are both <0.5 m*/m?, so the
difference between the islands still needs an explanation, such as the difference in long-term
seismicity.

3.5.2 Comparing the Azores landslide area-volume relationship with those of other
settings

The relationship between volume (V) and area (A)) is generally written as V=a4/ where « and
J are constant parameters for each dataset. Landslides that are perfectly self-similar or show no
systematic variation in ratio between the vertical and horizontal dimensions should uniformly
have f=1.5 (Guzzetti et al., 2009; Klar et al., 2011). With accurate landslide dimensional
measurements, Guzzetti et al. (2009) reported 5=1.449 for subaerial landslides in central Italy,
which is close to p=1.5.

Table 3.1 shows « and g values for six studies of data from different submarine geological
environments for comparison with the Azores results. ten Brink et al. (2006) suggested that
diverse S values could result from different failure processes and thicknesses of failed material.
For instance, clay-rich debris lobes in the Storegga slide of Haflidason et al. (2005) have £ close
to 1 (V=0.0267A%%), a result of a nearly constant thickness of the sliding layer regardless of
slide area. Other regions with £ close to 1 (Chaytor et al., 2009; Hu et al., 2009) are located in
open continental slopes where gradients are gentle and sediments have been homogeneously
deposited, though likely having layered physical properties. Failure along seabed-parallel layers
tends to form tabular landslides. A Mediterranean result (Urgeles and Camerlenghi, 2013) has
intermediate $=1.251. The Mediterranean slopes have varied geological structure and

sedimentary inputs, leading to diverse landslides types and thickness.
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The Azores data have intermediate $=1.337, though closer to a size-invariant ratio (5=1.5).
Landslides have S <1.5, perhaps because of later infilling of valleys by sediments or resistance
to deep failure (e.g., because of increasing sediment compaction or harder volcanic rocks at

depth).

Table 3.1. Synthesis of volume-area relationships.

Number a B References
Central Azores 197 0.2348 | 1.337 | This study
Southern Tyrrhenian Sea 428 0.0009 | 1.369 | Casas etal. (2016)
US Atlantic margin 106 0.0163 | 1.099 | Chaytor et al. (2009)
East China Sea 102 0.0260 | 1.020 | Hu et al. (2009)
Puerto Rico 160 0.2630 | 1.292 | ten Brink et al. (2006)
Mediterranean Sea 696 0.0050 | 1.251 | Urgeles and Camerlenghi (2013)

3.5.3 Comparing cumulative volume distributions with those of other areas

Fig. 3.13 shows CCDFs of landslide volume from seven different submarine settings. CCDFs
are used to assess the maximum size in a region and investigate the relative occurrences of
features of differing size, though are affected by completeness and other factors. Substantial
sediments can accumulate on open passive continental margins as the slopes are broad and
homogenous, with only occasional earthquakes. However, once landslides occur, movements
can transport sediment far from their origins so landslides can be large, reflected in their CCDFs
(ten Brink et al., 2006). Though landslides in tectonically active areas are usually small (Urgeles
and Camerlenghi, 2013), some giant submarine landslides still can be produced there (e.g., large
slumps in Hawaii; Masson et al., 2002).

Small landslides (<10° m®) tend to be identified more readily in higher-resolution datasets.
Hence, at least 10 times more landslides were identified in bathymetry grids with 20-m cell
sizes than in those with 100-m cell sizes (Fig. 3.13). Comparing datasets of similar grid cell
sizes, some differences occur that could be explained by differing sediment physical properties.
For instance, the smallest mapped scars in the Azores have volumes 5 times larger than the
smallest scars in the southern Tyrrhenian Sea, despite comparable grid cell sizes (<20 m). One
possible explanation could be different sediment cohesions. Limit-equilibrium slope stability

modeling has suggested that incohesive sediments tend to form shallow, elongate landslides
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with no lower size limit, whereas cohesive sediments tend to develop landslides with a
minimum size (Frattini and Crosta, 2013). The 9-33 kPa or larger cohesion of the Azores
sediments may explain the larger minimum volumes there compared with those of the
Tyrrhenian Sea. However, the variance of geological setting needs to be considered as well, as
most of the small landslide scars in the Tyrrhenian Sea were found at the heads or flanks of
submarine canyons. Confined spaces there may also have limited landslide development (Casas

etal., 2016).
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Figure 3.13. CCDFs of landslide volumes. [(1) This study, central Azores; (2) Casas et al.
(2016), southern Tyrrhenian Sea; (3) Chaytor et al. (2009), US Atlantic margin; (4) Hu et al.
(2009), East China Sea; (5) ten Brink et al. (2006), Puerto Rico; (6) Urgeles and Camerlenghi
(2013), Mediterranean Sea; (7) Haflidason et al. (2005), middle Norwegian Sea.]

3.5.4 Lessons for assessing geohazards of volcanic islands

We have suggested that differences in the cumulative volumes and areas of submarine
landslides may imply differences in long-term seismicity. Such differences could potentially
help to overcome the inadequacy of the instrumental seismic record (Scholz, 2002). Hence,
submarine landslide mapping can help in assessing earthquake hazards as well as tsunami
hazards. This analysis could easily be repeated around other volcanic islands with suitable

bathymetric data, although effort is still needed to assess the other possible causes of varied
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landslide properties identified above, e.g., fluxes of sediment from erosion and biogenic
production.

Geotechnical data would help evaluating slope responses to earthquakes. Obtaining samples
for such tests by vibrocoring would be challenging on the steep (30°) slopes of islands, but more
indirect assessments of sediment rigidity may be possible, e.g., velocities from shallow seismic
refraction.

More efforts could be put into assessing landslide frequency. Long-term records can be
obtained by dating landslide-origin turbidites (e.g., Hunt et al., 2013). Short-term records could
be obtained by repeating multibeam sonar surveys (e.g., Casalbore et al., 2012; 2020; Kelner et
al., 2016; Soule et al., 2021), with timings of events obtained from tide gauge records and
acoustic recordings (Caplan-Auerback et al., 2001) to help identify possible formative events
such as earthquakes.

3.6 Conclusions

We have mapped 1227 submarine slope valleys in the central Azores volcanic islands. To
overcome difficulties of interpretation arising from the rugged morphology of the upper
submarine slopes, valleys were first categorised based on the levels of recognition as landslides
and whether they appear to have formed by single, multiple or retrogressive failures events.
Considering slope valleys of all types and classes, S&o Jorge and Terceira islands have greater
valley volumes and areas per unit slope area, compared with Faial and Pico. We highlight this
observation as suggesting that Faial and Pico potentially have greater earthquake hazard. In this
interpretation, frequent earthquakes prevent the build-up of unstable sediment deposits on
slopes, leading to mostly smaller landslides around Faial and Pico. This suggestion is tempered
by an observed greater valley volume in easterly S&o Jorge where thick sediments are also
observed on its shelf. Such sediments are likely exported to slopes during sea-level lowstands,
which suggests that greater sediment accumulation has also affected landslide volumes there.
Nevertheless, westerly S&o Jorge has a narrower shelf and its valley volume is still greater than
Faial and Pico islands. Thus, differences in factors other than sediment input such as seismicity

are still needed to explain the contrast in slope valleys statistics.
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Cumulative area and volume distributions for valleys most likely to be single landslides fit log-
normal probability density functions, as found elsewhere. Based on an analytical formula, at
least 13 of the valleys most likely to have been produced by single landslides would have
generated tsunamis with heights >1 m at source. One may have produced a wave of ~7 m.
Those heights also follow a log-normal probability density function.

Static slope stability analyses suggest that some steep slopes have cohesive strengths of at least
9-33 kPa, much larger than 0.08 to 2 kPa expected of typical superficial incohesive seafloor
sediment. This could be explained by moderate to high carbonate cementation, by earthquakes
shaking and/or perhaps by the presence of coherent lava or talus.

Overall the study suggests that mapping submarine landslides around volcanic islands in
general could also be useful for investigating seismic and tsunami hazards that are not well
characterised by other methods, as well as uncovering other aspects of their submarine slope
sediments.

Data availability

The 2003 multibeam data are available at 100 m grid resolution from the Marine Geoscience
Data Portal (http://www.marine-geo.org/index.php). The multibeam data for Terceira are not
publicly available due to the sensitive nature of the area and environmental sustainability
concerns, but can be made available to researchers with appropriate credentials. Background
bathymetric data are from the GeoMapApp (GMRT; www.geomapapp.org, Ryan et al., 2009).
The seismic catalog is from International  Seismological Centre (2019)

(https://doi.org/10.31905/EJ3B5LV6; Di Giacomo et al., 2014).
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Chapter 4. Volcaniclastic deposits and sedimentation processes

around volcanic ocean islands: the central Azores

This chapter is a reproduction of a manuscript published in the Journal of Geological Society,
London, Special Publications. Chang, Y.-C., Mitchell, N.C., Hansteen, T.H., Schindlbeck-Belo,
J.C., Freundt, A. Volcaniclastic deposits and sedimentation processes around volcanic ocean
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made contributions by commenting on the article.

In this chapter, | sampled marine sediments cores stored in the GEOMAR repository at Kiel. |
have pre-processed all the samples for geochemical analysis and optical microscope
observations. T pictured volcanic grains under a high magnification stereo-microscope and
digitally measured their morphometric parameters for angularity and elongation. | made core
interpretations based on the compilation of the sedimentary structures, volcanic grain

geomorphology and geochemical analytical results.

The four gravity cores and photographic scans were collected during RV Meteor cruise M141/1
in 2017 and provided by co-authors T.H.H and A.F. Geochemical analyses were assissted by
the senior technicians and research staff. The operation of electron microprobe (EMP) analysis
has been helped and carried out by co-author J.C.S. Steffen Kutterolf and Line Herberg at
GEOMAR also provided a part of the EMP samples for core 1226. X-ray powder diffraction
and pre-test of total organic carbon analysis were operated by senior technicians at the
University of Manchester. The published data of organic carbon contents and isotopes were
assissted by a senior experimental officer at the University of Liverpool. Multibeam

bathymetric data were provided by co-authors N.M and R.Q.
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Abstract

Geological histories of volcanic ocean islands can be revealed by the sediments shed by them.
Hence there is an interest in studying cores of volcaniclastic sediments that are particularly
preserved in the many flat-floored basins lying close to the Azores islands. We analyse four
gravity cores collected around the central group of the islands. Three sedimentary facies (F1-
F2a, F2b) are recognised based on visual core logging, particle morphometric and geochemical
analyses. F1 is clay-rich hemipelagite comprising homogeneous mud with mottled structures
from bioturbation. F2a and F2b are both clay-poor volcaniclastic deposits, which are carbonate-
rich and carbonate-poor, respectively. More biogenic carbonate in F2a reflects the
incorporation of unconsolidated calcareous material from island shelves or bioturbation. Within
F2a and F2b we identify deposits emplaced by pyroclastic fallout, primary or secondary
turbidity currents by combining multiple information from lithological composition,
sedimentary structures, chemical composition of volcanic glass shards and morphometric
characteristics of volcanic particles. Primary volcaniclastic sediments were found in all four
cores, echoing activity known to have occurred up to historical times on the adjacent islands.
These preliminary results suggest that greater details of geological events could be inferred for

other volcanic islands by adopting a similar approach to core analysis.

Keywords: volcaniclastic facies, volcanic islands, volcanic hazard, geohazard history, grain-

shape analysis
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4.1 Introduction

Large volumes of volcaniclastic sedimentary material are denuded from volcanic ocean islands
and transferred to their surrounding seafloor (Menard, 1983), so scientific drilling and shallow
coring can be used to determine how the transfer of volcaniclastic sediments has varied over
time. At more distal sites, turbidity currents associated with mass wasting of islands are
typically less erosive, so more dateable hemipelagic sediments between turbidites can be
preserved. However, only turbidity currents produced by large events such as flank collapses
are likely to reach distal sites (Hunt et al., 2011; 2013). More proximal sites, in contrast, have
a good chance of recording smaller volcanic eruption and collapse events (e.g., Wall-Palmer et
al., 2014). Examples of sampling sites close to oceanic islands include those of Ocean Drilling
Program (ODP) Leg 157 offshore Gran Canaria (Carey et al., 1998; Schmincke and Sumita,
1998), shallow coring offshore Reunion Island (Ollier et al., 1998; Saint-Ange et al., 2013), and
Cape Verde islands (Eisele et al., 2015a, b). Intensive sampling near to arc volcanic islands has
been carried out near Montserrat, including during International Ocean Discovery Program
(IODP) Expedition 340 (Le Friant et al., 2015) and with extensive shallow coring (Trofimovs
et al., 2006; Trofimovs et al., 2013; Cassidy et al., 2014). Proximal sites tend to have well-
preserved turbidite sequences, although scouring by the turbidity currents can erode their
sedimentary substrates as well (e.g., Trofimovs et al., 2006; Solaro et al., 2020). The Montserrat
cores in particular reveal how particles in pyroclastic flows are separated when they enter the
ocean, with larger clasts rapidly deposited, leaving the finer particles to travel on as turbidity
currents (Trofimovs et al. 2006). The IODP core results suggest evidence for seabed failure
caused by loading by debris avalanche material (Le Friant et al., 2015). The many flat-floored
basins lying within 10-30 km of the Azores islands are potential proximal sediment traps as
turbidity currents from the island slopes became depositional upon transformation to subcritical
flow (e.g., van Andel and Komar, 1969). These deposits can reveal how the sequence,
frequency and style of mass-transport events on and around the islands have varied over time.
They should also reveal if and how they differ from the more proximal sampling records
obtained at other islands.
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Volcaniclastic deposits can be sub-divided into primary and secondary deposits (Fisher, 1961).
Primary submarine volcaniclastic deposits are directly derived from volcanic activity, such as
ash fallout from eruption columns (e.g., Bonadonna et al., 2002), subaqueously fragmenting
lava flows from effusive vents (e.g., Cappello et al., 2015), and pyroclastic flows produced by
collapsing eruption columns and domes entering the sea (e.g., Calder et al., 1999). Alongside
those, primary deposits also include syn-eruptive deposits whose mode of transport may have
included non-eruptive mechanisms, but where the clasts are a product of eruptive activity and
where transport occurs without an intervening stage of deposition and remobilisation. For
example, the immediate mixing of pyroclastic material with water/ice can generate lahars
reaching the sea (e.g., Cronin et al., 1997). Secondary deposits may be indirectly associated
with eruptive activity, but most events are unrelated to volcanic activity. Massive landslides
can potentially arise from the instability of steep slopes of volcanic islands coupled with various
triggers (Lee et al., 1994; Keating and McGuire, 2000). Secondary volcaniclastic deposits
unrelated to volcanic activity can also be caused by a wide range of reworking processes, for
instance, sediment resuspension during tropical hurricanes or storms (Dengler et al., 1984),
submarine slope collapses due to over-steepening of unconsolidated volcanic materials (Fornari
etal., 1979) or suspension of particles by coastal waves (Quartau et al., 2012; Zhao et al., 2019)
or subaerial erosion (Louvat and Allégre, 1998).

Biogenic production in the shallow waters of the Azores Islands has made carbonate a common
non-volcaniclastic component of their shelf deposits (Quartau et al., 2012; 2015; A vila et al.,
2015; Wisshak et al., 2015), which is potentially exported to the basins, where it could be a
useful tracer of shelf or upper slope origins. The relative amounts of different types of sediment
should vary between islands, e.g., due to different dominant eruption styles (explosive versus
effusive) or size and structure of shelves. Biogenic production rates vary with food sources,
water clarity and other factors (Wisshak et al., 2015). Coastal and subaerial erosion rates vary
with wave, wind and precipitation conditions, even around individual islands due to shadowing

(Mitchell et al., 2003).
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The chemical compositions of volcanic fragments (typically of glass shards) in volcaniclastic
deposits provide clues to their emplacement process and origin. In many instances, a deposit
with a tight cluster of geochemical compositions has been interpreted as indicating a single
volcanic event and thus primary deposits (e.g., Stokes and Lowe, 1988; Stokes et al., 1992;
Lowe et al., 2017), although secondary volcaniclastic deposits may also have homogeneous
shard compositions if those shards were derived from the remobilization of shelf-deposited
tephra of unigue magmatic systems largely stored on the shelf (Schneider et al., 2001). A large
geochemical compositional variation instead likely results from reworking of material from
different volcanic source deposits. However, in some cases, physically different volcanic
sources contributing to deposits can differ only subtly geochemically (Boygle, 1999; Schneider
et al., 2001; Gudmundsdottir et al., 2011; Schindlbeck et al., 2013), making interpretation of
resedimented deposits based on geochemistry alone difficult. Such issues may also limit the
use of chemical proxies in isolation to determine the origins of volcaniclastic deposits (e.g.,
Kratzmann et al., 2009; Christopher et al., 2014). Analyses of glass geochemistry integrated
with other information are therefore required for accurate and consistent identification of
eruption sources.

We seek to reveal the main emplacement mechanism of volcaniclastic deposits on the basin
floor of the central Azores by identifying different types of volcaniclastic deposits. The work
aims to answer: are most of those deposits derived directly from volcanic eruptions (primary
volcaniclastic deposits) or derived from reworked deposits or submarine slope failure
(secondary volcaniclastic deposits)? The volcaniclastic bed thicknesses found here also pose
the question of how they compare with other islands with different geological histories, as cores
typically only sample a limited amount of sediment, both spatially and in terms of age extent,
and classification of bed types varies between investigations. Comparing the results of coring
in similar relatively proximal locations at other oceanic islands with similar hot-spot origin
could reveal interesting variances that reflect differences in style of volcanism, seismicity and
turbidite emplacement mechanisms. This article describes sediments in four gravity cores of 13

m total length by integrating visual observations, geochemical measurements and grain-shape
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morphometric analyses. Multiple types of sediment characteristics are used to classify the
sediments.

4.2 Geological setting

The central Azores group of Terceira, S&o Jorge, Faial, Pico and Graciosa islands have grown
during at least the Quaternary (Féraud et al., 1980) close to the slow spreading Mid-Atlantic
Ridge (Fig. 4.1). The crust underlying them is thickened and forms a broad oceanic plateau,
created by excess volcanism on a plate or at a plate boundary that has been slowly moving over
a mantle hotspot or other source of excess mantle melting (White et al., 1976; Bonatti, 1990;
Gente et al., 2003; Vogt and Jung, 2004). Several of the islands are WNW-ESE elongated (Fig.
4.1). Volcanic vents tend to form two distinct geochemical groups with different alignments
(N150°E and N110°E-N120°E), possibly a result of regional trans-tensional deformation
(Lourenco et al., 1998; Miranda et al., 2015). Eruptive styles have ranged from effusive
Hawaiian and mildly explosive Strombolian through phreatomagmatic to Plinian and
ignimbrite eruptions associated with caldera formation (Machado, 1959; Weston, 1964;
Madeira, 1998; Cole et al., 2001; Calvert et al., 2006; Pimentel, 2007; Larrea et al., 2014;
Sibrant et al., 2014). Effusive eruptions producing lava flows have usually been associated with
the fissure zones. Besides on-going seismicity (Miranda et al., 2015), fault offsets of Holocene
lava flows and cinder cones are evidence of on-going tectonic activity (Madeira and Brum da
Silveira, 2003). Volcanic activity, earthquakes and storm-related activity potentially all cause

episodic shedding of sediments from the islands.

Volcanoes in the central Azores have been historically active with events occurring since island
settlement (Fig. 4.1; Gaspar et al., 2015). Young volcanic products can be found, for example,
on Faial as historical lava flows and the <10 ka Capelo volcanic complex in the west of the
island (Madeira, 1998; Madeira and Brum da Silveira, 2003). The rest of Faial is widely
blanketed by volcanic deposits including ignimbrites, which were emplaced in a 1000 yBP
explosive eruption of Caldeira VVolcano (Pacheco, 2001; Pimentel et al., 2015). The whole of

Pico Island is generally young and has continued growing over the Holocene (Woodhall, 1974).
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Chapter 4

The latest stages of basaltic lava flows originated from vents along the Fissural System in the
middle of Pico Island and from Pico Mountain stratovolcano in the west (e.g., Forjaz, 1968;
Woodhall, 1974; Zbyszewski et al., 1974; Madeira, 1998; Nunes, 1999). On Sdo Jorge, the
Young Volcanic Complex (<0.1 Ma) was unconformably deposited on both intermediate and
old volcanic complexes in the centre of the island (Hildenbrand et al., 2008; Marques et al.,
2018). On Terceira, major volcanic activity and the widespread ignimbrite were associated with
the latest stages of growth of the west of the island since 23 ka (Self, 1976). Santa Barbara
volcano, Pico Alto Volcano and the fissure zone crossing the island still show signs of activity

(Self, 1976; Féraud et al., 1980; Calvert et al., 2006; Gertisser et al., 2010).
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Figure 4.1. (a) Locations of the four investigated gravity cores (numbered red circles) between
the five central Azores Islands (shown in grey with black outlines) of Faial (F), Pico (P), S&o
Jorge (SJ), Graciosa (G), and Terceira (T) with the submarine Serreta Ridge (SR). Red stars
and dotted lines are recently or presently on-land active volcanoes and fissure zones or cinder
cone alignments. Volcanoes active in late Pleistocene and Holocene times are, from the west
to east, Capelinhos volcano (CapV), Capelo Volcanic Complex (CapeloVC), Caldeira (CalV),
Pico Mountain Volcano (PMV), Santa Barbara Volcano (SBV), and Pico Alto Volcano (PAV).
Yellow areas on land represent historical lava flows (Madeira 1998; Gaspar, 2003; Pimentel
et al., 2016). Yellow crossed circles locate submarine eruption sites (Machado 1959; Weston
1964; Queiroz et al. 1995; Gaspar et al., 2015). Background bathymetry is from the Global
Multi-Resolution Topography synthesis (GMRT; Ryan et al., 2009); higher-resolution
foreground bathymetry (bold colours) is from surveys in 2003 (Mitchell et al., 2008) and 2011
(Chiocci et al., 2013). Upper-left inset: location of the central Azores Islands in the diffuse
boundary between the Eurasia (EU) and Nubia (NU) plates. NA: North American plate. Purple
lines locate the Mid-Atlantic Ridge (MAR). Solid black lines locate fracture zones near the Mid-
Atlantic Ridge and dashed black lines outline the diffuse NU-EU plate boundary (Laughton and
Whitmarsh, 1974; Lourenco et al.,1998). (b) Enlarged map of local gradients on the north flank
of Terceira revealing morphological features of the submarine slope. Depth contours in 200 m.
Map located by white rectangle in (a). The source of map is from surveys in 2011 (Chiocci et
al., 2013).

Tall sea cliffs in the Azores indicate that coastal erosion also supplies terrigenous material,
either onto shelves during current sea-level high-stand conditions or onto the submarine slopes
by shelf spill-over. Zhao et al. (2019) documented the rapid erosion of the Capelinhos Cone
since it was created by the eruption in 1957 (coastline initially retreating 164 m/y though with
rate quickly declining after the eruption to 2 m/y). Zhao et al. (2020) used dated Holocene lava
deltas and evidence of their previous extents underwater to work out retreat rates of 0.08 to 12.5
m/y at those deltas. Using a geochemical method, Louvat and Allégre (1998) inferred chemical
denudation rates of 170-500 g/m?/y and mechanical denudation rates of 26-50 g/m?/y for Sao
Miguel Island. These rates approximate to 0.06—0.18 m/y and 0.009-0.018 m/y when divided

by a typical rock density of 2.7 kg/m®.
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Production rates of carbonates on shelves are poorly known though artificial hardground
experiments of Wisshak et al. (2010; 2015) southeast of Faial found rates as high as ~631 g/m?/y
(i.e., ~0.225 m/y) at 60 m depth. Such high rates are typical of carbonate production, which
varies strongly with timescale of measurement, tending to be higher when measured over short
timescales (Schlager, 2000), so these values overestimate the production rates on ky-timescales.
Nevertheless, carbonate production on shelves, along with material from subaerial and coastal
erosion, probably provides significant amounts of sediment to the shelves and slopes that may
end up being deposited in the basins around the Azores Islands. Indeed, abundant landslide
scars in the upper slopes of the islands (Fig. 4.1b; Mitchell et al., 2008; Quartau et al., 2010;
Chang et al., 2019) and sediment waves on their lower flanks (Fig. 4.1b) are evidence for
frequent slope failures and transport by sedimentary flows (Casalbore et al., 2020).

4.3 Materials and methods

The four gravity cores described here were collected around the central Azores islands (Fig.
4.1) during RV Meteor cruise M141/1 in 2017 (Hansteen et al., 2017) and are curated in the
core repository at the GEOMAR-Helmholtz Centre for Ocean Research Kiel, Germany.
Sampling points marked by types of analysis are located in Fig. 4.2. Samples are identified by
core number and depth (e.g., 1226-90 represents the deposits of core 1226 at 90 cm below the
seafloor).

4.3.1 Visual core descriptions and sample selection

Each core was photographed and inspected visually to produce sedimentary logs summarizing
grain size changes, sedimentary structures and tephra-rich beds (Fig. 4.2). On the basis of those
observations, 66 samples were taken for detailed microscope analysis, 52 for electron
microprobe (EMP) analysis, 28 for grain-shape morphometric analyses, 14 for X-ray diffraction
(XRD) analysis and 35 for total organic carbon/total nitrogen analysis (TOC/TN) and 23 for

carbon isotope analysis (5'°C).
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Figure 4.2. Photographic scans, interpreted lithological columns, grain size with locations of

analysed samples, sedimentary structures, and facies interpretations of the cores located in

Fig. 4.1. The interpreted changes in overall grain size and abundance of microfossils were

based on reflecting microscope observations.
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Figure. 4.2. Continued

4.3.2 Volcanic glass geochemical analysis

Major element concentrations of volcanic glass shards were obtained by JEOL JXA 8200
wavelength dispersive electron microprobe (EMP) at GEOMAR Helmholtz Centre for Ocean
Research, Kiel using procedures of Kutterolf et al. (2011). The size fraction 63-125 pm was
extracted by wet-sieving. Glass shards were then selected and embedded in epoxy resin for
analysis using a 15-kV accelerating voltage and 6 nA beam current at a defocused beam
diameter of 5 um. Lipari obsidian (peralkaline rhyolite; Hunt and Hill, 2001) and Smithsonian
basalt VGA-99 (USNM 113498/1; Jarosewich, 2002) were used as standards. In each sample,

60 individual glass shards were analysed except in very shard-poor samples (<10 vol%), where
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all visible glass shards were measured. Every sixty glass shard measurements were bracketed
by four standard measurements (two of each standard). Results with total oxides <95 wt% and
accidental shots on minerals were excluded. Measured major element concentrations of
standard materials deviate by <0.5% from the expected values. All measured values were
normalised to 100 wt% to eliminate the effects of varied post-depositional hydration and minor
deviations of electron beam focus.

4.3.3 Morphometric analyses of volcanic grains

The volcanic grain shape characterization used in this study was based on the work of Cassidy
et al. (2014) with adjustments as follows. Volcanic grains were first manually separated (not
sieved) from samples chosen from volcaniclastic-rich deposits, with carbonate-free grains
selected (samples were not acid leached). The grains such as those in Figs. 4.3a—4.3d were
photographed under a high magnification stereo microscope with white paper as background.
Image spatial calibration, transformation and morphometric measurements were carried out
with ImageJ software (Rasband WS, 1997-2012, https://imagej.nih.gov/ij) as also used by
Cassidy et al. (2014). We measured cross-sectional area, aspect ratio and perimeter length of
30 to 60 grains per sample until graphs of the measured characteristics no longer changed with
further measurements. Cross-sectional area was calculated from the sum of dark image pixels
for each grain. Aspect ratio was calculated from the ratio of long axis to short axis. Perimeter
lengths were converted to normalised perimeter lengths (NPLs) by dividing by the
circumference of a circle of equivalent cross-sectional area in order to remove the effect of
particle size. The characteristic length scale of each particle, representing its grain size, was

calculated from square root of grain area and converted to the phi scale.
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Figure 4.3. Selected photos (reflected light) of volcanic particles and bioclasts from different
core samples. Samples are located in Fig. 4.2. (a, b): photos of angular vitric glass fragments
from core 1226 at 90 and 173 cm. (c, d): photos of rounded volcanic clasts from core 1230 at
63 cm and core 1215 at 214 cm. (e, f): photos of coralline algae debris from core 1215 at 205
cm and foraminifera and shell fragments from core 1215 at 214 cm. All particles are from

facies F2. NPL values were given in the photos of volcanic particles samples.

4.3.4 Bulk mineral assemblage analysis

Bulk sediment mineralogy was determined by X-ray powder diffraction (XRD) analysis.
Samples were prepared following the methods of Charlier et al. (2006). Approximately 50 mg
samples were powdered and analysed by Bruker D8 Advance diffractometer at the University
of Manchester. A voltage of 40 kV and a tube current of 40 mA were used to produce CuKa1X-
rays at a wavelength of 1.5406A . Scanning range of the detector was set from 5-70° (26) with
a step size of 0.02° and 2s per count. Diffraction angle peaks were evaluated with EVA version
5, with a mineral database originating from the International Centre for Diffraction Data
(ICDD). Bulk mineralogy fractions were semi-quantitatively estimated using peak-area
measurements with an analytical error of 0.5% (e.g., Schultz, 1964).

4.3.5 Organic carbon and nitrogen and carbon isotope analyses

TOC was measured to assess potential organic carbon preservation and whether organic
contents would help discriminate different types of sedimentary flow deposits. TOC/TN ratios
and 6*3C were measured to provide information on carbon sources, in particular, algae and land
plant sources (Meyers, 1994). The sediment samples were first powdered and then separated
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into acid-untreated and acid-treated groups before measurements in multipurpose mass
spectrometers at the University of Liverpool. Total organic carbon and organic carbon isotopes
were measured on a subset of samples treated with 10% HCI. Total nitrogen was measured on
a subset of samples without that HCI treatment. Standard samples were measured for every ten
measurements. The operational detection limit of TOC was quoted as 0.1 wt%, although
systematic differences in TOC between F2a and F2b suggests the detection limit may have
reached closer to 0.05 wt% in practice. The average precision of §*C from repeated analyses
is 0.2%o.

4.3.6 Discriminating pyroclastic fallout, primary turbidite and secondary turbidite
Emplacement mechanisms and origins (i.e., pyroclastic fallout and primary and secondary
volcaniclastic turbidite) were determined by assessing all the information available from
depositional structures, chemical compositions of volcanic glass shards and morphometric
parameters of volcanic grains (Fig. 4.2).

Bed colour, lithological composition, tractional structures and sharp bed contacts allowed the
identification of volcaniclastic-rich beds. Laminated bedding, erosive bases and appearance of
shelf-derived carbonate fragments indicate emplacement by sediment flows (cf. Bouma, 1962;
Stow and Piper, 1984; Talling et al., 2012). Homogeneous volcanic glass compositions
probably originate from single eruptions, hence deposits with such compositional homogeneity
also conforming to the above features were interpreted as primary turbidites or, if reasonably
well sorted and without indication of horizontal transport (traction features), as pyroclastic
fallout. Although fallout deposits can share some sedimentary features with primary
volcaniclastic turbidites, such as normal grading and sharp basal boundaries (e.g., Sigurdsson
et al., 2000; Carey and Schneider, 2011) and homogeneous chemical compositions, the high
angularities (from both mean and standard deviation of NPL) are also helpful to distinguish
them.

Heterogeneous geochemical compositions in sediment flow deposits instead reflect the mixing
of particles from multiple sources, hence these are identified as secondary turbidites. However,

interpretation of compositional homogeneity needs to consider possible complications. Erupted
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magmas can be compositionally zoned, in which case observed compositions are genetically
related although possibly in a complex fashion (e.g., Sigurdsson and Sparks, 1981; Freundt and
Schmincke, 1995). Conduit erosion, pyroclastic flows or edifice collapses can also entrain
material from previous eruptions of genetically related magmas but possibly also enhance the
occurrence of lithic particles. On the other hand, an ocean island volcano may evolve either by
repeatedly erupting the same magma compositions over time or by gradually developing more
evolved compositions over time so that secondary turbidites originating by multi-stage slope
failures can have glass compositions that are homogeneous or follow a genetic trend (Schneider
etal., 2001; Hunt et al., 2011).

Although particles transported long distances by sediment flows are expected to become less
angular (Manga et al., 2011), those of primary volcaniclastic turbidites transported short
distances may remain sub-angular and maintain juvenile textures (e.g., Sigurdsson et al., 1980;
Houghton and Landis, 1989), so they can be difficult to distinguish from fallout by
morphometric data alone. Moreover, intense post-depositional bioturbation can mix sediments
at the tops and bottoms of beds, which can undermine the suggested typical characteristics of
different volcaniclastic deposits. The complexity of discrimination highlights that multiple
types of parameters are needed to interpret emplacement process and origins of volcaniclastic
grains.

Total organic carbon contents were not used as criteria for assigning beds to fallout, primary or
secondary volcaniclastic deposits. Nevertheless, they were found to be supportive as some
deposits with extremely low TOC are easily explained by rapid deposition of carbon-poor
materials, as expected for primary volcaniclastic deposits.

4.4 Results

Three sedimentary facies (F1, F2a and F2b) were distinguished by the characteristics
summarised in Table 4.1 with illustrating examples in Fig. 4.3. F1 represents clay-rich
hemipelagite and F2 represents clay-poor volcaniclastic deposits. Facies F2 is further
subdivided into carbonate-rich F2a and carbonate-poor F2b facies. Assigning the volcaniclastic

beds to fallout, primary and secondary turbidite classes was then a complex task involving an
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assessment of all the data available, bearing in mind the considerations above. In the following

results, we highlight observations that support these choices of classes. Those interpretations

are shown in the interpretation columns of Fig. 4.2. The full characteristics and interpretations

of individual volcaniclastic-rich layers are provided in Appendix 4.1.

Table 4.1. Characteristics and interpretations of facies identified in sediment cores around

the central Azores islands

Facies
classification

Facies 1
Clay-rich
hemipelagic mud

Facies 2a
Carbonate-rich and clay-poor
volcaniclastic deposits

Facies 2b
Carbonate-poor and
clay-poor volcaniclastic
deposits

Lithology

Abundance of
microfossils
Sedimentary

structures

Bed lower
boundary

Colours

Geochemical
composition of
volcanic glass
Angularity of
volcanic grains

Depositional
process

Interpretation

Ungraded mud

Some and evenly
distributed
Generally
homogeneous mud.
Dispersed burrows
and mottled
structures are
common. Volcanic
clast pods are
occasionally found
Gradational change

Pale brown or pale
grey occasionally
with dispersed dark
mottles in between
Mostly
heterogeneous

Typically rounded,
near-spherical

Sediment slowly
and progressively
settled on seabed

Background
sedimentation

1.Silt to pebble

2.Light-coloured sediments
intercalated in the black sediments
1.Many but usually fragmented
2.Many

1.Sharp scouring surface on the
bottom. Apparent normal graded
bedding with parallel laminations
in the coarse grains.

2.Burrows, and inconsistent
laminations

1.Sharp erosive contact
2.Chaotic surface

1.light to dark brown base with
scattered white dots

2.Dark and light sediments
unevenly mixed

1.Usually heterogeneous
2.Homogeneous and
heterogeneous are possible
1.Typically rounded and near-
spherical

2.Rounded and angular are
possible.

1.Volcaniclastic turbidity currents
incorporating shelf or slope
carbonate material.

2.Intense bioturbation after
volcaniclastic deposits were
emplaced

1.Can be either primary or
secondary event

2.Can be either primary or
secondary event

1.Silt to pebble
2.Silt to coarse sand

1.Few

2.Few

1.Sharp scouring surface at
base; usually normal
graded beddings,
occasionally with inverse
graded bedding in the
middle

2.Normally graded. Often
with bioturbated top
1.Sharply erosive contact
2.Sharp contact
occasionally with tephra
intrusion into the lower
bedding

1.Generally dark yet
gradually lighter upward
2.Generally dark yet
gradually lighter upward
1.Usually homogenous
2.Homogeneous

1.Rounded and angular are
possible.
2.Angular

1.Volcaniclastic turbidity
currents with minor or
without carbonate
incorporated from shelf or
slope.

2.Air fallout

1.Mostly primary event
and rarely secondary event
2.Primary fallout

*Numbers in facies 2a and 2b columns associate aspects of the facies that were used to interpret the emplacement mechanisms.
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4.4.1 Facies visual descriptions

The sediment was first classified into two facies (F1 and F2) based on the relative abundance
of clay and volcaniclastic particles. F1 is mainly composed of homogenous ungraded pale
brown/grey mud to silt. Mottled structures, dispersed tephra grains and gradual colour changes
are common (Fig. 4.4a). The abundance of microfossils in F1 is intermediate to high.

F2 includes clay-poor volcaniclastic-rich deposits. The grain sizes of F2 beds vary from fine
(silt to fine sand) to coarse (medium sand to pebble) beds. F2 varies in colour from light to dark
brown (Figs. 4.4b—4.4g). Basal bed contacts are commonly sharp but upper bed contacts can be
gradual and diffuse. Sedimentary structures typical of turbidites are common, such as
laminations, ripples, internal erosive surfaces and normally graded sequences (cf. Bouma, 1962;
Stow and Piper, 1984; Talling et al., 2012), though inverse grading occasionally appears in the
middle of beds (Fig. 4.4d). Turbidite structures are more apparent in coarse-grained than in
fine-grained deposits (Figs. 4.4c to 4.4e). Burrows (bioturbation) are more common in fine-

grained deposits (Figs. 4.4c, 4.4e, 4.4f and 4.4q).

Figure 4.4. Enlargements of core sections located by light blue rectangles in Fig. 4.2
illustrating sedimentary structures in each facies. (a) Bioturbated burrows in F1 (outlined by
white dotted lines). Mafic grains dispersed by bioturbation are marked by white ellipses. (b)
Gently dipping ripple marks in F2a. (c) Parallel laminations and normally graded bedding (red
triangle). (d) Inverse-graded bedding (blue triangle) in F2b with scoured underlying surface.
(e) An upward fining sequence (white arrow) in F2b comprising multiple normally graded beds
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(red triangles) with sharp underlying boundary. (f) Burrows in a secondary turbidite of F2a.
(g) Features caused by intense bioturbation, which have led to incorporation of carbonate in
otherwise carbonate-poor volcaniclastic deposits. The distance scale shown is common to all
photos.

Interpretation

F1 was formed of fine grains and microfossils such as foraminifers deposited by settling in a
largely quiescent ambient environment. Mottled structures are caused by mud-feeding biota
burrowing the sediment which are commonly observed in (hemi)pelagic beds (Wetzel and
Uchman, 2012). Dispersed volcanic shards are the results from either bioturbation or later
settling of ash transported by varied processes through water column (Scudder et al., 2016).
The gradual and slight colour variations of these beds are associated with varied organic matter
content and redox variations (e.g., Savrda et al., 2001; Hoogakker et al., 2004). Bioturbation
can incorporate particles from nearby beds, which may explain dark patches of volcanic-rich
sediment found in the two analysed hemipelagic samples (e.g., core 1226 at 55 and 167 cm).
The volcaniclastic particles in F2 could be derived either directly from volcanic activity (e.g.,
pyroclastic fallout or primary volcaniclastic density currents) or from reworking of volcanic
material (e.g., submarine landsliding and coastal erosion). In many cases, the fallout beds
contain normally-graded vesicular pyroclastic particles with a higher concentration of crystals
at their bases and are commonly bioturbated at their tops (Carey and Schneider, 2011).
Although normal-grading and bioturbation structures can also commonly appear in the primary
and secondary volcaniclastic turbidites, coexisting laminated sedimentary structures and ripples
more likely originated from sediment density currents (Bouma, 1962; Stow and Piper, 1984;
Talling et al., 2012). We interpret crudely-graded/structureless coarse-grained beds with
erosive basal contacts as corresponding with sandy Bouma sub-divisions Ta, laminated coarse-
grained beds as corresponding with sandy Bouma sub-divisions Ty to T, and fine-grained beds
with poorly developed lamination with T4 to T (Bouma, 1962; Walker, 1978). Material such
as shelf-origin coralline algae debris and shell fragments (Figs. 4.3e and 4.3f) admixed in these

volcaniclastic deposits also favor emplacement by turbidity currents over a pyroclastic fallout
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origin. However, we are also aware that the typical characteristics of fallout deposits and
turbidites may be obscured or modified by post-depositional bioturbation. The complexity and
part similarity of sedimentary structures between different types of volcaniclastic deposits
reflect that other parameters are still needed to assure the emplacement mechanism
interpretation.

4.4.2 Volcanic glass geochemistry

Examples of geochemical variations in MgO and SiO; of volcanic glasses extracted from F2
beds are shown in Figs. 4.5 and 4.11 (full glass data are provided in Appendix 4.2). Major
element concentrations of volcanic glasses can be classified as three groups based on
composition. The geochemical compositions of the volcaniclastic beds in two of the groups
tend to cluster tightly (e.g., core 1230 at 158-160 cm shown in Fig.4.5), though rare outliers
occur more often in one of them (e.g., core 1230 at 138-140 cm shown in Fig. 4.5). The last

group, in contrast, have a scattered range of geochemical compositions (e.g., core 1215 at 208—

210 cm shown in Fig. 4.5).
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Figure 4.5. Geochemical (left panels) and morphometric characteristics of volcanic particles

from selected beds representing the three deposit types found in facies F2. NPL: normalised

perimeter length. Diagrams for all analysed beds can be found in appendix 4.1.

95




Interpretation

A relatively homogeneous chemical composition of vitric particles in a volcaniclastic-rich bed
favours a primary syn-eruptive origin, suggesting a probable origin by either fallout or
discharge of pyroclastic flows into the sea where they transformed into turbidity currents
without significantly eroding earlier volcaniclastic substrates of other compositions (Carey and
Schneider, 2011). Volcanic glasses transported through primary processes usually cluster in a
narrow range of geochemical compositions due to little mixing with older tephras, although
eruptions of compositionally zoned magma or old strata exhumed can produce a genetically
related range of glass compositions in the deposit. While the structural and textural appearance
of secondary turbidites formed by reworking of volcaniclastic materials is very similar to that
of primary turbidites, the glass particles commonly display a broad compositional spectrum
instead of a tight cluster because of mixing of particles from multiple sources. Such mixtures
can originate from a wide choice of processes ranging from exposed tephra particles eroded by
wind and water (Carey and Sigurdsson, 1984; Reid et al., 1996; Le Friant et al., 2004) to large-
scale mass wasting such as submarine landsliding (Moore et al., 1994; Masson et al., 2006).
However, whether chemical variation is compositionally homogeneous or heterogeneous may
be not so straightforward sometimes, so other information is required to reduce uncertainty of
interpretation.

4.4.3 Morphologies of volcanic grains

Three examples were selected to illustrate the morphometric features of the different types of
volcaniclastic deposits along with their geochemical compositions (Fig. 4.5; full set of
morphometric measurements in Appendix 4.3). There is no or only a slight systematic variation
of either NPL or aspect ratio with grain size for individual samples (Fig. 4.6). We chose a
limiting NPL value of 1.28 to sub-divide the samples into two groups as shown in Fig. 4.6a
(black and red colours). There is apparently no corresponding difference in aspect ratio between

the two groups (Fig. 4.6b).
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Figure 4.6. Average values (solid squares) and one standard deviations (bars) of (a)
normalised perimeter length and (b) aspect ratios of samples located in Fig. 4.2. Colours of
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Rectangles crossing multiple samples are taken from the same bed but different locations. The
data have been sorted into two groups with NPL>1.28 (black symbols) and NPL<1.28 (red

symbols), which are interpreted as having without (black) and with (red) intense abrasion.

Interpretations

The shapes of volcanic particles can be clues of transport process (e.g., Manga et al., 2011;
Cassidy et al., 2014). Abrasion and comminution of clasts both can occur during transport (e.g.,
Walker, 1981). Abrasion is expected to increase the roundness of clasts, whereas comminution
may decrease roundness. Angular and elongated particles are interpreted to have experienced
less grain-grain interactions than rounded and equidimensional particles (e.g., Manga et al.,
2011; Cassidy et al., 2014). Angular particles are typical for air-transmitted deposits from low-
concentration ash clouds with few grain-grain contacts while rounded particles are commonly
observed in deposits from sediment flows, particularly those in which high particle
concentration or intense bed-load transport produce frequent intense particle contacts (Wilson
and Hildreth, 1998). Cassidy et al. (2014) also suggested that particles emplaced purely by air

should be distinguishable from particles emplaced in sedimentary flows if the later involve
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intense grain-grain interactions that cause grains to progressively become more spherical and
develope smooth surfaces.

As expected, the suggested pyroclastic fallout deposits have NPL values that are higher on
average and more varied than those of the suggested secondary turbidite deposits (Fig. 4.5).
However, the NPL values of the primary turbidite deposits can be either high or low.
Considering that the cores are in proximal locations, the varied NPL values of the primary
turbidite deposits may be due to the short distance of transportation, reducing the time for
abrasion. Although the NPL values of fallout deposits are distinct from secondary turbidite
deposits, a combination of chemical compositions and sedimentary structures are still required
to convincingly separate fallout deposits from primary turbidite deposits.

Particles with high NPL are angular and/or elongated; hence aspect ratio is also potentially
useful to assess the contribution of elongation to NPL values. The samples of the high NPL
group do not typically have high aspect ratios, so the high NPL values are mainly due to grain
angularity rather than elongation, as can be seen in sample photos (Figs. 4.3a and 4.3b). While
angularity (NPL) is reduced by abrasion (Krumbein, 1941), elongation (aspect ratio) will
mainly be reduced by comminution. The similarity of aspect ratios between the high and low
NPL groups in Fig. 4.6 implies that particles have only become moderately rounded by abrasion
and have not broken up greatly during transport. Alternatively, the source eruptions did not
produce significant amounts of elongated grains.

4.4.4 Bulk mineral assemblage

The XRD data of the F2 volcaniclastic turbidites (Fig. 4.7) revealed volcanic minerals
(anorthoclase, plagioclase, clinopyroxene, olivine, amphibole and biotite, which are phenocryst
phases found in the mildly alkalic or peralkaline volcanic rocks on the Azores islands), marine
authigenic and biogenic minerals (e.g., calcite and aragonite) and quartz. Comparatively high
abundances of amorphous material exist in some samples and was microscopically identified
as glass shards. The light-coloured F2 volcaniclastic turbidites possess more biogenic material
(up to 25%) than the dark-coloured F2 turbidites (~5%), although mineralogical assemblages
are otherwise similar. We sub-divided facies F2 into F2a and F2b based on carbonate contents
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of >10% and <10%, respectively (Fig. 4.7). The biogenic material was microscopically
identified as foraminifera, shell fragment and coralline algae debris (e.g., Figs. 4.3e and 4.3f).
High carbonate percentages can exist in both primary (e.g., 1230-332) and secondary turbidites

(e.g., 1215-214).
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Figure 4.7. Mineral assemblages from XRD analyses of bulk sediment samples. Yellow bars
represent amorphous material. The two blue bars represent feldspars. The four green bars

represent ferromagnesian minerals. The red and pink bars represent carbonate minerals.

Interpretation

The bulk mineral assemblages of the samples are similar to those on the present-day shelf (e.g.,
Valente, 2020), although carbonate contents on the shelf vary more greatly and are generally
higher (10-90%; Quartau et al., 2015) compared to our F2a volcaniclastic beds (<25%; Fig.
4.7). Remobilization of shelf biogenic material or slope particles originating from shelf spill-
over should be the cause of higher carbonate concentrations in F2a than F2b volcaniclastic
turbidite deposits, given that most of the biogenic material occurring in F2a is of shelf origin
(Figs. 4.3e and 4.3f; Wisshak et al., 2014). The low carbonate content in F2b could be attributed
to the lack of incorporated of shelf origin bioclasts. For example, volcaniclastic grains may

have only settled through the water column (e.g., pyroclasic fallout) or transported over a
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carbonate-starved shelf platform. Remobilization can occur in either primary or secondary
turbidity currents. For instance, primary volcaniclastic density flows can incorporate
unconsolidated shelf bioclasts (e.g., Whitham, 1989; Trofimovs et al., 2008). Alternatively,
volcanic island submarine slopes or outer shelves may become unstable and collapse, sourcing
secondary turbidity currents containing both volcaniclastics and bioclasts (e.g., Quartau et al.,
2015). The high fraction of glass in the volcaniclastic-rich deposits can also indicate the origin
of the primary volcaniclastic material. Scarcity of volcanic glass or mixture of volcanic glass
compositions probably imply re-deposition from terrestrial deposits.

4.4.5 Total organic carbon, total nitrogen, and carbon isotopes

All facies have low organic carbon contents (Fig. 4.8; full data are provided in Appendix 4.4).
F1 has the highest (>0.15 wt%), F2a has intermediate (slightly > 0.1 wt%) and F2b has the
lowest organic carbon content (<0.1 wt%). Fine-grained samples of F2a (light orange bars in
Fig. 4.8) have slightly higher organic matter contents on average than the coarse-grained
samples of F2a (dark orange bars in Fig. 4.8). The F2a TOC/TN ratios are 5-15 and *3C values
are -18%o to -25%o (Fig. 4.9). The corresponding values for the F2b samples are 5-10 and -22%.

to -27%o, respectively.
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Figure 4.8. Organic carbon contents of the samples located in Fig 4.2 sorted by facies. The
light and dark tones of the colour bars are used to represent fine- and coarse-grained sediments
of F2a and F2b. The 0.1 wt.% operational detection limit is marked.
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Interpretation

The overall low TOC contents could be attributed to low input of organic matter and poor
preservation after deposition, such as slow sediment accumulation rates and oxidised bottom
water bodies (Cowie et al., 1995). Although lying around the analytical detection limit, the
lower TOC contents of F2b compared with F2a are consistent with less or no mobilised shelf
or submarine slope biogenic material in F2b, supporting a primary volcaniclastic interpretation
for F2b in this study.

The TOC/TN ratios and 8'°C values help to constrain the origins of the organic matter.
According to Meyers (1994), TOC/TN ratios of algae typically vary from 4 to 10, whereas
ratios for land plants are usually >20. Marine organic matter typically has average 6**C values
between -22 and -20%o. C3 and C4 land plants have average §'*C values of -27%o and ~ -14%o,
respectively. The TOC/TN ratios and 3*3C values of our samples show a dominant marine-algal
origin. The F1 and F2a samples also contain minor carbon from land plants (Fig. 4.9). The
organic matter in some F2b samples appears to originate from freshwater algae, likely derived

from island drainage.
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The modestly higher organic matter concentration in F2a than in F2b (Fig. 4.8) suggests
incorporation by turbidity currents of shelf or slope material (e.g., Figs. 4.3e and 4.3f)
containing some organic matter and its subsequent preservation by rapid burial. Although
shallow sediments lie in an oxidising environment, organic matter preservation is also
facilitated by the high productivity of coastal seas (Martin et al., 1987) and the effects of
bioturbation (Emerson and Hedges, 1988). The higher organic matter concentration in finer-
grained sediments (F2a) than those in coarse-grained sediments (F2b) may be an effect of total
particle surface area (Bergamaschi et al., 1997). Organic matter can be absorbed on mineral
surfaces, protecting it and slowing the rate of remineralisation (Keil et al., 1994).

4.5 Discussion

In total 42 volcaniclastic-rich beds were identified. Among these volcaniclastic beds, 24 of
them are F2a and 18 of them are F2b. F2a comprises 4 pyroclastic fallout beds, 8 primary
turbidites and 13 secondary turbidites. F2b comprises 5 pyroclastic fallout beds and 11 primary
turbidites. Although the lack of biogenic material was a characteristic used to discriminate
primary and secondary volcaniclastic deposits in offshore Montserrat (Trofimovs et al., 2013;
Le Friant et al., 2015), 12 primary volcaniclastic beds have relatively high carbonate contents
in these cores. This could be attributed to the incorporation of shelf sediments during transport
and/or intense post-depositional bioturbation mixing carbonate particles from the tops or bases
of beds (e.g., core 1226 at 18-40 cm). Therefore, we highlight that other data are still needed
to interpret transportation mechanisms instead of counting individual characteristics, as
illustrated here.

Assigning uncertainties to the volcaniclastic bed emplacement interpretations (fallout, and
primary and secondary volcaniclastic turbidites) is difficult given the many parameters were
used. Those emplacement interpretations are less certain where individual parameters do not
indicate bed type clearly (e.g., core 1215 at 133-137 cm and core 1230 at 78-86 cm). (The
segment in the core 1230 at 168-262 cm will be reinterpreted in Chapter 6 from hemipelagite
to primary volcanic turbidites based on new available samples and analyses) Nevertheless, in

most samples, all parameters indicated the emplacement type consistently, so the above relative
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proportions of different types should be reliable. To allow readers to assess the interpretations
for themselves, the full set of sample classifications and parameters is included in Appendix
4.1.

Landslide scars such as those in Fig. 4.1b are common around the Azores islands and
earthquakes potentially triggering slope failure are frequent, suggesting that associated turbidity
currents should occur frequently. The modal volume of landslide scars for Faial, Pico, S&o Jorge
and Terceira lies in the 10°-10° m® range (Chang et al., 2021). If a 10°® m* volume of mobilised
slope sediment were distributed uniformly over basins of roughly 20*20 km dimensions (Fig.
4.1a), they would generate deposits of 2.5 cm in thickness. Although having only half the 10°-
10 m® frequency, scars an order of magnitude larger in volume are also common, Therefore,
secondary volcaniclastic deposits of 2.5-25 cm thickness derived from slope failure should be
common. (A more comprehensive turbidite volume modelling for different depositional
basins will be conducted in Chapter 6)

The results summarised in Fig. 4.2 (right-most column), however, suggests that secondary
volcaniclastic deposits are not the overwhelming majority. Rather the cores are dominated by
primary volcaniclastic turbidites, particularly in cores 1226 and 1230. We interpret the
dominance of primary over secondary turbidites as either due to sedimentary flows generated
by slope failure not all running out to the basin floors or to volcanic eruptions generating the
primary beds being more frequent than the slope failures or some combination of these effects.
4.5.1 Origins of volcaniclastic turbidites

Primary volcaniclastic turbidites should mostly reflect adjacent eruption history rather than
more distant eruptions. Hence, those in core 1219 should be mainly sourced from Caldera
Volcano on Faial island (Fig. 4.1), although the Capelo Volcanic Complex is another possibility.
The site is also flanked by submarine cones of NW S&o Jorge and NW Faial, although it is
currently unclear how active they are (Mitchell et al., 2018). Those in core 1230 could be
sourced from Santa Barbara or Pico Alto volcanoes on Terceira. The primary volcaniclastic

turbidites in core 1215 may originate from Pico and/or S&o Jorge Islands. Core 1226 within the
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Terceira Rift may have received primary volcaniclastic turbidites from Terceira or from
submarine eruptions on the Serreta Ridge, which is volcanically active (Gaspar et al., 2003).
The upper submarine slopes of the islands contain abundant scars from upper-slope landslides
and retrogressive failures in their outer shelves (Fig. 4.1b), so they are potential sources of the
secondary volcaniclastic turbidites. Emplacements of secondary volcaniclastic turbidites seem
to be randomly distributed in each core and there are no clear major differences in occurrences
between them. Their common occurrences amongst the cores could ultimately reflect triggering
of slope failure around all the islands, such as by earthquakes or storm waves. (The influences
of intense effects of ocean surface waves on sediment transport processes will be addressed
in Chapter 5)

4.5.2 Applicability of morphological analysis of volcanic grains in other volcanic settings
Cassidy et al. (2014) presented volcanic grain morphometric data for volcaniclastic beds that
had known transport origins. Our analysis method differs from theirs as we measured fewer
grains in each sample and classified deposits using a different parameter, normalised perimeter
distance (NPL), so we have investigated if our method would also separate the samples of
Cassidy et al. (2014) into the same two groups assigned by them.

The results shown in Fig. 4.10 have both slightly lower average and standard deviation of NPL
and aspect ratio than those of the Azorean samples in Fig. 4.6. The 1.23-1.20 NPL value that
allows a separation between two types of deposits in the results of Cassidy et al. (2014) is
smaller than 1.28 in Fig. 4.6. This difference might be either due to higher angularity of grains
in the Azores cores or to the ~300 volcanic grains measured by Cassidy et al. (2014) compared
with only 30-60 in each of our samples. If the number of grains measured were important, we
would expect a more confined range and perhaps also a lower separation value of NPL in the
Azorean samples if more measurements were made. Otherwise, a unique separation value of
NPL may be found in each volcanic setting if the morphometric characteristics are dominantly
controlled by original characteristics such as solid and bulk densities, vesicle textures, primary
particle shapes and glass/crystal ratios. Although slight differences exist in the two sets of

results, both sets of graphs still show pyroclastic fallout tending to have a higher average and
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variability of NPL than the deposits emplaced by turbidity currents. This consistency suggests
that the more limited morphometric analysis conducted here is effective and potentially could

be applied to other volcanic settings.
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Figure 4.10. Average values (solid squares) and one standard deviations (bars) of (a)
normalised perimeter length and (b) aspect ratios of volcaniclastic particles constructed in the
same style as Fig. 4.6 from the data of Cassidy et al. (2014), where the transport process was
known independently. Colours of rectangles below the graphs correspond with the key in Fig.
4.2. The data have been sorted into pyroclastic fallout (black squares) and primary and
secondary volcaniclastic turbidite (red squares) in each panel. Pyroclastic fallout has
NPL>1.23 and without intense abrasion (black symbols). Turbidite instead has NPL<1.2 with

intense abrasion (red symbols).

4.5.3 Lateral correlation of pyroclastic fallout beds

The glass shard compositions cluster tightly in each of the four cores but differ between the
cores, apart from a few outliers (Fig. 4.11). This suggests that fallout beds cannot be correlated
between cores and that each core had its own volcanic source. (Tephra bed correlations
between land and sea will be addressed further in Chapter 6) The highly evolved glasses in
core 1230 taken north of Terceira derive from the trachytic/comenditic eruptions on that island
(Calvert et al., 2006; Jeffery et al., 2018). Ashes with such evolved compositions did not reach
core 1226 between Terceira, Graciosa and S&o Jorge, which only contains mafic glass shards.
The compositions of core 1226 differ from those of glass shards in cores 1215 and 1219

between Faial, Pico and S&o Jorge, suggesting a closer source, such as basaltic eruption on
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Terceira (Self et al. 1976) or at the Serreta Ridge. Association of the glass shards in cores 1215
and 1219 with sources on the surrounding islands is not presently possible, although dating and
trace element glass analyses in the future may help. Although sedimentation rates vary with
bathymetry and distance from islands, the most extensive volcanic history preserved in those
cores is <100 ky, which is roughly estimated from the length of hemipelagic sediments (F1)
divided by the hemipelagic sedimentation rate (3.5 cm/ky) in the central Azores basin (Vlag et
al., 2004). Hence, the cores contain a comparable range of eruption history to deposits on the
islands and partly within **C dating range. (Depositional history and sedimentation rates of

four sediment cores will be revealed in Chapter 6 based on twelve *C dates and two correlated

ignimbrites.)
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Figure 4.11. Geochemical variations of volcanic glasses in selected samples interpreted as
fallout. (a) MgO versus SiO,. (b) MgO versus K,O. Note that outliers have been left unfilled to

avoid distraction from the clusters.

4.5.4 Comparing thicknesses of volcaniclastic beds with those near other oceanic islands

Thickness frequency distributions have been used to characterise turbidite sequences from other
settings (Hiscott et al., 1992; Beattie and Dade, 1996; Talling, 2001). Such thickness frequency
distributions can reflect the relative importance of large versus small turbidite beds. For
example, volcaniclastic beds in the lzu-Bonin forearc basin show such a distribution with a

magnitude of the gradient 3 slightly above 1.0 (purple dashed line in Fig. 4.12c; Hiscott et al.,

1992).
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We use the similar approach, which is useful to compare volcaniclastic bed abundances over
certain thickness ranges between the islands. A limited dataset of volcaniclastic bed thicknesses
was obtained from near Gran Canaria (Sumita and Schmincke, 1998), Reunion (Saint-Ange et
al. 2013), the Cape Verde islands (Eisele et al. 2015a, b) and the Azores, which allows
comparison between island groups of contrasting volcanic history and core sampling proximity
to the islands. Due to the varied and commonly less detailed analyses that are available for these
cores compared with the Azores cores, the different types of volcaniclastic beds were typically
not all well discriminated and some may have been overlooked where they had weakly
contrasting colour with other sediments. To compare with the Azores results on the same basis,
therefore, we counted bed thicknesses from all types of volcaniclastic-rich beds in each site as

though they were a single type.
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Figure 4.12. Thickness frequency distributions of volcaniclastic beds preserved in
comparatively proximal drilling sites of different volcanic settings (a) the central Azores (b)
Cape Verde (c) Gran Canaria and (d) Reunion island. Counts of volcaniclastic beds (N) divided
by total core length (TCL) are plotted against volcaniclastic bed thickness (T). The distances
of cores to the coasts (km) are noted in the legends after the core sites. Note that both axes are
logarithmic. The purple dashed line represents a graph-gradient of 5 = -1, which is similar to

that found for volcaniclastic beds in the Izu-Bonin cores (Hiscott et al., 1992).
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The results in Fig. 4.12 show that the central Azores and Cape Verde islands have similar
thickness distributions, with both commonly having 2-20 cm volcaniclastic beds. Although the
length of cores from the central Azores and Cape Verde islands are too limited to determine
their complete distributions, the graphs are compatible with rapid declines in frequency after
the peaks, suggesting that small beds are important over the sediment depth sampled by coring.
The Gran Canaria cores (Fig. 4.12c), in contrast, have more than an order of magnitude smaller
frequency of decimetre-scale beds than either the Azores or Cape Verdes cores. The shallow
graph gradient (small magnitude of ) for the data above logio(T) of 0.5 shows that the larger
beds are proportionally more important relative to small beds than for the 1zu-Bonin cores
(purple dashed line in Fig. 4.12c; Hiscott et al., 1992). Core logs of Gran Canaria shown in
Sumita and Schmincke (1998; their figure 21) are also noticeably episodic, with typically 20 m
non-volcaniclastic-rich intervals between clusters of volcaniclastic beds. Both features reflect
a different volcanic evolution of Gran Canaria, which was episodic and explosive over the
period of volcano emergence from the sea that the cores span.

The Reunion island cores were collected on the dipping volcaniclastic apron of the island, at
varied distances from the shoreline (Saint-Ange et al. 2013), offshore an embayment of the
island containing collapse structures (e.g., Ollier et al. 1998). Fig. 4.12d shows a high frequency
of volcaniclastic beds and a high average bed thickness (>20 cm). The cores commonly contain
coarse and poorly-sorted turbidites, so their formative turbiditity currents may have been in the
upper flow regime or at least more vigorous than the Azores turbidity currents. The cores were
also collected on a slope close to a large slump scar, so slope movements may have originated
the turbidity currents.

4.6 Conclusions

The four selected Azorean sediment cores contain three sedimentary facies recognised on the
basis of sedimentary logging (visual and microscope inspection), geochemical compositions
(bulk mineralogy assemblage from XRD measurements, electron microprobe analysis of

volcanic glass shards, carbon isotopy and total organic carbon and nitrogen) and morphometric
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analysis of volcanic grain shapes (angularity and elongation). They are: F1, clay-rich
hemipelagite, F2a, clay-poor and carbonate-rich volcaniclastic deposits, and F2b, clay-poor and
carbonate-poor volcaniclastic deposits. Mottled structures caused by bioturbation are common
in F1 and sometimes in fine-grained F2. Normally graded, laminated beds with sharp bases are
commonly identified in F2a and F2b. All three facies typically possess high contents of
volcanogenic minerals and comparatively low organic carbon. F2a possess more carbonate (10—
20%) and organic carbon (>0.1 wt%) than F2b, likely from carbonate material incorporated

from the shelf and/or submarine slope.

The processes by which the F2 volcaniclastic deposits were emplaced, whether primary or
secondary, was determined based on multiple lines of evidence. Primary and secondary
volcaniclastic turbidites contain structures associated with turbidity currents and can also
contain high amounts of shelf-derived carbonate. Secondary turbidites contain rounded
volcaniclastic grains, and their volcanic glass shards have heterogeneous chemical
compositions. Primary volcaniclastic grains, in contrast, can be either angular or rounded. Their
volcanic glass compositions tend to cluster in a narrow range, sometimes with rare outliers,
although a range of glass compositions genetically related to magma fractionation can also be
observed. Although the sedimentary structures and chemical compositions of fallout deposits
can be similar to primary volcaniclastic turbidites, angular particles and scarcity of biogenic
carbonate favour a fallout interpretation. However, depositional environments with intense

post-depositional bioturbation can obscure all these suggested characteristics.

Interpreting individual event beds and the mechanisms that emplaced them remains a challenge,
although the approach of using multiple characteristics presents a way forward here.
Provisional analysis of volcanic glass compositions has revealed that individual cores tend to
have relatively homogeneous compositions, which would not be expected if they originated
from different islands or source volcanoes. Hence, volcaniclastic beds in the Azorean cores

reflect the eruption histories of adjacent islands rather than regional events.
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Bed thickness-frequency distributions were used to contrast the volcaniclastic emplacement
histories of four island groups. Those distributions for the central Azores and Cape Verde
islands are similar, possibly reflecting their similar bed origins. The decimetre beds for Gran
Canaria cores are at least an order of magnitude less abundant than the central Azores. That
small gradient () reflects the large-volume explosive eruptions that occurred during the
volcano emergence stage of Gran Canaria, which led to many dominating larger volcaniclastic
beds. The cores of Reunion contain poorly sorted, coarser and thicker beds on average than
those of the Azores, partly reflecting emplacement by larger and more vigorous turbidity
currents.
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Chapter 5. Asymmetric abundances of submarine sediment waves

around the Azores volcanic islands

This chapter is a reproduction of a manuscript published in the Journal of Marine Geology.
Chang, Y.-C., Mitchell, N.C., Quartau R., Hibscher, C., Rusu, L., Tempera, F. Asymmetric

abundances of submarine sediment waves around the Azores volcanic islands.

Y-C.C produced the original draft of the manuscript and figures. All co-authors contributed
their opinions and comments to the draft manuscript. The journal reviewers also effectively

made contributions by commenting on the article.

In this chapter, | identified sedimentary wave trains and produced their density maps in each
segment of the islands. I characterised the morphological and seismic reflections features of the
sediment waves. | also measured the wavelengths and heights of sediment waves. | evaluated
shelf sediment mobility by assessing evidence of drop-down camera and sidescan sonar images,
sediment grain-size textures and wave simulations by comparing wave-induced shear stresses

with the threshold stresses needed to cause sediment movement.

Wave propagation was simulated for two periods by co-author L.R. providing information on
wave properties. Superficial sediments on the shelves were collected and sieved by co-author
R.Q during the cruise in 2005 (Quartau et al., 2005). Graphs of critical gradients of internal
tidal waves were produced by co-author N.M. High-resolution bathymetric data were collected,
processed and provided by co-authors N.M, R.Q, and C.H (Mitchell et al., 2008; Hubscher,
2013; Quartau et al., 2014). Seismic reflection images were collected, processed and provided
by co-author C.H. (Hubscher, 2013). Sidescan sonar and drop-down camera images were

processed and provided by co-author F.T.
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Abstract

Sediment waves are common on the submarine flanks of volcanic islands, but the processes
that form them are difficult to decipher from geophysical data alone. Here, we identify
downslope-trending trains of sediment waves in multibeam sonar data from five islands of the
Azores. Train abundances are derived by counting the train intersections with depth contours
around each island, revealing that they are typically twice as common on the north slopes of
the islands compared with their south slopes. To provide context, we also characterise the
Holocene mobility of sediments on the shelves, ocean density structure (for evaluating internal
wave critical gradients) and sediment lithologies in four cores from beneath the slopes, which
contain shelf carbonates in some volcaniclastic turbidites. Holocene mobility is assessed using
sidescan sonar data, which reveal shelf-crossing sand streams. Using results of a high-resolution
wave model, wave-imposed shear stresses are found to have exceeded the stresses at threshold
of motion for most of the modern shelf sediments during recent extreme wave conditions.
Sediment waves could potentially arise from sedimentary flows, gravity mass movements
(shallow slumping) or ocean internal waves. Sedimentary flow origins are favoured by
streamwise changes of wavelengths and upslope bedform migrations suggested by seismic
reflections. The asymmetry of abundances north and south of each island is also an important
clue. For example, it is unlikely that systematically different sediment geotechnical properties
occur on the two sides of the islands, hence no reason to expect greater mass movements on
northern slopes. Internal waves originate mainly from the south and hence also do not explain
the asymmetry. Primary volcaniclastic flows are likely to be equally important on both sides.
Sedimentary flows originating from shelf sediment agitated during storms or from failed slope
sediment appear to explain best the asymmetry. In that case, prevailing wind and waves
approaching the islands from the northwest lead to more frequent sediment gravity flows
because they lead to greater flux of sediment from coastal erosion towards northerly outer
shelves and upper slopes, where it is prone to slope failure. Offshore-directed near-bed currents
originating from northwesterly wind-driven surface currents also transport shelf sediment

efficiently to the north, further aided by greater wave agitation on that side. The high
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abundances of wave trains on the north sides of the islands therefore favours origins involving
sedimentary gravity flows associated with wind and wave effects.

Keywords: sediment gravity flows, wave-induced turbidity currents, sediment transfer,
threshold of sediment motion, bottom current, internal waves

5.1 Introduction

Extensive sediment waves have been identified around the deep submarine flanks of many
volcanic islands, in places extending downslope over tens of kilometres (e.g., Wynn et al., 2000;
Hoffmann et al., 2008; Casalbore et al., 2014; Mazuel et al., 2016; Clare et al., 2018; Pope et
al., 2018; Quartau et al., 2018; Santos et al., 2019). Such waves, which are found in other types
of submarine slopes also, have been suggested to be created by (1) sedimentary gravity flows
due to transformation of sediment mobilised by gravity-driven slope mass movements (e.g.,
Pope et al., 2018) or from flooding or pyroclastic flows (e.g., Romagnoli et al., 2013), and (2)
effects of geostrophic bottom currents (e.g., Thran et al., 2018) or internal tidal wave currents
(Belde et al., 2015; Ribo et al., 2016). (In this study, "sediment waves" are used merely as

descriptive terms without connotation of their origins.)

Pope et al. (2018) have suggested morphologic criteria for interpreting sediment wave origins.
According to them, sediment waves originating from mass movements comprise rotational
landslide blocks with distinct headscarps, laterally confined transport paths, straight crestlines
and wave-forms that vary from asymmetrical to symmetrical in downslope sections. Eruption-
fed pyroclastic flows, instead, tend to produce radially extensive sediment waves that decrease
in wave height and wavelength downslope and have convex and/or bifurcated crestlines. Using
a global dataset of morphologic measurements, Casalbore et al. (2020) attempted a
comprehensive study of such sediment waves. However, interpreting the origins of sediment
waves solely based on bathymetric data is challenging as morphologic characteristics do not
indicate the mechanisms for forming the waves unambiguously. Even sediment wave-forms
that appear plausibly to have been created by a specific process can turn out to be more likely

produced by other process when other measurements or criteria are applied. For example,
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sediment waves off the Eel River of California have been re-interpreted as produced by
sedimentary flows (Lee et al., 2002), following an earlier mass-movement origin (Gardner et
al., 1999). Additional data are typically needed, for example, high-resolution seismic reflection
images (e.g., Pope et al., 2018; Quartau et al., 2018). Repeated bathymetric surveys have been
used to record the kinematics of sediment waves around volcanic islands (Casalbore et al., 2017)
and in other settings (Normandeau et al., 2016; Paull et al., 2018). Such kinematic information
can be integrated with other data to provide clues of origins, but interpretation is still commonly

uncertain.

Weill et al. (2016) have noted that large undulated lobe deposits (sediment waves),
erosional/non-depositional channels and seismically resolved upslope migrating cyclic steps
are more commonly found in the northern submarine slope of Sdo Miguel island than in its
southern slope. They speculated that this was linked to the exposure of the north coasts of the
island to episodic swells originating mainly from the north. In this study, we expand on their
observations by using high-resolution multibeam echo-sounder data from the central Azores
islands. We confirm that the central islands also show asymmetric abundances of submarine
sediment waves.

5.2 Regional Setting

The central and eastern islands of the Azores are located in or around a diffuse tectonic
boundary between the Eurasian and Nubian plates (Fig. 5.1), which includes the Terceira Rift,
an extensional graben crossing from S&o Miguel, Terceira, Graciosa islands towards the Mid-
Atlantic Ridge (Machado, 1959). Consequently, the Azores are highly active seismically
(Tucholke et al., 1997; Chiocci et al., 2013; Madeira et al., 2015; Miranda et al., 2015). The rift
and the islands have developed on a broad oceanic plateau of crust thickened by excess
volcanism, possibly associated with a hot-spot (White et al., 1976; Bonatti, 1990; Gente et al.,
2003; Vogt and Jung, 2004). Most of the islands and tectonic structures are WNW-ESE
elongated (Fig. 5.1). Faults on land have two different alignments (N150°E and N110°E-

N120°E), possibly a result of regional transtensional deformation (Lourenco et al., 1998;
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Miranda et al., 2015). Besides tectonic activity, the islands and some sea areas are volcanically
active (Moore, 1990; Cole et al., 1995; 2001; Gaspar et al., 2003), an activity that has extended
at least into the Quaternary (Féraud et al., 1980) if not much earlier. The geologic activity
suggests that many conditions exist in the Azores for the generation of sedimentary flows and
other processes that have been proposed to create submarine sediment waves (Casalbore et al.,

2020).
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Figure 5.1. Bathymetry of the central and eastern Azores Islands with depth contours every
1000 m. High-resolution multibeam echo-sounder data available to this study are shown in
bold colours. Background (faint colours) is derived from the Global Multi-Resolution
Topography Synthesis of Ryan et al. (2009). Light grey areas represent the islands of Faial,
Pico, Sao Jorge, Terceira, Graciosa and Sdo Miguel (F, P, SJ, T, G and SM, respectively). SR
is submarine Serreta Ridge. Seismic sections corresponding to the orange lines marked A-D
are shown in Fig. 5.7. Data from the surface sediments (red circles) on the shelves of Faial and
Pico islands are shown in Figs. 5.10 and 5.11. Lower-left inset: red rectangle locates the study
area in the diffuse boundary between the Eurasian and Nubian plates. Solid black lines locate
the Mid-Atlantic Ridge (MAR). Black long-dashed line locates Gloria Fault (GF). Black dotted
line locates the Terceira Rift (TR).
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5.2.1 Turbidite census

A recent study by Chang et al. (2021b) is useful to assess the relative importance of different
types of sediment flows. They used multiple lines of evidence (mainly sedimentary structures
and glass shard geochemistry and morphometrics) to interpret the emplacement of 42
volcaniclastic-rich beds from hemipelagite in four gravity cores collected in the vicinity of the
central Azores islands (yellow circles marked in Fig. 5.1). (Hemipelagite is sediment formed
slowly from typically fine particles of biogenic or terrigenous origin settling from suspension.)
Those beds were subdivided into primary and secondary volcaniclastic deposits following
White and Houghton (2006). Pyroclastic fallout and primary volcaniclastic turbidites are both
primary deposits derived directly from volcanic eruption columns, without interim deposition
and remobilisation. Secondary volcaniclastic turbidites are deposits reworked by sedimentary
processes during and after an eruption but before lithification. Evidence included the presence
of shelf carbonate grains. The 42 volcaniclastic beds summarised in Fig. 5.2 include nine
pyroclastic fallout beds, 20 primary volcaniclastic turbidites and 13 secondary volcaniclastic
turbidites. Therefore, turbidity currents formed directly from eruption columns (producing
primary volcaniclastic beds) were more common at these core sites than the sedimentary flows
producing secondary turbidites.

5.2.2 Flank collapses, pyroclastic and lava flows as submarine sedimentary flow sources
Pyroclastic flows and fallout deposits have been found on Terceira (e.g., Calvert et al., 2006;
Pimentel et al., 2015; 2021), Faial (e.g., Cole et al., 2001; Pacheco, 2001), Pico (e.g., Madeira,
1998), S&o Jorge (e.g., Weston, 1964), Sdo Miguel (e.g., Ferreira, 2000; Ferreira et al., 2015;
Sibrant et al., 2015). Sedimentary flows generated by the penetration of pyroclastic flow or
fallout material into the sea (e.g., Carey et al., 2000; Trofimovs et al., 2008) are therefore likely
to be frequent in the Azores, explaining their high abundance in the cores (Fig. 5.2). Effusive
eruptions have occurred often in the Azores (e.g., Weston, 1964). The lava flows they produce
may have induced sedimentary flows when their load led to failure of underlying shelf
sediments (Lodato et al., 2007; Mitchell et al., 2008; Quartau et al., 2015) or when the lava flow

fronts themselves failed (Bergh and Gudmunder, 1991). Although not all reaching the sea, there
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have been 35 events in 2000 years on Pico Island (Cappello et al., 2015) suggesting a high
frequency of lava flow emplacements. Some mass transport deposits on the southern submarine
flank of S&o Miguel were attributed to multiple flank and caldera collapses associated with the

growth of the volcanic island (Sibrant et al., 2015).
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Figure 5.2. Photographic scans of four gravity cores (1215, 1219, 1226 and 1230) and
interpreted deposit emplacement mechanisms simplified from Chang et al. (2021b). Core sites

are located in Fig. 5.1.
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5.2.3 Potential sources of other kinds of sedimentary flows

Sedimentary flows can also be formed from the export of sediments from shelves to slopes
(Masson et al., 2006; 2011; Piper and Normark, 2009; Bailey et al., 2021). Mechanisms
proposed elsewhere, though also potentially applying to the Azores, include (1) disintegration
of sediments during landsliding or other mass movements (e.g., Nisbet and Piper, 1998; Piper
et al., 2007), which can be caused by (for example) over-steepening of slopes (e.g., Di Traglia
et al., 2018), seismicity (e.g., Hughes Clarke et al., 1990; Watt et al., 2014) or wave-induced
stresses during storms (e.g., Dengler et al., 1984; Zhang et al., 2016; Normandeau et al., 2020;
Porcile et al., 2020); (2) hyperpycnal flows at river mouths (e.g., Mulder et al., 2003); and (3)
suspension of bed particles agitated by waves (Savoye et al., 1990; Mosher et al., 2004).
Conditions in the Azores suggest that many of these mechanisms could apply, for example,
high seismicity (Gaspar et al., 2015), ephemeral streams prone to flash-flooding during intense
rainfall (Marques et al., 2008), submarine landslides (Chang et al., 2021a) and strong surface
ocean waves (outlined below).

5.2.4 Oceanographic conditions

Ocean surface circulation and hydrological structure around the Azores are complex (Caldeira
and Reis, 2017), but overall the islands are northward bounded by one branch of the Gulf
Stream recirculating towards the south and southward bounded by the Azores current
propagating towards the west (Klein and Siedler, 1989; Schott et al., 2004).

Strong winds and waves from the west and north frequently cross the Azores archipelago (Rusu
and Guedes Soares, 2012), though intense hurricanes occasionally travel across individual
islands from the south (e.g., 29-35 events passed the central and eastern islands in the past 160

years (https://coast.noaa.gov/hurricanes/)). Wave heights are generally greater in wintertime

and on the windward sides of the islands (Ponce de Ledn and Guedes Soares, 2005; Rusu and
Guedes Soares, 2012). Modelling by Rusu and Guedes Soares (2012) showed how wave energy
is also affected by the islands, e.g., south-eastern (leeward) sides experience sheltering effects
(e.g., Pawka et al., 1984; Caldeira and Reis, 2017). On leeward sides, average wave heights are

therefore much lower than those on windward sides. That pattern has probably not changed
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much in the past since the northern and western shelves of the islands are commonly wider than
their leeward shelves, suggesting greater long-term erosion on the former sides (Quartau et al.,
2010; 2014; 2015).

During times of strong shoreward winds, the resulting shoreward surface currents can be
balanced by downwelling offshore currents near the seabed (Winant, 1980). These offshore-
directed currents can mobilise and transport sediments across shelves to the shelf edges and
deposit them on submarine slopes (e.g., Myrow and Southard, 1996; Quartau et al., 2012). This
process is important for sediment transport on island shelves subject also to high wave energy
and may explain some features of uplifted shelf tempestites found subaerially on Santa Maria
Island (Meireles et al., 2013). There has been little work done on coastal oceanography in the
Azores, but bottom current meter measurements were made off southern Faial in 19 m depth
during 2004/2005 (Youssef, 2005). Those data reveal offshore-directed currents reaching 27
cm/s during periods when surface wave heights of up to ~5 m were produced by intense onshore
winds. At other narrow continental shelves, across-shelf sediment transport has been found to
occur by wave-supported gravity flows occurring during storms/typhoons (Normandeau et al.,
2020). Such flows have been interpreted as being responsible for widespread bedforms in
submarine slopes (e.g., Porcile et al., 2020).

Weil et al. (2016) predicted the pattern of bottom currents around S&o Miguel Island averaged
over 9 years using an eddy-resolving simulation (i.e., MITgcm; Marshall et al., 1997). Those
currents tend to follow bathymetric contours. They increased seaward north of the island from
3-5 cm/s at the outer shelf edge to 10-15 cm/s in the lower slope. In the lower slope, such
currents were intermittently faster than the threshold velocity required for silt resuspension or
redistribution (McCave et al., 1995). They were also faster than 2.2 cm/s, an average bottom
current speed over contourites in a global modelling study (Thran et al., 2018). Therefore,
bottom currents potentially affect the seabed around Sdo Miguel Island, especially in the lower
slope (depths>2000 m) and some influence can be expected in the lower slopes of other islands

also.
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Internal waves can also re-suspend sediment, causing it to be transported and deposited as
sediment waves, or otherwise modulate deposition (Puig et al., 2007; Quaresma et al., 2007;
Mitchell et al., 2015; Reiche et al., 2018). In the Azores, internal tidal waves result from
interactions of barotropic tides with seamounts lying to a few hundreds of kilometres south of
the islands (Fu and Holt, 1982). The waves are therefore northwards propagating and have been
observed in satellite images (Fu and Holt, 1982). This wave direction is comparable with
predictions from global models (Mertens et al., 2019). Energy fluxes of internal waves reaching
the Azores (102-10° W/m?; Lob et al., 2020) are at least one order of magnitude smaller than in
areas where internal waves dominate the sedimentary environment (10°-10* W/m? in the north-
west shelf of Australia and west of Portugal; Rayson et al., 2011; Léb et al., 2020).

5.3 Materials and Methods

5.3.1 Bathymetric, seismic reflection and backscatter data

High-resolution multibeam bathymetric data were collected on RV Arquipélago in 2003, RV
[’Atalante in 2011, RV Meteor in 2009 (cruise M79/2; Hiibscher, 2013) and RV Meteor in 2015
(cruise M113/1; Hubscher et al., 2016). The combined dataset is shown in Fig. 5.1. The
Arquipélago survey covered the submarine parts of Faial, Pico and S&o Jorge islands (Mitchell
et al., 2008). The [’Atalante survey (EUROFLEETS cruise “Features of Azores and Italian
Volcanic Islands” (FAIVI)) concentrated predominantly on the shelf and slopes of Terceira
Island (Chiocci et al., 2013; Quartau et al., 2014; Casalbore et al., 2015). The Meteor surveys
mainly focused on the area around S&o Miguel and partly on the central group. The combined
bathymetric dataset almost fully covers these island slopes at a resolution ranging from 0.5 to
1 m in the shallowest 100 meters to 20-50 m at 2000 m depth. Further swath bathymetry and
acoustic backscatter data were acquired on the shelf of Faial Island in 2004 using a Submetrix
phase-difference swath sonar (Tempera, 2009).

A 2D multichannel seismic reflection dataset was also collected during Meteor M79/2
(Hibscher, 2013). For seismic sources, it involved two GI-Guns of 45 and 105 cubic-inch
volumes. Signals were recorded with a 600 m long asymmetric digital streamer comprising 144

channels. The main processing steps were editing, CMP binning, bandpass filtering over the
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range 10/20-300/400 Hz, gain, stacking, time-migration and fx-deconvolution. Methods are
described further by Hibscher and Gohl (2016).

Backscatter data were collected during the 2003 multibeam survey on RV Arquipélago (Reson
8160; 50 kHz) and in 2004 in nearshore areas on RV Aguas Vivas (Submetrix 2000; 117 kHz;
Tempera, 2009). Data were processed using CARIS HIPS & SIPS v. 6.0 (® CARIS) including
geometrical correction (bottom tracking, removal of altitude and slant range correction) and
radiometric compensation (variation across-swath). Further details are provided by Tempera
(2009).

5.3.2 Shelf sediment sampling and characterization

Superficial sediments were sampled using a box-corer on the shelves of Faial and Pico islands
(Fig. 5.1; Quartau et al., 2005). Eighty-eight sites were sampled in water depths of 20-80 m.
Grain sizes coarser than 2 mm (-1&®) were derived by dry sieving, and those sizes finer than 2
mm were derived by Coulter Counter LS-230, a laser diffraction-based technique allowing finer
particles to be measured. The measured grain sizes in the metric scale were converted to the
Krumbein phi scale (@ = -logz(mm)) with a unit interval of 1&. (Although the Coulter counter
measurements have better precision than 1@, we use this precision for consistency with the
sieve measurements.) Mean grain size and standard deviation were calculated using the moment
measures on the sediment whole size distribution after the Folk and Ward (1957). Sediment
texture statistics were then generated from the Visual Basic program GSSTAT (Poppe et al.,
2004).

5.3.3 Wave conditions

Wave conditions in the central and eastern Azores were derived using a Simulating Waves
Nearshore (SWAN) model following the procedures of Rusu and Guede Soares (2012) updated
using the multibeam bathymetry (Fig. 5.1) to improve wave refraction simulations in shallow
waters. Two simulation periods were used. The first simulation is an updated version of the
results of Rusu and Guede Soares (2012) run from 1 January 2013 to 31 December 2014. The
second simulation (January 2001-March 2001) included an extreme winter storm. All the

simulated wave properties were validated against satellite altimeter measurements (Appendex
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5.1). Wave rose diagrams were calculated from wave properties at sites that are typically
windward of the islands and hence represent conditions without island shadowing.

5.3.4 Sediment wave train identification and density map

Sediment waves were identified by inspecting bathymetric profiles (e.g., Fig. 5.3) and multiple
perspective views of both hill-shaded bathymetric data and gradient maps. Gradient maps were
found to be the most useful for interpretation (Fig. 5.4). Because of the varied data resolution
and a tendency for undulations to be indistinct on the steepest slopes, comprehensive mapping
of sediment waves was found to be unrealistic and only wave trains were mapped out.
Nevertheless, the bathymetric data for each island was derived from single cruise sources,
ensuring a similar resolution at a given depth on both sides of each island. The asymmetry of
sediment wave abundance documented below should therefore be genuine.

Sediment waves were mapped where they appeared in trains of downward-oriented undulations
(Fig. 5.3) and their geometrical features were recorded from downslope profiles as shown in
Fig. 5.3a. Each sediment wave height was measured from the elevation of the wave crest above
a line joining successive troughs. Wavelength was derived from the distance between adjacent
troughs or crests along the slope. Although some wave trains were isolated, others varied in the
degree to which they could be recognised and in the degree to which they formed single trains
(e.g., because they merge, diverge or form widespread fields). For the following abundance
calculations, wave trains were identified based on whether separate apparent transport paths
could be distinguished.

Abundances of wave trains were derived as follows. For each island, a contour level in the
lower flank was chosen where it encircled most of the island and crossed the most wave trains.
Those contour lines were divided into segments of roughly equal straight-line distance. These
were also chosen to encompass many wave trains appearing to form roughly parallel groups.
Density maps were then calculated by dividing the number of wave trains by the segment

lengths (straight-line distances).
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Figure 5.3. Bathymetric profiles along sediment wave trains. (a) Enlargement of the lower part
of the wave train in (c) north of Terceira Island. (b) Enlargement of the upper part of the wave
train in (c). (c) Complete wave train of panels (a) and (b). (d) Profile down giant wave train in
the northern lower slope of S&o Miguel Island. Vertical exaggeration is 4:1 common to all
panels. Location maps (insets) cover the same areas as shown in Figs. 5.5d and 5.5e.
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Figure 5.4. Maps of local maximum gradient along with interpreted trains of sediment waves

(red dashed lines) around (a) Faial, (b) S&o Jorge, (c) Pico, (d) Terceira and (f) Sdo Miguel
islands. Depth contours in dark brown are spaced every 500 m (note grey lines occur at
artifacts caused by the edges of multibeam datasets). Blue rectangles locate the enlargements
in Fig. 5.5. Red-filled circles locate where interpreted wave trains intersect selected contours

(see text for details).
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Figure 5.4. continued

5.3.5 Sediment threshold of motion modelling

Threshold of sediment motion modelling was used to assess the effects of waves on initiating
movement of sediments on the shelves of Faial and Pico islands, or otherwise maintaining them
above threshold of motion so that other currents can more easily transport them (e.g., wind-
driven currents). The method follows that of Zhao et al. (2021). Sediment is predicted to have
been mobile when the wave-induced shear stress (zw) on the seabed exceeds the critical bed
shear stress for motion of the bed sediments (zr) derived from their grain size.

Oscillating current speed due to ocean surface waves was calculated using linear Airy wave
theory (Komar and Miller, 1973) from the 95 percentile of significant wave height Hs (m) and

peak period T (s) of the updated SWAN model run over the duration 01/01/2001 to 31/03/2001
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and 01/01/2013 to 31/12/2014 (the 95" percentile was used as a more robust measure of

stronger conditions than maximum Hs). The wave orbital speed u, at depth z is thus:

THS
Um = Tsinh(2mz/L) )

where un, = the wave orbital speed (m/s), z = water depth (m), L = wavelength (m).

The predicted relationship between wavelength and wave period is given by:
9T b 2
L= tanh( D ) 2

where g = gravitational acceleration (9.81 m/s?). As L occurs on both sides of equation (2), it
cannot be calculated simply from. Hunt (1979) overcame this using the following empirical

relationship, which is accurate to within 0.1%:

y
kz)? = y? 3
(kz) yo+ 1+0.666y+0.355y2+0.161y3+0.0632y*+0.0218y°>+0.00654y° ( )

an?z _

Y= 4.03 (4)

where k is wave number (1/m). Using k derived with equations (3) and (4), L can then be derived

using:
L=2 (5

k

Wave-induced shear stresses (z) were then calculated from (Soulsby (1997):

Tw = 0-5pwfwum2 (6)

where py, = density of sea water (1,025 kg/m?), f,, = friction factor (dimensionless):

£, = 0.237 (kis)_o'52 )

Where A = water particle semi-excursion at the top of the boundary layer (m), ks = equivalent

Nikuradse bed roughness empirically shown equal to 2.5D (m)

A=l (g)

21
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ks =25D (9)
Where D = dimension of the sediment irregularities (here mean grain size in m).

Critical bed shear stress at the threshold of motion (zor) was derived from the grain size
following the procedures of Soulsby (1997), which were derived from a revised empirical

Shields parameter (6cr) formula of Soulsby and Whitehouse (1997):

Ter = Gcrg(ps - pw)D (10)

0.3

6. =
r " 1+41.2D,

+ 0.055(1 — exp(—0.02D,)) (1)

p.=ED3p  (12)

where D, = dimensionless grain size, s = the ratio of grain to water density, v = kinematic
viscosity of water (1.36 x 10° m?/s), and ps = in-situ grain density (2,650 kg/m?® was used here
because the main sediment composition is volcanic lithics), pw = density of water (1,027 kg/mq).
The parameters used and computed stresses are provided in Appendix 5.2.

5.3.6 Internal tidal waves

Internal tidal waves typically form beams emanating from internal wave generating sites, such
as ridges and shelf edges (Simmons, 2008). Where such beams reach a submarine slope of
gradient (y), they can generate currents at the seabed. The critical angle of internal tidal waves
(c) to the horizontal is determined by their frequency, the ocean density profile, and latitude.
When ¢ ~ v, internal tidal wave energy becomes trapped along the bottom, is associated with
breaking internal waves, and can affect slope sediment (Cacchione and Drake, 1986; Cacchione

et al., 2002). This critical angle is

c=(2L)°

N2—0'2

where ¢ is the internal wave frequency, f is the local inertial frequency, and N is the Brunt-

Vaisala frequency (Wunsch, 1969). For internal semidiurnal tidal waves, ¢ = 0.081 cycles/h
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(cph) and f =2 Qssin(g) s %, where ¢ is latitude (degrees), 2 =7.2921 x 10°° rad/s is the rotation

rate of the Earth, and N is (Gill, 1982):

V-

where g is the acceleration due to gravity (9.8 m s2), po is a reference fluid density, dp/oz is
density gradient at the depth of interest, and z is water depth. The parameter p represents
potential density at a given depth in the oceans from local salinity and temperature (Gill, 1982).
In order to compare with local bathymetry gradients (y), we derived c by first calculating
potential densities using the procedure in Joint Panel on Oceanographic Tables and Standards
(1991) from temperature and salinity profiles across the central Azores islands. Those densities
were then differentiated with depth to solve for N (equation 14), allowing c to be derived from
equation 13.

5.4 Results

5.4.1 Sediment wave characteristics

5.4.1.1 Geomorphological features

In total, 436 trains of sediment waves were identified (Fig. 5.4). They were found on slope
gradients ranging from 21° to 0.52° but mostly <8°. In general, the wavelengths and heights of
sediment waves on the lower slopes (deeper than 1000 m) are larger than those on the upper
slopes (Fig. 5.3), hence recognizable wave trains were commonly found in water depths >700
m where seabed gradient declines (Fig. 5.5). Wave trains are almost aligned perpendicular or
slightly oblique to the adjacent shelf edges, although some trains can divert around local hills
or promontories (Figs. 5.5a and 5.5c). These observations apply to wave trains around the
central islands, whereas wave trains in the northern slope of Sdo Miguel are larger and the

sediment waves are more irregular.
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Figure 5.5. Enlarged maps of local maximum gradient to the north of (a) Faial, (b) S&o Jorge,
(c) Pico, (d) Terceira and (e) Sdo Miguel Island located in Fig. 5.4. Depth contours (brown
lines) are spaced every 200 m. Blue arrows are oriented perpendicular to sediment wave
crestlines, indicating inferred directions of movement. Green and orange dashed lines locate
bathymetric profiles in Fig. 5.3 and seismic sections in Fig. 5.7. The gradient scale in (c) is
shared with panels of (a) to (d) and is different from that used in ().

130



In plan-view, wave trains can form streams (having somewhat uniform width with depth), or
fans, or are more irregular. They tend to be narrow with low relief waves in the upper slopes
but evolve downward to form the varied plan-view shapes. They can either form independent
trains or merge with other trains on the lower slopes. Stream-like wave trains are the most
common, dominating the slopes of Pico and Faial Islands and the southern sides of S&o Jorge
and Terceira Islands. They can be constrained within channels (e.g., top-left of Fig. 5.5a) or be
laterally confined though otherwise not channelised (e.g., Figs. 5.5a and 5.5¢). Wave crestlines
tend to be concave-downslope, changing little towards lower slopes. Fan-shaped wave trains
(e.g., Figs. 5.5b and 5.5d) commonly appear south of the Sdo Miguel Island and north of the
Séo Jorge and Terceira Islands, where sediment trains become unconfined on the lower slopes.
Their crestlines on the upper slopes tend to be concave-downslope but in places gradually
bifurcate or become sinuous on lower slopes (e.g., Fig. 5.5d). Stream- and fan-shaped wave
trains usually can be traced upslope to morphological features around the shelf edge, such as
landslide headscarps or depressions. The margins of those wave trains are also typically more
distinct in upper slopes than in lower slopes. More irregular-shaped wave trains were found in
the northern slopes of Sdo Miguel Island. There, waves do not form such clear trains, they do
not change morphologically downslope and crestlines are more irregular and irregularly spaced
(Fig. 5.5e). They occur on the lower slope and tend to be laterally unconfined.

Around the four central islands, mainly stream- and fan-shaped wave trains occur. Usually,
their wavelengths are 100-500 m and wave heights are 1-100 m (Fig. 5.6). Their wave
height/wavelength (H/L) ratios are mostly 1/5 to 1/25. In contrast, around S&o Miguel Island,
although sediment waves of similar dimensions appear there, much larger sediment waves also
commonly occur, reaching wavelengths of 1000-3500 m and wave heights of 50-150 m. The
largest waves around S&o Miguel tend to form the most irregular trains in plan view. Their H/L
ratios are 1/20 to 1/75. Wave fields tend to be broader and longer down-slope than those around

the central group islands.
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Fig. 5.6c compares the dimensions of the Azorean sediment waves with those of other island
groups. The central Azores waves are steeper than some island groups (Selvagens, Madeira)
but otherwise in line with others (e.g., Aeolians, Macauley).

Other geomorphological features that may be clues to formative processes were also observed.
For instance, wave crests immediately below some confluences are typically continuous across
the channels with no break (e.g., Fig. 5.5e). In some areas, different scales of sediment waves
appear superimposed and overlapping relationships suggest they formed at different times. For
instance, Figs. 5.5d and 5.5e show small waves within channels that appear to have been
entrenched into deposits containing larger sedimentary waves (an observation made previously

by Weil et al. (2016).
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Figure 5.6. Dimensions of selected sediment waves in the Azores and comparison with those of
other volcanic islands. (a) Wave heights and wavelengths measured as in Fig. 5.3. Dark and
light blue circles represent the measurements in the central Azores and S&o Miguel Island,
respectively. (b) Enlargement of the grey area in (a). Comparison of Azores sediment wave
dimensions with sediment waves around other volcanic islands (Casalbore et al. (2020) and

references therein).
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5.4.1.2 Seismic reflections

In the sections from the northern and southern slopes of S&o Miguel (Fig. 5.7), reflections
within sediment waves are mostly upslope-dipping on stoss sides and turn towards the seabed
or are truncated on lee sides. In some sections, earlier-formed waves can be observed but have
crests at different locations from the wave crests at the seabed (Figs. 5.7b and 5.7¢). Within Fig.
5.7¢, bowl-shaped reflection sequences and a downslope dipping band of low reflectivity can
be observed. Areas of low-amplitude reflectivity occur in Fig. 5.7c, though some reflections
can nevertheless be traced laterally within them.

In the northern lower slope of Sdo Miguel, reflections towards the toe of the slope become
nearly parallel to the seabed (Fig. 5.7a). Sediment waves there appear subdued or absent. The
reflection sequence paralleling the seabed on either side of the ridge appearing in Fig. 5.7a are
analogous to those of contourites (Faugéres et al., 1999). In contrast, up-slope of the trough,
the upper slope has more subdued sediment waves. Within them, reflections turn towards the
seabed or are truncated at the seabed. In some sections of the data (e.g., red arrows in right
panel of Fig. 5.7b), large pockmark-like depressions (40-60 m in diameter) occur within

irregular-shaped wave trains.
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Figure 5.7. Seismic reflection sections from north (a-b) and south (c-d) of Sdo Miguel Island
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5.4.1.3 Variations in abundance of sediment wave trains

In Fig. 5.8, significant variations in abundance occur around the islands, by up to a factor of
two or more. Around Faial Island, the highest density of 0.63/km occurs to the NW and lowest
0.34/km to the SW, while density to the NE is modest (0.48/km). Pico also has higher densities
to the north, about a factor of two greater than those to the south. The contrast between the
north and south sides of S&o Jorge is also about a factor of two, although the east of the island
also has a high abundance. A similar asymmetry of abundance is seen around Terceira by a
little more than a factor of two. Abundances are higher on the north slopes of S&o Jorge and
Terceira (0.72-0.91/km) than they are on the north slopes of Faial and Pico (0.48-0.63/km). In
contrast, abundances in their southern slopes are only modestly higher (0.31-0.49/km)
compared with those of Faial and Pico (0.24-0.38/km). Wave trains are more abundant on the
northern slopes of Sdo Miguel than on its southern slopes, also by about a factor of two. Its
west and east slopes also have low abundances (0.10-0.11/km). However, S&o Miguel also has

lower abundances overall compared with the other islands, by about a factor of three or four.
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Figure 5.8. Densities of sediment wave trains measured along the contour segments shown

between the dashed arrows.
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5.4.2 Evidence of shelf sediment mobility

5.4.2.1 Sidescan sonar

The acoustic backscatter data shown in Fig. 5.9 were ground-truthed extensively by Tempera
(2009). Where imaged using a drop-down camera (Fig. 5.10g), low backscattering areas with
smooth textures correspond to finer sediments (e.g., sand substrates in Fig. 5.10d), whereas
high backscattering areas typically contain coarser particles (e.g., boulders in Figs. 5.10a and
10b, gravel in Figs. 5.10c and abundant biogenic particles in Fig. 5.10f).

In the northeast shelf of Faial (Fig. 5.9a), three sets of elongated low backscattering occur,
which we refer to as ribbons. Each ribbon is typically oriented sub-perpendicular to the
shoreline and orthogonal to depth contours. One large area marked "LB patch" coincides with
smooth bathymetry that forms a broad cone, as indicated by the 50 m depth contour. Fig. 5.9b
shows some high backscattering streaks, also perpendicular the coastline, though fainter than
the ribbons in Fig. 5.9a. To the southwest of Faial, two further broad patches of low
backscattering occur.

5.4.2.2 Sediment texture

Sediment mean grain size and standard deviation (a measure of sorting) and carbonate contents
obtained from shelf surface samples are shown in Figs. 5.11a to 5.11c. The samples mainly

comprise medium to coarse moderately sorted sand (mean grain size 0-2 @ and standard
deviation <1®). Sample sites comprising finer sediments on average tend to have smaller

standard deviations, implying that they are better sorted. If sample sites are grouped into across-
shelf transects, in many of them the mean grain size increases (Fig. 5.11a) and sediments
become progressively less well-sorted (Fig. 5.11b) seawards. High carbonate contents were

found south and east of Faial (Fig. 5.11c). Only three transects coarsen landwards (blue arrows).
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Figure 5.9. Acoustic backscatter mosaics for the (a) northeast, (b) northwest and (c) southwest
shelves of Faial Island (dark tones represent high backscatter). Yellow arrows locate some
sonar tracks to aid interpretation. Circles labeled A to M represent surface sediment samples
with colours following the same grain size scale as in Fig. 5.10a. Red box in (c) locates the
backscatter mosaic shown in Fig. 5.10g. HB and LB represent high backscattering and low
backscattering, respectively. (LB ribbons running parallel to coast in (c) have positive relief
and likely have a different origin from the sand streams discussed in the main text.) Depth

contours (blue lines in sea areas) are spaced every 50 m.
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sand substrate

Figure 5.10. Dropdown camera images extracted from a transect of video footage for ground-
truthing high (a, b, ¢ and f) to low (e) backscattering areas. (g) Map locating the underwater

images (a-f) on acoustic backscatter from the southwestern shelf of Faial Island.
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Figure 5.11. Characteristics of surface sediments on the shelves of Faial and Pico (F and P).
(a) Mean grain size in phi units (¢ = -log, (mean grain size (mm)). (b) Standard deviation of
grain size in phi units. (c) Carbonate contents. (d) Bed shear stress at the threshold of sediment

motion predicted from the mean grain sizes in (a).

5.4.2.3 Sediment mobility assessment using wave simulations

Waves approaching the Azores from the northwest dominate both durations simulated, though
were dispersed by up to ~90° (Fig. 5.12). For the shorter duration (2001), although a more
westerly origin appears to dominate, the waves from the northwest nevertheless have largest
Hs. Significant wave heights reached > 8 m in the 2013-2014 simulation (Figs. 5.12a and
5.12b), which had wave properties similar to other wintertimes through the period 2004 to 2013
(Rusu and Onea, 2016), but were > 10 m in the 2001 simulation (Figs. 5.12c and 5.12d).

Shelf sediment mobility was evaluated by comparing the wave-induced shear stresses (tw) With
the threshold stresses needed to cause sediment movement (tc;) derived from the grain sizes,

expressed as a ratio in Figs. 5.13c and 5.13d. High wave-induced shear stresses at the seabed
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mostly appear on the windward sides of the islands (Figs. 5.13a and 5.13b). Large grain sizes
occur on both sides of each island, so high tcr occurs equally (Fig. 5.11d). Consequently, more
sample sites have tw>1tcr ON windward sides, although some sites in the island lee sides are also
predicted to have been mobile (Figs. 5.13c and 5.13d). Sediments were more active (68.2% of
sites mobile) over the season when the extreme strong storm visited the islands (Fig. 5.13c),
compared with the more typical annual conditions (42.1% of sites; Fig. 5.13d).

The above approach can be criticised because the wave-induced stress calculation does not
account for (i) possible shielding of the sediment by seabed topography (form drag) and (ii)
because the threshold of motion equations were intended for simple round particles of quartz
density, whereas the sediments contain biogenic carbonate particles. Zhao et al. (2021)
addressed these issues by reducing the stress ratio tw/ter by a factor of 2-3 to achieve a
satisfactory match of predictions of sediment mobility on the shelf of Santa Maria to data
indicating where deposition has occurred there. If Tw/ter Were increased by a factor of 2.5, the
shelf sediments are generally predicted to be less mobile, though still with those NW of Faial
mobile (results not shown). However, it is unclear if this large adjustment is needed for the
shelf sediments of Faial and Pico, as porous carbonate material is typically only ~10%, in
contrast to ~70% on the shelf of Santa Maria. It is also unclear if the irregular shapes of
carbonate grains increase (e.g., McCarron et al., 2019) or decrease the threshold of motion (e.g.,
Komar and Li, 1986; Flemming, 2017; Joshi et al., 2017). Even without making this adjustment
to Tw/Ter, We suggest this approach is still conservative because the modelled period did not
include the most extreme storms, which can produce wave heights of up to 22.2 m (e.g., Borges
etal., 2011), which are higher than the 2001 case, and recur every roughly seven years (Andrade
et al., 2008). Therefore, over the long term (many years), a higher percentage (>68%) of sites

are predicted to have been active from such extreme storms.
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Figure 5.12. Rose diagrams of wave directions and significant wave heights for windward
locations of islands in (a, ¢) the central Azores (29°W, 39°N) and (b, d) eastern Azores (26°W,
38°N). Results extracted from the SWAN model for the periods January 2013-December 2014
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Figure 5.13. Assessment of surface sediment mobility on the shelves of Faial and Pico. (a) and
(b): wave-induced shear stress predicted from the wave properties for January—March 2001
and for January 2013 to December 2014, respectively. Stresses were computed from the SWAN
model peak wave period (T) and significant wave height (Hs) outputs at the 95% level by Hs at
each location (i.e., relatively extreme conditions). (c) and (d): ratios of wave-induced stresses

in (@) and (b) to stresses at threshold of sediment motion in Fig. 5.11d
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5.4.3 Internal wave effects

In Fig. 5.14a, potential density sharply increases to 100 m (surface mixed layer) before
gradually decreasing below there to 2000 m. Critical gradients obtained from those data using
equations (13) and (14) are ~0.03-0.04 (i.c., up to ~2.3%) down to 1000 m, but steepen to 0.08
or more by 1500 m depth (Fig. 5.14b). Conditions under which more energetic bottom currents
can be expected from internal waves (where seabed gradients are comparable to internal wave
critical gradients) only occur in the lower slopes of the islands (Fig. 5.14c), well below the

depths of the majority of the sediment waves.
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Figure 5.14. Assessment of critical gradients for breaking of internal tidal waves. (a) Profiles
of potential density (density without pressure effect) derived from ocean conductivity
temperature-depth measurements (left to right: stations 2503, 3201, 3188 and 3187 from
GeoMapApp and ARGO float stations 119893, 120095 and 120290). (b) Profiles of critical
gradients computed from the data in (a). Note that the critical gradient is undefined for one
profile at 600 m depth due to values of N almost equal to o in equation (13) and hence is an
artifact. Otherwise, the results suggest critical gradients of 0.02-0.03 m/m in much of the island
flanks, approaching 0.06 m/m towards 1500 m depth. (c) Seabed gradient magnitudes
computed from the 2003 Arquipelago multibeam dataset after filtering the bathymetry over 500
m using a box-car filter. Gradients outside the range shown are black and white. Depth

contours are every 500 m.

5.5 Discussion

We first evaluate the more recent activity of the shelf sediments because this suggests whether
the sediments are being exported from the shelves and are likely to have a role in shaping the
sediment waves. This leads us to consider modern processes forming wave trains as at least
contributing to explaining aspects of wave geomorphology and in attempting to explain the
asymmetry of sediment wave abundances.

5.5.1 Evidence of shelf sediment mobility over the Holocene and at present

The ribbons of high-backscattering (Fig. 5.9) suggest that sand streams occur around Faial
Island. Along with the cone-like low-backscattering patches, these imply that sand has been
transported roughly perpendicular to shorelines. The varied sizes of the ribbons and cones
suggest considerable variability in that transport, with the cones potentially linked to erosive
sources on land (e.g., erodible tephra). Because no unconformities are observed in boomer
seismic records from the shelves (Mitchell et al., 2008; 2012; Quartau et al., 2012; 2015; Zhao
et al., 2020), these features can only have been formed since the early Holocene (Mitchell et
al., 2012). The results based on the wave simulations (Fig. 5.12) further suggest that the shelf
sediment of Faial and Pico has been regularly mobilised by waves in recent years. Once mobile,
such sediment is more easily transported seawards by either offshore currents of the wind-

driven circulation (e.g., Normandeau et al., 2020) or by wave-agitated sedimentary gravity
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currents (e.g, Porcile et al., 2020), particularly as these shelves are steeper than continental
shelves. These currents may be the causes of the sand ribbons and cones in Fig. 5.9.
“Wave-graded shelf” is a set of terms used to describe sediment texture trends occurring where
particles have been transported until they have approached equilibrium with wave-induced
shear stress (Dunbar and Barrett, 2005). In such shelves, coarser grains in shallow water
typically grade into finer grains in deep water. While three transects do show this tendency
(blue arrows in Fig. 5.11a), many of them instead coarsen seawards (located by red arrows in
Fig. 5.11a). The wave-based simulation results (Fig. 5.13) suggest that the coarser sandy
sediments have been transported offshore and accumulated on the outer shelves. Furthermore,
depressions in the outer shelves typical of landslides are variably smooth (Chang et al., 2021a),
suggesting they have been variably covered by later sediments. The combined evidence
suggests that these coarse sediments are not relics of lower sea-level conditions (e.g., Emery,
1968). Rather, the sediment textural data supports the active transport of particles towards the
outer shelf and potentially onto the upper submarine slopes of the islands.

5.5.2 Processes forming sediment waves:

5.5.2.1 Morphologic and seismic stratigraphic evidence

1. Almost all sediment trains can be associated up-slope with potential source areas and they
are all nearly perpendicular with adjacent shelf edges or, where in areas without adjacent
shelves, are oriented down-slope. These features both imply a component of gravity in moving
sedimentary materials and are thus compatible with mass movement or sedimentary gravity
flow processes, but not with geostrophic currents. In the Azores, internal waves occur with
mainly one propagation direction (from the south) and geostrophic currents tend to be along-
slope.

2. Increasing wavelength downslope (Fig. 5.3) are expected results of sedimentary flow
deposition with decreasing slope gradient (e.g., Cartigny et al., 2011; Kostic, 2011; Dietrich et
al., 2016; Slootman and Cartigny, 2020). In contrast, wavelengths are expected to decrease

downslope where created by gravity-driven mass movements (e.g., Pope et al., 2018).
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3. Wave crestlines are typically concave seaward and typicall evolve gradually downslope to
other shapes (Fig. 5.5). Crestlines do not maintain linear shapes expected of mass movements.
4. Wave crestlines are continuous immediately below tributary confluences (Fig. 5.5e). In
contrast, if mass-movements occurred down adjacent tributaries, it is unlikely they would
merge so effectively at the same speeds. No morphologic evidence was found of strike-slip-
like movements and/or drag folds resulting from asynchronous gravity-driven mass movement
along converging tributaries.

5. Gravity-driven slope mass movements commonly generate tensional regimes upslope and
compressional duplex structures in their lower slope where mass accumulates (e.g., Hill et al.,
1982). However, there is no evidence for either tension (Fig. 5.7) or duplex structures at the
slope base (Weil et al., 2016).

6. The channel margins that commonly flank the wave trains are typically distinct, suggesting
that the core of sedimentary flows creating them were laterally-confined (Fig. 5.5€). This argues
against more widespread flows, such as from internal waves or geostrophic currents, though
could be compatible with mass-movements.

7. In Fig. 5.7, sediment waves appear to have formed continuously along the seismic sections
and their internal reflections are typical of upslope migrating bedforms (e.g., cyclic steps;
Zhong et al., 2015) and hence are compatible with a sedimentary flow origin (Cartigny et al.,
2014; Slootman et al., 2021). The chute and pool stratigraphy in Fig. 5.7¢c is also typical of
antidunes within cyclic-step sequences (Dietrich et al., 2016; Slootman et al., 2021). Beneath
the sediment waves, no single dipping reflection or reflection hiatus can be observed that might
otherwise indicate a mass-movement sliding surface.

5.5.2.2 Asymmetric abundances around each island evidence

Densities of sediment wave trains are generally a factor of two larger on northern slopes
compared with southern slopes (Fig. 5.8). This asymmetry also helps to rule out some potential
origins of the sediment waves discussed above. Based on the core results (Fig. 5.2), the most
important sedimentary flows reaching the adjacent basin floors are of primary volcanic origin,
so we discuss their role first.
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Sedimentary flows fed by volcanic eruption columns

If eruption-fed sediment flows preferentially occur in any one direction, they could conceivably
have a strong effect on the wave train distributions. Isopach maps of pyroclastic material for an
eruption on Faial at ~1000 yBP suggests that most volcaniclastic particles were deposited NW
of the central caldera of the island (Pimentel et al., 2015), opposite in direction to that expected
from the prevailing northwesterly winds. In another study, ~25 ka ignimbrites on Terceira
thicken to both north and south coasts, though with most material deposited northwards
(Pimentel et al., 2021). Although particles in eruption columns might be expected to be
deflected more to the SE by the prevailing wind, isopach maps of Plinian material on Séo
Miguel and other islands do not demonstrate any directional preference (Self, 1976; Storey,
1982; Cole et al., 1995; Cole et al., 2001; Pedrazzi et al., 2015; Pensa et al., 2015). In volcanic
islands elsewhere, valleys created by asymmetric erosion can guide pyroclastic flows
asymmetrically (Hart et al., 2004), but erosion is not strongly asymmetric in the Azores (Forjaz
et al., 2004; Instituto Nacional de Meteorologia, 2012). We therefore suggest that volcanic
eruptions are unlikely to be the main cause of the asymmetry of sediment wave trains (Fig. 5.8).
However, given the high abundance of primary volcaniclastic beds (Fig. 5.2) and that individual
eruptions generate large volumes of material (Pimentel et al., 2015, 2021), pyroclastic flows
have likely played a role in shaping the sediment waves. If the long-term impact of such flows
has been symmetric about each island, they will have contributed to sediment wave train
development on north and south sides equally. If their impacts have been more deflected to the
SE by ambient winds, the observed asymmetry of sediment wave abundances is even more
surprising and other processes are needed to explain it.

Sedimentary flows not sourced directly by eruption columns

Wave trains have been interpreted elsewhere around volcanic islands as caused by sedimentary
gravity flows (Cassalbore et al., 2020). Such flows can be generated in shallower water by slope
failure and disintegration of the failed sediment mass (Masson et al., 2006), agitation of shelf

sediment by waves during storms (Normandeau et al., 2020) or hyperpycnal discharges of rivers
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into the sea (Mulder et al., 2003). If any such effects were more common on the north sides of

the islands, this may help to explain the asymmetry of wave train abundances.

We have shown earlier that the shelf sediments are presently mobile and likely to have been
feeding the upper slopes of the islands with particles through the Holocene. Precipitation is
mostly symmetric on each island (Forjaz et al., 2004; Instituto Nacional de Meteorologia, 2012)
so hyperpycnal currents, if they occur, are not obviously asymmetric. Landslides are common
in the uppermost slopes (Chang et al., 2021a) and secondary volcaniclastic turbidites containing
carbonate particles occur in the cores (Chang et al., 2021b). Earthquake triggering of landslides
is unlikely to be asymmetric across all the islands, as maps of earthquakes (Gaspar et al., 2015)
and active tectonic/volcanic structures (Madeira et al., 2015) do not show any systematic
asymmetry. Rather, shaking by earthquakes is likely to occur on all these slopes over geological

timescales (Chang et al., 2021a).

Our assessment of sediment mobility revealed that waves affect the northerly shelves of Faial
and Pico (Fig. 5.13) and offshore sediment transfer is likely stronger on the windward NW sides
(Fig. 5.12). Besides contributing to the slope sediment deposits and therefore forming
precursors for landslide-induced flows described above, suspension of sediment by waves on
gradients can generate wave-agitated sediment flows (e.g., Flores et al., 2018; Normandeau et
al., 2020). Sediment transport towards the outer shelf and uppermost slope may also be
enhanced by wind-driven downwelling currents (e.g., Quartau et al., 2012), with wave
agitations helping to maintain bed shear stress above the sediment threshold of motion. Wave
erosion can also be expected to have mobilised more unconsolidated pyroclastic material on
the northerly or northwesterly sides.

Overall, the coincidence between greater abundance of sediment wave trains in the north of
these islands with waves and winds mainly originating from the northwest suggests to us that
sedimentary gravity flows are the main cause of the wave trains by such mechanisms as
described above. The association is admittedly not perfect as some sectors partly exposed to

strong waves (e.g., SW Faial) also have low abundances, that is likely due to a longer recurrence
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interval of storm waves coming from southwest. It is also unclear to what extent the distribution
of pyroclastic deposits has been symmetric or if it has been asymmetric as shown by the Faial
and Terceira eruptions (Pimentel et al., 2015; 2019).

5.5.3 Other processes modifying the morphologies of sediment waves

Weild et al. (2016) suggested that the large sedimentary waves north of S&o Miguel were created
by sedimentary flows over-topping either older channels that are now obscured or the presently
observable channels (Fig. 5.5¢), similar to those created by over-topping of submarine channel
levées (e.g., Peakall et al., 2000; Fildani et al., 2006; Tubau et al., 2015). However, over-topping
of the present channels seems unlikely as the orientations of wave crests are inconsistent with
a component of flow out of those channels. The crest orientations vary greatly and do not clearly
indicate over-topping from earlier channels. Furthermore, the roughly margin-parallel large
sediment waves imply formation under very large flows, unlike the sedimentary flows that
formed the other wave trains amongst the islands. We therefore interpret the large waves north
of Sdo Miguel as originating from pyroclastic flows, which are more likely to have formed
flows that were large in vertical extent. They would have also been suitably widespread, based
on widespread nature of volcaniclastic deposits on land described earlier.

Nonetheless, effects of bottom currents are also possible and might also help to explain the
giant wavelengths and irregular crestlines of sediment waves towards the lower slopes with low
amplitude of subdued seismic reflections (Figs. 5.7a). Such complex features have been found
where turbidity and bottom currents both actively affect sediment wave fields (e.g., Miramontes
etal., 2019; Fuhrmann et al., 2022). The north Sdo Miguel wave trains developed above earlier-
formed thick contourite-like channel lobes and likely have been persistently readjusted by
effects of weak bottom currents that are nearly perpendicular to the turbidity currents. Sediment
wave morphology in areas where bottom currents are slow (10-15 cm/s) is mainly controlled
by the passive interaction of turbidity with local depositional relief (Fuhrmann et al., 2022).
During the times of reduced turbidity currents, the quasi-steady weak bottom currents would

travel along local relief and deposited/partly stripped fine-grained (up to silt sized) sediment on
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the lee-sides of sediment waves, causing wave migration or migration oblique to the
geostrophic current direction (Flood, 1988; Flood and Shor, 1988).

5.6 Conclusions

Based on high-resolution bathymetric data, 438 sediment wave trains have been identified in
the central and east Azores islands. Sediment wave trains are twice as abundant on the northern
(windward) submarine slopes of the islands compared with their southern slopes. Different
mechanisms forming the wave trains have been discussed, including sedimentary gravity and
eruption-fed flows, gravity-driven slope movements, internal waves and geostrophic currents.
The most likely mechanism for forming the waves that also explains their asymmetric
abundance is under sedimentary gravity flows. Such flows can be linked to waves and winds
mainly originating from the northwest, because they can lead to greater mobilisation of shelf
sediments (wave agitation), transport by wave-agitated sediment gravity flows and by offshore
bottom currents balancing wind-driven onshore currents. Sediment wave morphologic and
seismic stratigraphic features also suggest a predominantly sediment-flow origin. That evidence
includes downslope-increasing wave size, streamwise evolution of crestline shapes, continuity
of waves across channels below tributaries and up-slope migrating stratigraphic sequences in
seismic sections.

Various evidence suggests that sediment on the island shelves has been transported towards the
shelf edge over the Holocene and more recently. Low-backscattering sand ribbons and cones
on the shelf of Faial indicate across-shelf sediment transport. Mean grain sizes in seabed sample
transects commonly increase seaward, so sediment textures on the shelves have not reached
equilibrium with wave stresses, which would lead to the opposite trend. Using a simulation of
surface waves, during extreme conditions (95" percentile wave height), 42-68% of sampling
sites exceeded the threshold stresses of the sediments predicted from grain size, mostly on
windward sides. Those sediments spilling onto the steep uppermost slopes of the islands are

then prone to failure and initiation of sedimentary flows by disintegration of the failed deposits.
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Data availability

The 2003 multibeam data are available at 100 m grid resolution from the Marine Geoscience
Data Portal (http://www.marine-geo.org/index.php). The multibeam data for Terceira and Faial
nearshore are not publicly available due to the sensitive nature of the area and environmental
sustainability concerns, but can be made available to researchers with appropriate credentials.
Requests for access to the S&o Miguel data should be addressed to co-author CH. Background
bathymetric data are from the GeoMapApp (GMRT; www.geomapapp.org, Ryan et al., 2009).
CTD data contributing to the profiles in Fig. 5.14a are also from the GeoMapApp or the Coriolis
project (http://www.coriolis.eu.org).
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Chapter 6. Emplacement history of volcaniclastic turbidites
around the central Azores volcanic islands: frequencies

of slope landslides and eruptions

This chapter is a reproduction of a manuscript submitted to the journal Geosphere with authors
Chang, Y.-C., Mitchell, N., Schindlbeck-Belo, Julie C., Hansteen, T.H., Freundt, A., Hiibscher,

C., Quartua, R.

Y-C.C produced the original draft of the manuscript and figures. All co-authors contributed

their opinions and comments on the draft manuscript.

In this chapter, | sampled, pictured and pre-processed foram from the hemipelagic beds in the
cores for radiocarbon datings. | reinterpreted a segment from a hemipelagic bed as a
volcaniclastic turbidite bed in core 1230 and correlated tephra beds to other parts of segments
in different cores. | built four hemipelagic sediment age-depth models based on the radiocarbon
dates and tephrochronology. | modelled turbidite volumes in the four depositional basins
around the islands. | compiled the volume estimates from turbidite volume modelling, upper

slope submarine landslides and ignimbrite-forming eruptions.

High-resolution bathymetric data were collected, processed and provided by co-authors R.Q
and N.M (Mitchell et al., 2008; Quartau et al., 2014). The four gravity cores and photographic
scans were collected during RV Meteor cruise M141/1 in 2017 and provided by co-authors
T.H.H and A.F. The newly collected samples in core 1230 for electron microprobe (EMP)
analysis were sampled and analyses conducted by co-author J.C.S. The C accelerator mass
spectrometry (AMS) analyses and age calibrations were carried out by researchers at the
Environmental Radiocarbon Laboratory at Scottish Universities of Environmental Research

Centre (SUERC).
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Abstract

Volcanic islands export clastic material to their surrounding oceans by explosive eruptions and
lava emissions, biogenic production on their shelves and failure of their slopes, amongst other
processes. This raises the question of whether geological events (in particular, eruptions and
landslides) can be detected and dated, and whether any relationships (for example, with climate
changes) can be revealed using sediment cores. The volcanically active central Azorean islands
(Faial, Pico, S&o Jorge, and Terceira), with their neighbouring submarine basins are potentially
good candidates for such an analysis. Here, chronostratigraphies for four gravity cores collected
amongst the islands are constructed based on twelve '“C radiocarbon dates and two dates
derived by chemically correlating primary volcaniclastic turbidite horizons with ignimbrites on
Faial and Terceira Islands. Age-depth models are built from the hemipelagic intervals to date
individual turbidites. Volumes of turbidites are modelled by multiplying basin areas with bed
thickness, allowing for various turbidite thinning rates and directions. The volumes of
landslide-origin turbidites are only comparable with the largest volumes of their adjacent upper
slope submarine landslide valleys, so deposits in the cores likely derive from these largest
landslides.

Emplacement intervals of turbidites originating from both landslides and pyroclastic flows are
found to be mostly a few thousand years. Frequencies of landslide-origin turbidites and
hemipelagic sedimentation rates were both highest in the past 8 k.y. compared to preceding
periods up to 50 k.y. High hemipelagic sedimentation rates are interpreted to be related to sea-
level rise, allowing more shelf bioproduction and release of particles by coastal erosion. The
coincident increased frequencies of submarine landslides may be associated with the increased
sediment supply from the islands, resulting in a more rapid build-up of unstable sediments on
submarine slopes. Notably, the results for turbidites of pyroclastic flow origins do not suggest
a decreased eruption frequency towards the Holocene that has been found elsewhere.
Keywords: volcanic hazard assessment, age-depth modelling, eruption history,

tephrostratigraphy, radiocarbon dating, basin analysis, submarine landslide
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6.1 Introduction

Climate changes have been suggested to modulate volcanism because of mechanical responses
of volcanoes to adjustments in stresses caused by changes in loading by ice (e.g., Hall, 1982;
Nakada and Yokose, 1992; Glazner et al., 1999) or, for coastal or submerged volcanoes, by
changes in hydrostatic pressure with sea-level fluctuation (e.g., Walcott, 1972; Wallmann et al.,
1988). For instance, a lower eruption frequency has been suggested to be correlated with
increased glacial loading (e.g., Jellinek et al., 2004). The reduced over-burden pressure during
sea-level fall may encourage decompression melting in the mantle (e.g., Walcott, 1972;
Wallmann et al., 1988), hence increasing volcanic activity. Satow et al. (2021) compared the
past 360 kyr of sea-level change with the tephrochronology of Santorini VVolcano. The records
in marine sediment cores showed that ~98% of eruptive activity of the Santorini Volcano
occurred during periods of sea-level falls and subsequent rises. According to their 2D numerical
model, the decreased hydrostatic pressure may have induced relative tensile spreading in the
roof of the volcano, leading dyke injections and eruptions. In contrast, Walker et al. (2021)
came to a different conclusion, criticizing the oversimplified geometry and dimensionality of
the model and the omission of the effects of crustal loading on stress balance.

Large flank collapses have been reported for both intra-plate oceanic islands (e.g., the Hawaiian
Islands (Moore et al., 1994), Canary Islands (Masson et al., 2002) and Cape Verde Islands
(Masson et al., 2008)), and island arcs (e.g., Montserrat (Wall-Palmer et al., 2014) and Ritter
Islands (Ward and Day, 2003)). Coussens et al. (2016) compiled data on 25 volcanic island
landslides and found no relationship between the timing of large landslides (>0.3 km?) and
periods of rapid sea-level rise for intra-plate oceanic islands, but did find a correlation for island
arcs. However, the dataset was small, so systematic changes in the timing and frequency of
such events are still not well recorded or cannot be ruled out. To address this and potential
climatic modulation of eruptions more datasets are needed of emplacement histories of
volcaniclastic deposits in a variety of tectonic environments and with a variety of

geomorphologies (Kutterolf et al., 2019).
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The many flat-floored basins lying around the Azores islands lie only 10-30 km from eruptive
centres and island slopes, potentially allowing the deposits of small events (both eruptions and
slope failures) to be captured (e.g., Wall-Palmer et al., 2014). Continuing work on an extensive
set of samples and geophysical data collected from RV Meteor cruise (Schmidt et al., 2019;
Schmidt et al., 2020; Chang et al., 2021a), in this study, information from sediment cores, high-
resolution multibeam bathymetric data and seismic reflection profiles (airgun and parasound)
were combined to work out the magnitudes of sediment emplacements and how they varied
over time. To build chronologies, planktonic foraminifers picked from hemipelagic beds were
14C-dated by accelerator mass spectrometry (AMS) and two primary tephra beds were
geochemically correlated with terrestrial volcanic deposits of known dates. Volumes of
turbidites in the basins were modelled by considering various lateral flow thinning rates found
in other similar basins. Our main aims are to (1) estimate the volumes of volcaniclastic
turbidites for comparison with potential source volumes, (2) use a hemipelagic sediment age-
depth model derived from “C dates to construct chronologies of the four cores, and (3), from
them, derive emplacement frequencies for volcaniclastic turbidites produced by eruptions and
landslides.

6.2 Regional Setting

The Azores islands have developed on a broad plateau of oceanic crust thickened by excessive
volcanism, associated with a hotspot or mantle plume (White et al., 1976; Bonatti, 1990; Gente
etal., 2003; Vogt and Jung, 2004). The islands are geologically young and active (Féraud et al.,
1980; Madeira and Brum da Silveira, 2003). Volcanism and tectonic activity in the Azores have
been continuing over at least the Quaternary (Forjaz, 1968; Calvert et al., 2006; Nunes et al.,
2006). Moreover, eruption-fed (e.g., pyroclastic turbidite and fallout deposits) and mass
transport (e.g., landslide-origin) turbidites are commonly recognised in the cores collected on
the basin floors around the islands (Chang et al., 2021a), suggesting that volcanism and
submarine mass transportation likely occur frequently in the central Azores.

6.2.1 Explosive eruptions on the central Azores islands
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Eruptions in the central group of islands are generally moderate (i.e., from effusive Hawaiian
to intermediate phreatomagmatic eruptions (Machado et al., 1962; Madeira and Brum da
Silveira, 2003; Cappello et al., 2015; Zanon and Viveiros, 2019), but some explosive sub-
Plinian and ignimbrite-forming eruptions have occurred on Faial and Terceira Islands (e.g., Self,
1976; Pacheco, 2001; Gertisser et al., 2010; Pimentel et al., 2015; 2021). The ignimbrite-
forming eruptions were usually associated with caldera-forming or —enlarging events that
produced widespread pyroclastic fallout dispersal, as well as pyroclastic density currents
flowing tens of kilometres (e.g., Pimentel et al., 2015; 2021).

Three prominent ignimbrite-forming eruptions have occurred in the last 30 kyr. The C11
eruption (980+50 years BP) was the most complex and prominent eruption of Caldeira VVolcano
of Faial Island (Fig. 6.1; Pacheco, 2001; Pimentel et al., 2015). It was the largest eruption on
Faial within the last 16 kyr and its deposits widely blanket the island (Fig. 6.1). C11 deposits
have been divided into the Brejo, Inverno, and Cedros members, representing three distinct
eruptive phases (Pimentel et al., 2015). According to Pimentel et al. (2015), this eruption started
with a series of phreatomagmatic explosions, causing ash to fallout on the NW sector of the
island. The next phase (sub-Plinian) produced coarse pumice fall deposits over the north flank
with narrow NNW dispersal. The final phase involved widespread pyroclastic density currents
(PDCs) that reached the north and west sectors of the island. Pimentel et al. (2015) estimated
on-land tephra volume for the eruption to be 0.18 km? (we refer to these as "bulk volumes",
which are not corrected for pore space, i.e., not dense rock equivalent). The total tephra volume
including submarine deposits was estimated by them to be >0.22 km? using empirical methods
of Sulpizio (2005) combined with those of Fierstein and Nathenson (1992).

Ignimbrites on Terceira Island constitute a significant portion of the island stratigraphy. At least
seven ignimbrite sequences were emplaced between ca. 86 ka and ca. 25 ka BP (Calvert et al.,
2006; Gertisser et al., 2010). The most recent Lajes-Angra Ignimbrite Formation originated
from eruptions of Pico Alto volcano (Fig. 6.1). Two ignimbrites were initially interpreted by
Self (1976) as resulting from two eruptions of Pico Alto volcano: the Angra and Lajes

ignimbrite-forming eruptions. Although the Angra and Lajes ignimbrites have similar whole-
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rock major element compositions and mineral assemblages, their whole-rock trace element and
volcanic glass compositions differ considerably (Pimentel et al., 2021). Moreover, the Angra

Ignimbrite is only exposed in a narrow valley in the southern part of the island. The Lajes
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Figure 6.1. Bathymetry of the central Azores Islands contoured every 50 m from 500 to 3200
m. High-resolution multibeam echo-sounder data are shown in bold colours as key. Bathymetry
in faint colours is from the Global Multi-Resolution Topography Synthesis of Ryan et al. (2009).
Light grey areas represent the islands of Faial, Pico, Sdo Jorge, Terceira, Graciosa (F, P, SJ,
T and G, respectively). SR is submarine Serreta Ridge. Black dashed lines outline the inferred
calderas of Caldeira Volcano (CV) and Pico Alto Volcano (PAV). Yellow on islands are extents
of volcanic deposits on Faial (from the C11 eruption) and Terceira (Lajes eruption), which
include volcanic ash and ignimbrites. Yellow circles locate gravity cores summarised in Fig.
6.2. Black lines (1 to 4) locate the seismic sections in Fig. 6.8. Salmon areas outline extents of
turbidite depositional basins identified from depth contours and seismic reflection data. Inset
locates study area (red rectangle) and reference core site (red circle). CA, EA and MAR

represent the central Azores, eastern Azores and Mid-Atlantic ridge, respectively.

Ignimbrite, in contrast, is widely exposed in the southern, middle and northern parts of Terceira
(Fig. 6.1). Radiocarbon dates of charcoal below and within the Lajes and Angra ignimbrite
(Calvert et al., 2006; Gertisser et al., 2010), calibrated with the IntCal20 calibration curve
(Reimer et al., 2020), suggest the Angra Ignimbrite was emplaced 25.3-28.1 cal ka BP
(Gertisser et al., 2010) and the Lajes Ignimbrite 23.0-28.8 cal ka BP (Gertisser et al., 2010) or
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25.2-25.9 cal ka BP (Calvert et al., 2006). Their juvenile clasts are characterised by coarse
porphyritic pumices, including light grey comenditic trachyte pumice and dark grey/black
scoriae, but the black clasts are exclusive to the Lajes Ignimbrite (Pimentel et al., 2021). The
on-land bulk volumes of the Angra Ignimbrite and Lajes Ignimbrite were estimated to be 0.08
km? and 0.59 km? (Pimentel et al., 2021), respectively.

6.2.2 Volcanism-associated sediment gravity flows as turbidite sources

Deposits from pyroclastic flows and fallout have been recognised on the islands (e.g., Cole et
al., 2001; Pacheco, 2001) and identified in the four sediment cores near to the islands (Chang
et al., 2021a; Fig. 6.2). Effusive eruptions (Hawaiian to mildly explosive Strombolian) have
likely occurred frequently (e.g., many times over the period of human habitation, Weston, 1964),
so there is also a potential for submarine-emplaced lava flows to initiate sediment flows either
due to the flow disintegration arising from rapid transportation on steep slopes (Bergh and
Gudmunder, 1991) or flow front failures caused by piling up of lava fragments (Lodato et al.,
2007; Mitchell et al., 2008; Quartau et al., 2015). Collapses due to slope overloading and
oversteepening (Mitchell et al., 2012; Costa et al., 2014; 2015) result in large-scale mass
movements, which can evolve downslope into sediment gravity flows.

Fig. 6.2 shows 41 volcaniclastic-rich beds found in the sediment cores located in Fig. 6.1. These
are updated from the identifications of Chang et al. (2021a) as described later in this article.
The beds include 9 pyroclastic fallout beds and 33 volcaniclastic turbidites. The turbidites were
further classified into primary volcaniclastic turbidites (PVTs) and secondary volcaniclastic
turbidites (SVTs). PVTs originate directly from pyroclastic flows where transport occurs
without an intervening stage of deposition and remobilization. SVTs instead involve some
seabed interaction or other events unrelated to volcanic activity such as slope failure. SVTs
were distinguished from PVTs by distinct features, such as rounded volcanic particles and low
proportions of glass shards, with usually heterogeneous glass shard compositions. They also
always contain detectable organic carbon, whereas PVTs are not necessary. Two-thirds of these
turbidites are PVTs. Their thicknesses are typically 0.05-0.15 m, though two PVTs are thicker

(0.4 and 2 m). Although the PVTs were likely created by pyroclastic flows from eruptions of
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the adjacent islands, core 1226 located within the Terceira Rift may have received PVTs from
Terceira or from submarine eruptions on the Serreta Ridge, which is volcanically active (Gaspar
et al., 2003).

6.2.3 Other sources of sediment gravity flows

Processes that have been suggested to generate sediment gravity flows on submarine slopes
elsewhere also occur in the Azores. For instance, more than a thousand submarine landslide
valleys have been identified along the upper slopes of four islands in the central Azores (Chang
et al., 2021b). Downslope mass movements (landslides) may transform into turbulent sediment
gravity flows if the mass disintegrates during movement (e.g., Nisbet and Piper, 1998; Piper et
al., 2007). Landslides in the Azores potentially can be induced by frequent earthquakes (Gaspar
et al., 2015). High ocean surface waves, which predominantly approach the islands from the
NW, have been suggested to be responsible for more frequent submarine sediment gravity flows
on the windward sides of islands (Chang et al., 2022) due to the increased sediment flux from
wave erosion (e.g., Quartau et al., 2012; Zhao et al., 2020) supplying unconsolidated sediment
to upper slopes, where it is prone to failure, or enhanced wave-agitated turbulent flows (e.g.,
Normandeau et al., 2020; Porcile et al., 2020).

In the investigated cores (Fig. 6.2), one-third of the turbidites are SVTs and hence involved
some reworking of bed material, such as evidenced by fragments of carbonate of shelf origin
and higher organic contents. The lower abundance of SVTs compared with PVTs suggests
either that volcanic eruptions in the Azores are more frequent than slope failures or that
sediment gravity flows generated by slope failures have not all reached the basin floors (Chang
et al., 2022). The SVTs thicknesses are similar to PVT thicknesses but no SVTs thicker than

0.2 m have been found.
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Figure 6.2. Summary of cores taken from the sites located in Fig. 6.1. Calendar age intervals
derived from **C dating (red values) are at the 95% confidence level. Photographic scans and
interpreted deposit emplacement mechanisms are simplified from Chang et al. (2021a). Light
blue double-headed arrows locate tephra correlated with erupted unit on land (Pimentel et al.,
2015; 2021). Numbering of the volcaniclastic beds in the third columns (green text)
corresponds with Table 6.2, which lists their estimated calendar ages.
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6.3 Materials and Methods

6.3.1 Sediment cores and sample collections

The four gravity cores were collected during Research Vessel (RV) Meteor cruise M141/1 in
2017 (Hansteen et al., 2017). They were sampled for **C AMS analysis, volcanic glass
compositional analysis, and tephra-bed correlations at the positions shown in Fig. 6.2.

6.3.1.1 Samples for radiocarbon dating

Thirteen samples were selected for *C dating mostly in hemipelagic beds immediately
overlying turbidites and tephra beds (Fig. 6.2). For those beds with gradational or bioturbated
boundaries, samples were collected where hemipelagite and turbidite are in equal proportions.
That proximity should allow reasonable estimates of the turbidite ages to be determined.
Pretreatment of samples included sediment disaggregation in 10 wt% sodium
hexametaphosphate, ultrasonic bathing, rinsing and wet sieving (Hajdas, 2008; Brock et al.,
2010). Approximately 10 mg of planktonic foraminifers showing little sign of damage or
alteration were hand-picked under a high-power dissecting microscope (e.g., Fig. 6.3).
Globigerina bulloides and Globigerinoides ruber species were mainly selected due to their
abundance. Although we prioritised selecting mono-planktonic species to reduce potential
temporal biases (e.g., Ausin et al., 2019), other surface-dwelling planktonic species (e.g.,
Globigerinella siphonifera and Globigerinoides sacculifer shown in Figs. 6.3c and 6.3d) were
sometimes included where abundance of the preferred species was low.

The AMS analysis was conducted by the National Environmental Isotope Facility (NEIF)
radiocarbon laboratory at the Scottish Universities Environmental Research Centre (SUERC).
Samples were acid-leached to remove external carbon contamination on outer shell surfaces
(Hajdas, 2008; Brock et al., 2010) and then converted into pure and condensed carbon (Povinec
et al., 2009) suitable for AMS analysis. **C/*2C ratios were measured by isotope ratio mass
spectrometry (IRMS), and 3*3C values (deviation from reference 3C/*2C) calculated relative to
the Vienna Pee Dee Belemnite (VPDB) standards. *C/*2C ratios were then corrected for

fractionation by normalising 5'*C to -25 %o obtained from a pool of woods (a standard). The
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conventional radiocarbon years before present (BP) with 1o confidence ranges are shown in

Table 6.1.

(a) Globigerina bulloides (b) Globigerinoides ruber

200um

(c) Globigerinella siphonifera | (d)Globigerinoides sacculifer

Figure 6.3. Selected photos of planktonic foraminifera species from the samples used for
radiocarbon dating. (a) Globigerina bulloides. (b) Globigerinoides ruber. (c) Globigerinella
siphonifera. (d) Globigerinoides sacculifer. The species in (a) and (b) were the main ones

selected for *C dating in this study. Note glassy surface textures suggesting lack of alteration.

6.3.1.2 Radiocarbon age calibration and age-depth modelling

To correct for varying production rates of *4C through time (Lal and Peters, 1967), radiocarbon
ages were converted to calendar ages using Marine20 (Heaton et al., 2020), a marine-specific
calibration curve that corrects for the marine reservoir effect (MRE) of non-polar areas and
provides global-average marine dates within 0-55 cal kyBP. Correcting for a local MRE (i.e.,
deviation from the global curve or AR) is difficult around the Azores due to the lack of
established values and appropriate materials for self-assessment (e.g., Ascough et al., 2005).
Comparing global AR variations (Reimer and Reimer, 2001) with oceanic circulation in
Ascough et al. (2005), however, AR around the Azores is probably between -51 and +14 yr.
The age shifts due to the AR correction within this range are small compared with age

differences between samples reported below, so variations in AR are ignored in this study.
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Volcaniclastic bed thicknesses were subtracted from each core depth to build hemipelagic
sediment age-depth models. The use of age-depth modelling relies on two assumptions, which
we return to later: (1) no change in hemipelagic sedimentation rate between dates (e.g., Milkert
et al., 1996; Lebreiro et al., 2009; Clare et al., 2015; Allin et al., 2016) and (2) negligible
surficial deposits have been removed by turbidity currents (e.g., Weaver and Thomson, 1993;
Thomson and Weaver, 1994; Gutierrez-Pastor et al., 2009; Gracia et al., 2010). We used the
median as the best estimates of sample calendar age. Age-depth relationships were then created
by linear interpolation and those hemipelagic ages allowed the emplacement dates of turbidites
and tephra to be estimated. Hemipelagic sedimentation rates were also found by dividing the
calendar age differences between samples by the thickness of hemipelagic beds within them.
Hemipelagic sedimentation rates were then found for discrete age intervals representing
different periods of sea-level (0-8, 8-20 and 20-50 ka) by dividing the hemipelagic thickness
of beds by the time span, using the interpolated calendar ages. Rates for those core intervals
that do not entirely extend over a full age interval were computed by dividing the hemipelagic
thickness by the duration that they spanned. A more regional estimate of the hemipelagic
sedimentation rate curve was then computed by averaging the individual interval-averaged
hemipelagic sedimentation rates of the four cores. The same calculation was also used to derive
individual core and total interval-averaged frequencies of PVTs and SVTs within the selected
date intervals.

6.3.1.3 Samples for sediment core reinterpretation and tephrostratigraphic correlations
The classification of bed types of Chang et al. (2021a) shown in Fig. 6.2 was updated in the
light of data from six volcaniclastic samples from core 1230 at depths 168 to 262 cm below sea
floor (bsf). Sample pretreatment and analytical procedures followed those of Chang et al.
(2021a). Backscattered-electron images of whole samples were captured by JEOL JXA 8200
wavelength dispersive electron microprobe (EMP). Major elements were measured on volcanic
glass shards by EMP at GEOMAR Helmholtz-Centre for Ocean Research Kiel following

procedures described in Kutterolf et al. (2011).
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Two PVTs in core 1219 at depths 22-29 cm bsf and core 1230 at 168-368 cm bsf were
correlated with ignimbrites on adjacent islands. Correlations followed the established method
of Kutterolf et al. (2008) by comparing the major geochemical elements of volcanic glass shards
from marine tephras and from island samples, while their stratigraphic positions were validated
using the age-depth model based on the radiocarbon dates. Mineral assemblage data and
sedimentary features were also considered if they were available. The geochemical correlations
are constrained by overlaps of multiple elements. The correlation followed a similar method
applied to reconstruct tephra provenance offshore the southern central American volcanic arc
(e.g., Schindlbeck et al., 2016; 2018).

6.3.2 Marine geophysical data

High-resolution multibeam bathymetric data were collected in four surveys at resolutions
ranging from 0.5 to 1 m in the shallowest 100 metres to 20 to 50 m at 2000 m depth. The
combined dataset broadly covers the submarine part of the central group of the Azores (Fig.
6.1). The RV Arquipélago survey in 2003 investigated the submarine parts of Faial, Pico and
Séo Jorge islands (Mitchell et al., 2008). The [’Atalante survey (EUROFLEETS cruise
“Features of Azores and Italian Volcanic Islands” (FAIVI)) in 2011 investigated predominantly
the shelf and slopes of Terceira Island (Chiocci et al., 2013; Quartau et al., 2014; Casalbore et
al., 2015). Though mainly investigating the area around S&o Miguel Island, the two RV Meteor
surveys in 2009 (cruise M79/2; Hubscher, 2013) and 2015 (cruise M113/1; Hubscher et al.,
2016) also covered partly the central group, in particular the basin between submarine Serreta
Ridge and Graciosa Island.

2D multichannel seismic reflection profiles were collected during cruise M113 (Huibscher, 2016)
using two GI-Guns of 45 and 105 cubic-inch volumes as a source. Signals were recorded with
a 144-channel acquisition system. The main seismic processing steps involved editing, CMP
binning, bandpass filtering over the range 10/20-300/400 Hz, gain, stacking, time-migration
and fx-deconvolution. Processing is described further by Hubscher and Gohl (2016).

Also during M113, sediment profiler data were acquired using a hull-mounted Parasound

system (Atlas Hydrographics) simultaneously with the multichannel seismic data. This system
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operates by emitting two pulses with high primary frequencies (18 kHz and 22 kHz), which
combined non-linearly in the water to produce a signal at their difference frequency of 4 kHz.
The beams produced by the high primary frequencies form cones of <4°width, resulting in data
without diffraction hyperbolae. Hence, Parasound data have high vertical and lateral resolution.
Processing applied to the Parasound data included amplitude amplification and frequency
filtering. Depth values have been derived from the Parasound data assuming a water velocity
of 1500 m/s.

6.3.3 Turbidite volume modelling

If turbidites form simple flat-lying deposits of uniform thickness within basins, turbidite
volumes can be estimated by multiplying the basin area with the turbidite thicknesses found in
the cores. For such calculations, the area of each basin floor can be delimited using a closed
bathymetric contour line (Fig. 6.1) encompassing the core site and located at the base of slope
or tectonic structures revealed by the seismic sections. This approach makes the implicit
assumption that turbidity currents, which are typically channelled on the slopes, are sufficiently
mobile to spread out across the entire flat basin floor.

Such a procedure ignores the possibility of turbidites varying in thickness across each basin
floor. To allow for bed thinning, the results of more detailed analysis of turbidite geometries in
similar basins was drawn upon, in particular that of Liu et al. (2018). They classified thinning
as occurring at low (3-15 %/km) and high (40-65 %/km) rates. Representing the rate with K

(1/km), the rate of change is:
dT/dx =-KT (1)

where T is bed thickness and x is distance. Integrating from a fixed reference point chosen at

the origin (x=0 km) suggests:
T=Toexp (-Kx) (2)

where To is the bed thickness at the reference position x=0 km. To implement the exponential
model, the delimited basins (Fig. 6.4a) were idealised as rectangles of areas equal to the basins
(Fig. 6.4b). The length and width of each rectangle were adjusted to represent approximately
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the dimensions of each basin. Although turbidity currents potentially entered each basin from
any side, we identified those sides that were closet to the most likely sources (for example,
PVTs were most likely produced by eruptions of adjacent islands and SVTs by failure of
adjacent steep slopes). Volumes calculated with different source directions then represent the
effect of this uncertainty.

For each chosen source direction, volumes were estimated in practice by numerically
integrating T in a series of 1-km steps over the direction in which the flows are assumed to have
entered the basin and multiplying by rectangle width. Thinning rates of 9, 30.75 and 52.5 %/km
were used, encompassing the most appropriate rates of Liu et al. (2018). Where the core site is
opposite to the assumed source, the calculation results in volumes that are larger than those
with no thinning, whereas core sites close to the source resulted in smaller volumes. Best
estimates of individual turbidite volumes were derived using the most likely sediment entry

direction and thinning rates suggested from seismic reflection data.
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Figure 6.4. Conceptual elements of geometry used in calculation of turbidite volume, which
attempts to account for varied degrees of deposit confinement and lateral thinning rate. (a)
Flow of turbidite volume calculation. (b) Turbidite thickness change from model basin edge,
encompassing four thinning rates. Example bed thicknesses variation with distance are

normalised to 1 m.
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6.4 Results

6.4.1 Stratigraphy of the sediment cores

The core stratigraphy that we established previously (Chang et al. 2021a) was improved and
extended in three steps by: 1. reinterpreting one segment of hemipelagic beds in core 1230 as a
primary volcaniclastic turbidite, 2. geochemically correlating two volcaniclastic beds with well-
dated ignimbrites on Faial and Terceira Islands, and 3. incorporating the 12 new radiocarbon
dates.

6.4.1.1 Bed reinterpretation

Chang et al. (2021a) originally interpreted the 168-262 cm below sea floor (bsf) section of core
1230 as hemipelagic sediment because this fine-grained section lacked tractional structures.
However, visual inspection and chemical analyses by EMP of six additional samples (locations
shown in Fig. 6.2) have led us to reinterpret it. Selected backscattered-electron images of 63—
125 pm fraction from core 1230 at 168—170 cm bsf and 248-252 cm bsf revealed predominant
volcanic glass shards and some biogenic matter and lithics (Fig. 6.5a and 6.5b), which are
similar to samples at 262-368 cm bsf (Chang et al., 2021a). Besides minor outliers, major
elements of four samples from the segment clustered closely (Fig. 6.5¢ and 6.5d). The
consistency of the volcanic glass geochemical compositions across the interval suggests that
the upper boundary of the thick turbidite previously placed at 262 cm bsf should be lifted to
168 cm bsf. The geochemical data for these six samples are provided in Appendix 6.1.

6.4.1.2 Tephrostratigraphic correlations

Multiple lines of evidence suggest that samples of core 1219 at 22—29 cm bsf and 1230 at 168—
368 cm bsf correspond with ignimbrites on Faial (C11) and Terceira Island (Lajes), respectively.
1. Multiple major elements (MgO, SiO;, FeO, Cao and TiOy) derived from the groundmass
glasses of the land samples overlap with those of the core samples (Fig. 6.6). 2. The elongated
and stretched light grey pumiceous glass shard (e.g., Figs. 6.5a and 6.5b) both dominate the bed
of core 1230 and the Lajes ignimbrite (Pimentel et al, 2021). The relative proportions of
minerals (e.g., anorthoclase, plagioclase, clinopyroxene, olivine phenocrysts) in core 1230

(Chang et al., 2021a) are also similar to those described in the ignimbrite. 3. The stratigraphic
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positions and dates of emplacement of these two ignimbrites (Calvert et al., 2006; Gertisser et
al., 2010) are compatible with our hemipelagic age-depth models (see section 6.4.2). For
instance, the “°Ar/**Ar dates of the ignimbrites are (C11) 930-1,030 yr BP and (Angra-Lajes)
23,000-28,800 yr BP (Calvert et al., 2006; Gertisser et al., 2010). Our age-depth model suggests
942-1,020 cal BP for the C11 bed and 27,013-27,240 cal BP for the Lajes bed. As mentioned
earlier, we assign this bed to the Lajes ignimbrite given that the Angra ignimbrite only outcrops

in a valley on the south of the island (opposite the core site).
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Figure 6.5. Data from samples of primary volcaniclastic beds in core 1230 from core depths
168-262 cm to 262—-368 cm bsf. Backscattered-electron images in (a) and (b) are from the core
depths marked above each image. Red, orange, blue and green arrows mark interpreted
volcanic glass shards, volcanic minerals, biogeniclast and lithics, respectively. Major element
compositions in (c) and (d) measured on glass shards taken from the core depths shown in the

graph keys. Three outliers out of 80+ analyses were excluded from the graphs.
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Figure 6.6. Comparison of major element compositions of two well-dated ignimbrites on land
with those of volcanic glass shards in the sediment cores. Panels (a to d) compare data from
core 1219 (22-29 cm bsf) with products of the Faial C11 eruption (Pimentel et al., 2015) and
data from core 1230 (168-368 cm bsf) with products of the Terceira Lajes eruption (Pimentel
etal., 2021).

6.4.1.3 Radiocarbon dates and age-depth modelling

The calendar ages and two dates of the ignimbrites correlated with volcaniclastic beds are
shown in Figs 6.2 and 6.7. Most calendar dates had narrow uncertainty ranges (~300 yrs) except
the fourth sample in core 1219 (~8,000 yrs), where “C concentration was low. The 3*3C values
(1.0 and -1.0) are typical of marine foraminifera, also indicating low terrestrial contamination.
The dates progressively increase down each core with no age reversals. The radiocarbon dates

and associated data are listed in Table 6.1.
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Table 6.1. Information on microfossil samples and radiocarbon dating results

Conventional

Publication Sample Sample Sar_nple Dominant radiocarbon anC Calendar age Best cal_endar
depth weight Boundary dated VPDB age estimate
code no. (bsf cm) (mg) species age (%0) (cal yr BP) (BP)
(1, BP)
SUERC- . G. bulloides
o 1215-1 3940 106 | gradational | o PO 1) 570,35 0.0 1,011-2,272 2,070
SUERCT | 12154 128129 102 | gradational = G.ruber 6,315:38 03 6,390-6,730 6,559
oo | 12157 201202 105 | gradational | G.bulloides = 11,901+52 | -11 | 13,065-13,400 13,220
SUERC- . G. bulloides
SoRC 1219-1 3536 107 | gradational | O PAIOIES 1) gg.35 10 1,415-1,726 1582
R | 12193 | 16251635 103 | gradational | G.bulloides = 14349:57 | 09 | 1626516820 16,535
S| 12195 | 22952305 102 | gradational | G.bulloides = 212524116 | 06 | 2417024930 24,543
Soone | 12197 322323 104 sharp G.bulloides | 4538442281 | -06 | 44,351-54564 46,992
51%552%' 1219-8 | 45654575 106 | gradational | G. bulloides >46,665 0.9 Outofrange | Out of range
SUERC- . Mixture of
b 12263 | 61615 71| gradational | NN 1512637 1.0 743-1,047 894
SUERC- | 15%6.8 | 167-1675 @ 82 | gradational = Mixtureof 3,064+37 11 2,507-2,840 2,601
100227 four species
SUERC- G.
1230-2 67—68 10.7 sharp siphonifera 8,301+37 0.5 8,450-8,853 8,636
100228
and G. ruber
SUERC- G. bulloides
P 12304 | 128-129 10.7 sharp | > PUIOII®S 1 9gooaig0 | 07 | 2171022286 22,006
51%553%' 1230-6 | 156-157 105 sharp G.bulloides | 22473+134 | -12 | 25543-26,189 25,837

6.4.1.4 Sedimentation history

Fig. 6.7 shows the combined results of the sample datings (twelve “C dates and two correlated
ignimbrites). The timings of inflections in the sea-level curve of Spratt and Lisiecki (2016)
shown was used to separate the stratigraphy into periods of highstand (0-8 ka), transgression
(8-20 ka) and regression (20-50 ka). Stratigraphy is present within core 1219 that is older than
the oldest dateable *C date (~1.5 m of hemipelagics). One SVT within that interval was dated

by extrapolation using the hemipelagic sedimentation rate from the overlying two *#C dates.
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Figure 6.7. Sediment deposition history in the cores based on the **C dating and two correlated
ignimbrites. (a) Black lines (scale to lower left) are hemipelagic age-depth models for the cores
based on calendar age intervals (red horizontal bars represent at the 95% confidence level).
Double-dashed line is the depth-averaged deep-sea hemipelagic sedimentation rate of 3.5
cm/ky (Vlag et al., 2004) for site located in inset to Fig. 6.1. Blue curve is eustatic sea-level of
Spratt et al. (2016). Olive green bars are the interval-averaged frequencies of volcaniclastic
turbidites for all cores combined (light and dark tones represent frequencies of primary and
secondary volcaniclastic turbidites, respectively). Pink bars are interval-averaged hemipelagic
sedimentation rates that have been averaged between the four cores where stratigraphy is
present. (b) Interval-averaged hemipelagic sedimentation rates of individual cores. (c)
Interval-averaged frequency of volcaniclastic turbidites of individual cores (light and dark
tones represent primary and secondary volcaniclastic turbidites, respectively). Black crosses

in (b) and (c) mark where cores did not penetrate to the age range shown.
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In each of the four hemipelagic sediment age-depth models shown in Fig. 6.7a (black lines), all
dates progressively increase with depth with no major change of trend that might indicate
sediment abruptly removed by erosion (eroded intervals are not resolved). They mostly steepen
into the Holocene. This is reflected in greater average hemipelagic sedimentation rates shown
by the pink bars in Fig. 6.7a, which increase from ~5 cm/ky in the regression period to ~11
cm/ky in the highstand period. Focusing on the better-constrained stratigraphy after the
regression period, sedimentation rates increased from transgression to highstand periods by
nearly a factor of two. These rates are all higher than the average open-ocean sedimentation
rate at site SU92-18 (3.5 cm/ky; Vlag et al., 2004) et al., 2004). Fig. 6.7b shows that these
variations occurred consistently amongst the cores, though rates increased more modestly into
the highstand period for core 1230.

Emplacement ages of turbidites and tephra were derived from the age-depth models using the
interpolated calendar ages through the hemipelagic intervals (Table 6.2). The interval-averaged
frequencies of emplacements of primary and secondary volcaniclastic turbidites (PVTs and
SVTs, respectively) are shown in Fig. 6.7a by light and dark tone olive green bars, respectively.
(As mentioned earlier, the PVTs and SVTs are interpreted as respectively caused by pyroclastic
flows that entered the sea directly and by sediment gravity flows resulting from remobilisation
(such as landsliding) of such deposits on the shelf or slope of the island). Return periods of both
types of turbidites are >1 ky. The frequencies of PVT and SVT emplacements were both higher
during the transgression and particularly during the highstand period compared to the preceding
regression period (Fig. 6.7a). Relative to frequencies during the regression period, PVT
emplacements increased by factor 2.5 during transgression and by factor 6 during the highstand.
SVT emplacements increased by factors of 4.5 and 7.5 over the corresponding periods.
Examining the records from individual cores (Fig. 6.7¢), these frequencies vary amongst sites.
While emplacement frequencies of all turbidite types in cores 1230 and 1215 were comparable
between transgression and highstand, in core 1219 frequencies increased into the highstand
period. The PVT frequencies in cores 1215 and 1230 slightly decreased toward the highstand

period, whereas that in core 1219 increased. Although core 1226 did not penetrate sediment
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older than 8 ka, its PVT frequency was higher than the other cores. SVT frequencies of cores
1215, 1219 and 1230 all consistently increased into the highstand period.

Table 6.2. Modelled ages and volumes of volcaniclastic turbidites

Volcaniclastic _Bed Bed Calendar age Best_ estimates of
deposit number Core thickness type (cal yr BP) turbidite volumes
(cm) (106 m3)

1 1215 4 SVT 3,830-3,888 2.10
2 1215 4 SVT 5,223-5,281 2.10
3 1215 4 PF 6,791-6,915 NA
4 1215 13 SVT 11,489-11,613 6.85
5 1215 13 SVT 13,344-13,467 6.85
6 1215 11 PVT 13,344-13,467 5.79
7 1215 7 PF >13,344 NA
8 1219 10 PVT 791-870 2.64
9

(C11 eruption) 1219 6 PVT 949-1,028 1.58
10 1219 9 PVT 1,661-1,817 2.37
11 1219 9 PVT 1,661-1,817 2.37
12 1219 4 SVT 1,661-1,817 1.06
13 1219 7 SVT 1,661-1,817 1.85
14 1219 2 PF 11,629-11,785 NA
15 1219 7 PVT 17,243-17,491 1.85
16 1219 26 PVT 19,470-19,717 6.87
17 1219 3 SVT 24,914-25,220 0.79
18 1219 2 SVT 39,892-40,197 0.53
19 1219 14 PF 45,699-46,005 NA
20 1219 5 SVT 88,187-88,492 1.31
21 1226 23 PF 620-657 NA
22 1226 9 SVT 620-657 3.37
23 1226 5 PVT 620657 6.03
24 1226 23 SVT 949-1,154 8.88
25 1226 14 PVT 949-1,154 16.33
26 1226 40 PVT 949-1,154 48.25
27 1226 7 PVT 949-1,154 8.17
28 1226 13 PVT 949-1,154 15.17
29 1226 4 PVT 2,794-2,999 4.82
30 1226 2 PVT 2,999-3,203 241
31 1226 2 PVT >3,203 2.41
32 1226 4 SVT >3,203 1.55
33 1226 17 PF >3,203 NA
34 1226 10 PVT >3,203 12.05
35 1230 23 SVT 8,252-8,444 11.47
36 1230 8 PVT 11,159-11,411 3.99
37 1230 9 PVT 22,511-22,718 4.49
38 1230 1 PF 24,382-24,590 NA
39 1230 2 PF 26,045-26,253 NA
40 1230 3 PF 26,877-27,084 NA
4l 1230 200 PVT >27,084 99.72

(Lajes Eruption)
PF: pyroclastic fallout, PVT: primary volcaniclastic turbidite, SVT: secondary volcaniclastic turbidite, NA: none applicable

6.4.2 Turbidite volume modelling results
Seismic sections (Figs. 6.8b to 6.8d) and bathymetric data (Fig. 6.9a) show that the sites of
cores 1215, 1226 and 1230 are located within closed-contour depressions and/or surrounded by

tectonic structures (e.g., faults) so their basin floors are well-constrained. In contrast, core 1219
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was collected from the lower slope of Faial island (Fig. 6.8a). For that site, we approximated
the depositional basin length as extending from a small escarpment up-slope to the edge of a
graben downslope (Fig. 6.8a) and the basin width as the graben length. The model rectangles
of equal basin area are shown in Figs 6.8a to 6.8d, which have areas of 3.9x10"-1.1x10% m?.
The in-situ lateral thinning of beds was assessed using Parasound data collected perpendicular
to suspected sediment input directions (Figs. 6.8f and 6.8g). In Fig. 6.8f (northwest of Terceira),
an interval encompassing a transparent section (a possible mass-transport deposit) tapers
westward from 3.56 to 1.4 m thickness over a distance of 2.83 km, suggesting a thinning rate
of 33%/km, close to the moderate thinning rate of Liu et al (2018). A similar thinning rate can
be inferred from Fig. 6.8g. Although strictly speaking these observed thinnings likely represent
more than single beds, they suggest that the modelling with 30.75%/km (blues curves in Fig.
6.9f) should provide the best volume estimates.

Turbidite volumes were estimated allowing for different thinning rates and input directions (Fig.
6.9f). Sediment input directions for PVTs in cores 1219 and 1230 were both chosen from the
south sides of the basins, based on proximity of Faial and Terceira Islands. Core 1215 was
interpreted as receiving PVTs and SVTs mainly from Pico and S&o Jorge Islands. Although
some sediment flows originating from large events (either pyroclastic flows or landslides) may
have been directed longitudinally along the basin floor, the mostly uniform interval of
reflections in the Parasound data collected parallel to Pico and Sé&o Jorge (Fig. 6.8e) suggests
that such events have been infrequent. We considered three potential sources of turbidity

currents for core 1226: Graciosa and Terceira Islands and Serreta Ridge. Frequent observed
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Figure 6.8. Seismic reflection data over core sites. (a to d) Multichannel airgun seismic
reflection images collected along the lines shown in Fig. 6.1. Basin boundaries assigned on the
basis of the multibeam data are marked by bold red arrows. (e to g) Parasound sediment
profiler records corresponding with the rectangles in (b) to (d). Vertical red bars illustrate
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Holocene pyroclastic particles and relatively low carbonate contents (10-20%; Chang et al.,
2021a) in the deposits suggest that PVTs and SVTs in core 1226 probably are not mainly
sourced from the Graciosa Island, where explosive eruptions have become mostly inactive
(Larrea et al., 2014) and biogenic productions on the shelf have been boosting since the
Holocene. Therefore, the PVTs in core 1226 are suggested to have been dominantly emplaced
from the southeast, where many active volcanic ridges are adjacent to the depositional basin.
In practice, the escarpment southwest of site 1226 likely only sources SVTs as it is a tectonic
feature (the southerly fault escarpment of the Terceira Rift). Volume calculations with the
southerly source were therefore only applied to SVTs for core 1226. The modelled volumes are
105-10° m® but mostly 10107 m2 (yellow bar in Fig. 6.9f).

The best-estimated volumes of individual turbidites were calculated (Table 6.2), allowing for
the preferred 30.75%/km thinning rate and the most likely sediment entry direction in each case.
As PVTs and SVTs in core 1215 were potentially emplaced from either Pico or S&o Jorge
Islands, the best-estimated turbidite volume for each bed was an average of the volumes
estimated with those two alternative origins. Volumes in Fig. 6.9f vary by up to two orders of
magnitude due to bed thickness variations and by up to one order of magnitude because of
varied thinning rates.

6.5 Discussion

6.5.1 Implications of the turbidite volume estimates

6.5.1.1 Comparing SVT volumes with upper-slope landslide volumes

The estimated volumes of SVTs range from 10° to 10® m® (Fig. 6.10). For comparison, the
volumes of landslide valleys in the upper submarine slopes adjacent to the core sites are 102 to
10® m? (dark orange bars in Fig. 6.10). The estimated SVT volumes only overlap the volumes
of the larger landslide valleys, suggesting that only the larger landslide deposits have been
preserved in the cores. The sediment gravity flows initiated by smaller landslides probably
deposited on the slopes before reaching core sites, producing thin beds in the basin floors that
cannot be identified by eye or were obscured by bioturbation. Nonetheless, these results show

that moderate-sized landslide deposits should be preserved within such proximal basins. This
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contrasts with core sites that are >100 km from volcanic islands which only preserve turbidites
originating from giant landslides (e.g., >10*-10!2 m3; Hunt et al., 2013). Our comparison
suggests a more comprehensive landsliding history can be preserved in the depositional areas
adjacent to the islands, as also found in the continental margins (e.g., Jobe et al., 2018 and
references therein). Landsliding inventories are also potentially available for volcanoes with

similar proximal basins.

(a) 1230

10 10° 10 10°  10° 107 10°  10%(md
1 | al L ul

(On-land tephra volume of Lajes ignimbrite) ®

(Modelled volume range of corresponding core bed) ——

PVTs

T T T T

SVTs

Count

t T
Terceira landslides

29

23

201 13

0 ; . —

10> 10 10 10°  10° 107 10°  10°(m)
(b) 1219

102 193 10° 195 19° 197 198 10°% (m®)

(On-land tephra volume of C11 ignimbrite) ®
(Modeclled volume range of
corresponding core bed)

54 PVTs

]

! SVTs

Count

Faial landslides

20+ 16 12

10 10° 10t 10°  10° 10" 10°  10°(m))

(© 1215

5102 10° 10* 10° 10° 10" 10° 10°(m®)
PVTs
SVTs

Séao Jorge landslides

31
9
—
52 i Pico landslides
40
201 13 "
0

102 10° 10 10°  10° 107 10°  10%(m)
Figure 6.10. Basin-floor volumes of turbidites predicted with 30.75%/km (intermediate)
thinning rates (pink and light orange histograms) for cores 1230, 1219 and 1215 compared

178



with volumes of landslide valleys in their adjacent upper submarine slopes (dark orange
histograms) derived from Chang et al. (2021b). Also shown are (red dot in (a)) estimated on-
land tephra volume of the Lajes erupted materials from Pimentel et al. (2021) and (red dot in
(b)) estimated tephra volume (on land and offshore) of the C11 erupted materials from Pimentel
et al. (2015). Slope regions selected for landslide valley volumes are located by red rectangles
on maps. SVTs and PVTs represent secondary and primary volcaniclastic turbidites. The
volumes of Pimentel et al. (2015 and 2021) and our modelled volumes of PVTs and SVTs are

tephra volumes, hence not dense rock equivalents (corrected for pore volumes).

6.5.1.2 Comparing PVT volumes for the C11 and Lajes eruptions

The PVT volumes allow an assessment of the proportion of pyroclastic sediments transported
into the sea and allow us to update estimates of total volumes from eruptions. The best-
estimated volume of the PVT that is associated with the Lajes eruption in core 1230 (Fig. 6.10a)
is 108 m® (5x107 to 2x108 m®, a range due to the different thinning rates). The volume is of
similar order of magnitude but slightly less than the 5.9x108 m® of the on-land bulk volume of
Lajes ignimbrite estimated by Pimentel et al. (2021). A significant portion (i.e., 8-33%) of the
erupted material was therefore discharged into the ocean and reached the basin floor. We can
thus adjust the total volume of erupted pyroclastic material of the Lajes eruption to 6.9x108 m3.
The estimated volume of the PVT corresponding to the C11 eruption (Fig. 6.10b) is 1.58x10°
m3. This is at least two orders of magnitude smaller than the volume (>2.2x108 m®) of the
ignimbrite on land estimated by Pimentel et al. (2015). Two factors may explain this contrast.
First, the two initial eruptive phases led to deposition mostly towards the north and northwest
of the caldera on Faial (inset map to Fig. 6.10b). The basin-floor sediments may have mainly
been emplaced during the last phase of pyroclastic density currents, which Pimentel et al. (2015)
showed had a more north-easterly component. Second, the seismic section in Fig. 6.8a suggests
that sediments were likely also deposited widely on the upper island slopes rather than solely
in the basin floor, which leads to an underestimation of the actual volume.

As ignimbrite-forming eruptions have occurred repeatedly on Terceira, the island is likely to
host similar eruptions in the future (Pimentel et al., 2021). Precisely estimating the areas to be

affected by erupted material is difficult for small volcanic islands as the portions of material
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transported offshore are usually unclear (Walker, 1981). Our tephra correlations imply that the
C11 and Lajes deposits extend offshore at least 20-30 km, a distance 3-5 times further than the
outcrops on land had suggested. The turbidite volume modelling also indicates that a significant
portion of the Lajes ignimbrite discharged into the sea, probably in a tsunamigenic process. We
suggest that further sediment cores from the slopes and around the basins would be desirable
to constrain better the lateral thickness variations and total volumes. This should include the
southern basin of Terceira, given that the Lajes ignimbrite also extended southwards

6.5.1.3 Comparing sediment fluxes in source areas with depositional fluxes in basins

The “C-dated sediments allow depositional fluxes in the basins to be compared with fluxes of
sediment released by erosion on the islands, eruptive activity and biogenic production on their
shelves. For this, we use results of Quartau et al. (2012) for Faial Island. They provided flux
estimates for the past 6.5 ky from onshore and shelf sources for around 1/4 of the island (their
sectors F and G in their Table 3). We divided those fluxes by a factor of two to allow for the
smaller length of the north coastline of Faial adjacent to the basin containing core site 1219.
The estimated total sediment flux of 45.2x10° m¥ky includes subaerial sources (pyroclastics
from recent eruptions, cliff erosion and riverine erosion) of 44x10° m®/ky and submarine
sources (bioclasts) of 1.2x10° m®/ky. All such sediments can be assumed to be Holocene in age
as there is no evidence of older stratigraphy in the boomer records.

We can also assess how much particle accumulation has occurred in the hemipelagic deposits,
some of which likely comprise fine particles also originating from the island (e.g., remobilised
volcanic ash). By assuming a uniform pelagic sedimentation rate in the 0-8 ka period, the
hemipelagic flux in the seafloor basin of core 1219 is estimated to have been 3x10® m?/ky. This
is only 6.7% of the island-generated flux. We also assessed the sediment fluxes arising from
the island with those of the SVTs. The mean SVT flux was 1.1x10° m¥ky obtained by dividing
the total turbidite volume in the basin by the SVT emplacement frequency in core 1219 over
0-8 ka. This depositional flux is only ~2.4% of the island-generated flux. Therefore, there is a
large difference (90.9%) between the flux supplied from the island and the combined

hemipelagic and SVT fluxes in the basin. The discrepancy is a minimum as some of the
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hemipelagic particles are tests of pelagic organisms, although some dispersal of ash away from
the basin could make it a maximum.

We had inferred earlier that only the largest SVTs are preserved at the core sites, implying that
smaller landslides produce sediment gravity flows that deposit on the slopes. The flux
discrepancy also supports that inference. Thick sequences of reflections dipping parallel to
seabed are commonly observed within the flanks of other oceanic islands (e.g., the Hawaiian
Islands (Leslie et al., 2002), the Marquesas Islands (Wolfe et al., 1994) and the Canary Islands
(Watts et al., 1997; Leon et al., 2017)). These are likely at least partly due to clastic deposits
from sediment gravity flows that have not fully runout. Some shallow examples of such
reflections are shown in Fig. 6.8a.

6.5.2 Has sediment deposition history been affected by climatic changes?

In order to address this question, in the following we discuss our observations that both
hemipelagic sedimentation rates and frequencies of submarine landsliding were generally
higher during the time of sea-level highstand (0-8 ka) than during the sea-level transgression
or regression (Fig. 6.7a), strongly suggesting a direct or indirect climatic influence.

6.5.2.1 Hemipelagic sedimentation rates

Around the Azores islands, riverine supply of sediment is considered to be minor compared to
supply by shelf biogenic production, coastal erosion and volcanism (e.g., Quartau et al., 2012;
Ramalho et al., 2013). During sea-level highstands, the wide submerged insular shelves of the
islands allow increased biogenic productivity that would not occur if the shelves were exposed
above sea-level (e.g., Ramalho et al., 2013). Sea-level highstands, such as at present, also allow
waves to attack and erode the tall sea cliffs (e.g., Zhao et al., 2020), which Quartau et al. (2012)
suggested to be the primary source of sediments to the shelf. In contrast, the sea cliffs would
be more protected from attack with sea-level a few tens of m lower than at present. The high
emplacement frequencies of PVTs in core 1219 and 1226 (Fig. 6.7¢) suggests that increased
pyroclastic activity provided an additional supply of easily erodible volcaniclastic material.

6.5.2.2 Frequencies of secondary volcaniclastic turbidite emplacements
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Many of the upper-slope landslides in the Azores have been suggested to have been triggered
by ground shaking during earthquakes (Chang et al., 2021b). As earthquakes occur randomly
over time, they do not clearly explain the increase in SVT emplacements into the sea-level
highstand period. Seismogenic faults are common among the islands (Madeira et al., 2015) and
many faults in sea areas between them (Casalbore et al., 2015; Mitchell et al., 2018) are likely
seismogenic also. GPS-measurements also suggest widespread displacements from distributed
tectonic deformation and volcano deformation (D’ Araujo et al., 2022).

Sidescan sonar and grain-size data suggest that sediment released by coastal erosion is
transported towards the outer shelves and upper slopes of the islands (Chang et al., 2022). As
such sediment fluxes are likely greater during high-stand conditions due to exposure of sea
cliffs to waves (Quartau et al., 2012), more rapid deposition onto the upper slopes can be
expected. The amount of time for such deposits to over-steepen and/or become thick enough to
generate large sediment gravity flows when failed will also be shortened. The increased
frequency of SVT seems therefore more likely associated with higher sediment fluxes towards
the present day.

The enhanced high-stand SVT emplacement and hemipelagic rates prompt us to investigate
whether the changes in the source fluxes we propose ultimately affected the volumes of SVTs
in the basin, i.e., did a larger flux of sediment from the shelves lead to larger landslides and
hence larger SVTs? Chang et al. (2021b) found different landslide scar volumes between the
different islands, with larger volumes and scars in the slopes of S&o Jorge and Terceira islands
compared with Pico and Faial Islands. The volume variations were interpreted as being due to
greater build-up of sediment around S&o Jorge and Terceira between major earthquakes. Hence,
a larger flux might potentially lead to a thicker accumulation of unstable sediment before failure.
Fig. 6.11, however, shows no significant systematic correlation between the best-estimated
SVT volume with age. This discrepancy suggests that even if there is any correlation, it cannot
be resolved by this small dataset. Further analyses of cores around the islands are needed to

investigate this issue.
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Figure 6.11. Temporal variations in (a) turbidite thicknesses and (b) best-estimated turbidite
volumes. PVTs and SVTs are primary volcaniclastic turbidites and secondary volcaniclastic

turbidites, respectively.

6.5.2.3 Frequencies of primary volcaniclastic turbidite emplacements

PVT emplacements became more frequent overall in the sea-level highstand period (Fig. 6.7a),
but varied PVT frequencies with time in the different cores (light tone colours in Fig. 6.7¢)
reflected different explosive sources. For instance, PVT frequency was nearly constant from
the transgression to the high-stand period in core 1215, whereas it decreased in core 1230. In
contrast, PVT frequencies for core 1219 increased into the highstand period. Frequencies for
core 1226 were high in that period, although we have no data on previous times. Since each
core had different predominant volcanic sources, there is no evidence that those sources reacted
in any coordinated way to sea-level and/or climate changes. Thus, we find no evidence for
increased volcanic activity due to unloading during the low sea-level stand (Hasenclever et al.,
2017) and also find no evidence for the suppression of eruptions by stresses induced by sea-
level rise as proposed for Santorini (Satow et al., 2021). The Azores islands also have elevations
that are too low for glaciers to have been widespread at this latitude during the last ice age. The
equilibrium line altitudes of glaciers in Spain and Portugal at similar latitudes (e.g., Hannah et
al., 2017; Palacios et al., 2017; Serrano et al., 2017) are higher than the highest mountain in the

Azores (Mount Pico, 2,351m).
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There is also no resolvable systematic change in PVT volumes between transgression and high-
stand periods overall (Fig. 6.11b). For instance, PVT volumes for cores 1219 and 1226 vary
somewhat similarly to the SVT volumes at those sites. PVT volumes in core 1219 are small
compared to PVT volumes in other cores. In contrast, PVT volumes in core 1226 vary more
greatly, likely a result of many different volcanic eruptions occurring on the Serreta Ridge. The
different variation in eruption frequency and erupted volumes with time between the cores
suggests that eruptions were not modulated by direct or indirect climatic influence. Rather
temporal variations are more likely a result of variations in magma supply or tectonic processes
affecting eruptions (e.g., Kappel and Ryan, 1986). Further work on the chronology of eruptions
in the Azores would help evaluate if the change in eruption frequency occurred more widely.
6.6 Conclusions

Four chronostratigraphies have been developed based on 12 calibrated *4C radiocarbon dates
from hemipelagic beds in the four sediment cores and from two pyroclastic turbidites correlated
with ignimbrites formed on Faial Island (C11 at ~1,000 BP) and Terceira Island (Lajes at
~25,000 BP). Age-depth models for the hemipelagic components were reconstructed to date
the emplacements of turbidites and tephra in each core to a maximum ~50 ka. Return periods
of eruptions and landslides large enough to generate turbidites within the cores were found to
be mostly >1 ky for both turbidite types. Hemipelagic sedimentation rates and submarine
landslide frequencies were higher in the past 8 k.y. than in the previous few tens of thousands
of years. The increased hemipelagic sedimentation rate could be explained by sea-level rise,
which enhances erosion of subaerial sea cliffs and biogenic production on shelves. More
frequent emplacements of pyroclastic turbidites were found in some cores for the last 8 k.y.; if
this occurred more widely, eruptions also supplied more friable volcaniclastic material to both
submarine and subaerial areas. The higher submarine landslide frequency of the last 8 k.y. is
probably associated with the greater sediment supply, leading to more rapid build-up of
unstable sediment on the submarine slopes of the islands. The more frequent emplacement
frequency of primary volcaniclastic beds in some cores and lack of increase in others during 0—

8 k.y. contradicts models that have been proposed in which higher sea-level loads magma
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chamber roofs, leading to lower eruption frequencies. We suggest this different eruption timing

may in part be due to temporal variations in magma supply, which can occur in volcanic rifts.

Turbidite volumes have been estimated allowing for varied thinning rates across basin floors
and different input directions of sediment flows. The estimated volumes are 10°-10° m* (mostly
between 10107 m®). The volcaniclastic turbidites of landslide origin are comparable in volume
with only the largest of their adjacent upper slope submarine landslide valleys, so most
landslides lead to mass flows that deposit on the slopes and do not reach the basins. This
inference is also supported by a major imbalance of sediment export flux of Faial with the
depositional flux of SVTs and hemipelagic sediments in core 1219. We therefore suggest that
the dipping reflection found in the flanks of many volcanic ocean islands are mostly due to

clastic material that has not fully run-out to the adjacent basin floors.

The volume differences between basin-floor pyroclastic turbidites and their associated erupted
units on land allow the total volumes and proportions exported offshore to be addressed. For
instance, 8-33% of pyroclastic material from the Lajes eruption was emplaced in the basin
north of Terceira, hence the erupted volume was 6.5-8.2x108 m® larger than previously
suggested. In contrast, the volume of the turbidite associated with the C11 eruption is two orders
of magnitude smaller than the corresponding ignimbrite on land, suggesting that deposits in the
basin originated only from one of the eruptive phases and/or that deposits exported to the sea

largely remained on the slopes without reaching the core site.
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Chapter 8

Chapter 7. Discussion and suggestion

7.1 Synthesis and broader discussion

unit: wave trains counts/km
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Figure 7.1. Synthesis of key findings of Chapters 3 to 6. (a) Classification and measurements
of different types of submarine landslide valleys in volcanic island submarine slopes. (b)
Assessment of landslide volume-frequency distributions and their implications for long-term
earthquake hazards. (c) Cumulative frequency of tsunami amplitudes at source predicted from
landslide scar parameters (volumes >10°m? type 2, all classes). (d) ldentification of
asymmetric abundance of submarine sediment waves around the islands. (e) Identification of
prevailing wind and waves from the northwest as associated with asymmetric wave train
abundance. (f) Discrimination of different types of beds (hemipelagic beds, pyroclastic fallout

and primary and secondary volcaniclastic turbidites) and development of chronostratigraphy
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of four sediment cores based on *“C dates and tephrostratigraphy. (g) Bed type discriminations
suggesting two-thirds of volcaniclastic-rich beds originate from eruptions, and one-third of
them from landslides. (h) Age-depth modelling suggests an association between increased
sedimentation rates and greater erosion in the Holocene.
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Figure 7.2. Results from other volcanic settings that can be compared with results of this
project. (a) Size distribution of tsunami amplitudes (1904-2010) from two locations: Hilo in
Hawaii and Hachinohe in Japan (Geist, 2012). Solid line represents tapered Pareto
distributions with maximum-likelihood parameter estimates. (b) Asymmetric width of abrasion
platform of Tenerife Island and wind vectors (Mitchell et al., 2003). (c) Organic-rich turbidites
found in the siliciclastic-volcaniclastic settings of Cape Verde abyssal plain (Robinson et al.,
2001). (d) Sedimentation rates derived from the cores proximal to La Réunion Island (Mazuel
et al., 2016). (e) Sedimentation rates derived from the cores distal to La Réunion Island

(Sisavath et al., 2012). (f) Sedimentation rates derived from cores around the Lesser Antilles

island arc (Reid et al., 1996).
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Combining information from multiple types of data and samples, and focusing on the results of
smaller but frequent sediment transport events in the Azores Islands, has allowed a more
comprehensive sediment emplacement history to be obtained, as well as assessment of their
hazards. Hazard assessments are needed as significant populations live along coastal areas of
some volcanic islands (e.g., Hawaii, Canaries, and Cape Verdes islands). Even where there are
only small populations living on the islands, erupted ash plumes and/or tsunamis initiated at
them can still disrupt air/sea travel more broadly if they are large (e.g., Hunga Tonga-Hunga
Ha'apai Eruption of 2022; Carr et al., 2022). This highlights the need for cross-disciplinary
research which allow us to apply appropriate hazard assessment to individual island groups
where they present different hazard concerns.

Through classifying and measuring areas and volumes of upper slope submarine landslides (Fig.
7.1a), cumulative volume distributions for Pico and Faial were found to be smaller than those
for Sdo Jorge and Terceira (Fig. 7.1b), although they are located in essentially the same regional
tectonic setting. This difference was interpreted as a result of varied long-term earthquake
recurrences under the two groups of islands. For the Azores Islands, earthquake hazards are the
primary concern because of their locations close to or on the plate boundaries. In contrast, more
attention is paid to recurrence intervals of explosive eruptions and submarine landslides at
volcanic islands more remote from plate boundaries, such as the Canary Islands.

The modelled tsunami height distribution in the Azores follows a similar log-normal
distribution to submarine landslides, suggesting that the relative probability of very large events
is low (Fig. 7.1c). Fig. 7.2a shows the distributions of the maximum amplitudes of seismogenic
tsunamis recorded at coastal tide-gauge stations at Hawaii and Japan from 1904 to 2010
(Burroughs and Tebbens, 2005; Geist and Parsons, 2006; Geist et al., 2009a) were found
consistent with the magnitude distribution of earthquakes (Kagan, 2002), following a Pareto
distribution. This distribution suggests the counts of the largest tsunamis reduce much faster
than the power-law exponent, either resulting from under-sampling at large amplitudes
(Burroughs and Tebbens, 2001) or energy dissipation in those with large amplitudes

(Korycansky and Lynett, 2005; Geist et al., 2009b). It is still not clear where the difference
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comes from, but perhaps it results from different tsunamigenic mechanisms (i.e., submarine
landslide versus earthquakes).

The asymmetric abundance of submarine sediment waves found around Azores volcanic
islands (Fig. 7.1d) was interpreted as a result of prevailing wind and waves from the northwest
(Fig. 7.1e). This conclusion was reached after integrating different types of marine geophysical
data, grain size data and hydrodynamical calculations. This method allows an efficient
assessment of submarine sediment transport for other islands such as the Canary Islands where
subaerial and coastal erosion were found to be asymmetric, potentially also due to prevailing
wind and wave effects (Fig. 7.2b; Mitchell et al., 2003).

Volcaniclastic sediment emplacement processes and histories can be revealed by sediment
cores collected around the volcanic ocean islands. Discriminating different types of
volcaniclastic-rich deposits (Fig. 7.1f) helps to reveal the relative importance of eruption-origin
and landslide-origin volcanic sedimentary gravity flows (Fig. 7.1g). Interpreting individual
event bed types and the mechanisms that emplaced them remains a challenge due to possible
ambiguities. These analyses suggest that chemical compositions and morphometric parameters
of volcanic glass shards and the appearance of bioclasts are crucial clues for bed type
discrimination. Although only minor differences were found in organic geochemical analyses
(TOC, TOC/TN and 8%C) between the three subtypes of volcaniclastic beds, they are also
useful for separating primary and secondary volcaniclastic turbidites. This classification
method is particularly applicable for settings that are influenced by both siliciclastic and
volcaniclastic systems (e.g., Madeira abyssal plain (Pearce and Jarvis, 1995; 1995; Hunt et al.,
2014) and Cape Verde abyssal plain (Robinson, 2001)) due to high preservation of organic
matter commonly in the turbidites (e.g., >0.5%; Fig. 7.2c).

The age-depth modelling in the central Azores islands reveals a coincident temporal association
between the high frequency of landslides and the increase of hemipelagic sedimentation rates
during sea-level highstand in the last 50 ka (Fig. 7.1h). Piston cores proximal to La Réunion
Island also found similar high sedimentation rates during the Holocene period (Fig. 7.2d;

Mazuel et al., 2016). However, a more extended deposition history (~140 ky; Fig. 7.2e) derived
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from cores on the submarine fans distal from La Réunion Island revealed slightly lower
sedimentation rates during the interglacial (0-30 and 127-140 ka) than glacial times (30-127
ka) when the island was more volcanically active (Sisavath et al., 2012). Similarly, high
offshore sedimentation rates were also found in the Lesser Antilles Islands during glacial
periods (Fig. 7.2f) when current circulation between interisland passages is intensified.

These hemipelagic sedimentation rates represent the release of fine sediment by erosion and
volcanic eruptions at the islands. As coarser sediment is also likely released and accumulated
on the uppermost submarine slopes, there could be an association between distal sedimentation
rates and slope landsliding. High landslide frequencies for the La Réunion Island and the Lesser
Antilles islands are therefore expected to be found during glacial times. In the Lesser Antilles
islands, high frequencies of turbidite emplacements were interpreted similarly to the Azores as
associated with high sediment input, though the increased sediment fluxes are due to exposure
to geostrophic currents (Reid et al., 1996). However, high frequencies of turbidite
emplacements in the submarine fans of La Réunion Island were not found during glacial periods
but during interglacial periods, a time also of high precipitation. This result was interpreted as
the effects of orographic rainfall enhancing riverine erosion on land, causing hyperpycnal
sedimentary flows (Sisavath et al., 2012). These differences suggest the long-term relationship
between the timing of landsliding and sea-level may not necessarily be the same around
different islands, depending on the different predominant mechanisms involved.

A significant difference (~90%) between sediment fluxes in source areas and depositional
fluxes in the Azores basins suggests that most of the sedimentary gravity flow deposits were
trapped on the island flanks instead of on the basin seafloors. One seismic section also reveals
thick sequences of reflections dipping parallel to island slopes within the flanks of the islands
(Fig. 6.8a). These results of Chapter 6, though building on those of Chapters 3-5, suggest that
most of the flanks of the Azores volcanic islands are composed of unconsolidated fragmental
volcaniclastic particles with minor bioclastic particles. Ocean island volcanoes with this

internal structure are likely prone to slope failure because of the low resistance of sediments to
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large ground motion and planes of weakness dipping parallel to the surface as inferred
elsewhere (Ten Brink et al., 2009).

7.2 Future work

The above comments and those in earlier chapters highlight future work that would be useful
for moving the subjects of this study forward:

7.2.1 Landslides in the upper submarine slopes of volcanic islands

« It is worth examining whether the landslide volume-frequency statistical method can be

applied to predicting long-term hazards of large earthquake at other volcanic islands with
suitable data (e.g., the Hawaiian Islands (Moore et al., 1994), Canary Islands; (Masson et al.,
2002), Cape Verde Islands (Masson et al., 2008)), and island arcs (e.g., Montserrat (Wall-
Palmer et al., 2014) and Ritter Island (Ward and Day, 2003). This method involving multibeam
data allows repeatable analyses to be done efficiently, in contrast to conventional methods that
usually require extensive fieldwork on earthquake-related physiographic features (e.qg., uplifted
terraces and fault-scarp morphology) and deposits to calculate the recurrence interval of
successive large earthquakes (e.g., Sieh, 1981 and their references therein). It is also
challenging to implement traditional methods at volcanic islands where most faults and deposits
are underwater. Nevertheless, its applicability and limitations still await attempts at using it in
different volcanic island settings and other tectonic settings.

« In this submarine landslide mapping chapter, a conventional static limit-equilibrium method

provided a first-order assessment of sediment cohesion and volcanic island slope stability as no
appropriate cores were available. A more sophisticated analysis would require in-
situ geotechnical measurements (e.g., shear strength and porosity; Lee and Edwards, 1986) and
more sophisticated analytical models (e.g., analysis involves stress-deformation or permanent-
displacement; Jibson, 2011 and references therein). Such analyses could be viable if samples
could be recovered by vibrocoring.

« Empirical equations are used in this chapter to estimate tsunami heights induced by the many

landslides found. Two future works can improve this part of the assessment. 1. Repeated
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bathymetric surveys can distinguish slope valleys formed in response to single mass-flows or
gradual erosive processes, which imply different tsunami heights (e.g., Di Traglia et al., 2022).
2. Adopting a more sophisticated numerical simulation of tsunami wave generation and
propagation such as Cornell multi-grid coupled tsunami model (COMCOT; Liu et al., 1995;
Liu et al., 1998) or Non-Hydrostatic WAVE model (NHWAVE; Ma et al., 2012) would allow
tsunami propagation, runup and travel time to be assessed more accurately.

« The lower average landslide volumes and areas per unit slope area for Faial and Pico Islands

were interpreted as suggesting a higher risk of long-term seismicity compared with Sao Jorge
and Terceira islands. Therefore, it is worth conducting a similar analysis in other settings to
examine if this method applies elsewhere.

7.2.2 Volcaniclastic deposits and sedimentation processes around volcanic ocean islands

« The thickness-frequency distribution analysis was found to be useful for characterising the

relative importance of different thickness scales of turbidites in different volcanic sites. Despite
being capable of recording volcanic history more comprehensively, there have been insufficient
sites where coring has penetrated deep enough and in proximal locations for such analyses.
Comparing information from cores collected at different volcanic islands (e.g., IODP Exp. 340
Montserrat, IODP Exp. 350 Izu-Bonin Arc and IODP Exp. 398 Hellenic Arc) will potentially
help to understand how effectively the spatio-temporal variation of style and magnitude of
volcanism have been preserved in the cores.

7.2.3 Asymmetric abundances of submarine sediment waves around volcanic islands

« Hydrodynamic measurements of speed and direction of currents for the entire water column

and suspended sediment concentration would allow across-shelf sediment transport to be
directly detected. The frequency of the across-shelf sediment emplacements might be estimated
if repeat nearshore high-resolution multibeam bathymetric surveys were also available.

« The giant wavelengths and irregular crestlines of sediment wave fields on the north slope of

Sao Miguel Island were interpreted as produced from explosive eruption(s) generating large
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pyroclastic flows in this study. This speculation can be examined if longer core records were
obtained from this area.
7.2.4 Emplacement history of volcaniclastic turbidites around volcanic islands

- The increased higher frequencies of SVTs coincide with higher hemipelagic sedimentation

rates during the Holocene, which was interpreted as a result of greater coastal and other erosion
at this time, simultaneously feeding more fine sediments to the basins and coarser sediment to
the island slopes. However, it is unclear whether there is a more universal relationship
applicable to other volcanic islands. This might be revealed if longer sediment cores covering
longer age spans and proximal to multiple volcanoes are available.

- It has been possible to link the products of some onshore eruptions and slope landslides with

turbidites in the Azores where the turbidites have comparable volumes to ignimbrites and
submarine landslide valleys. This is possible because of the relatively short distance to the
adjacent flat seafloor basins. A similar analysis could be repeated in other volcanic islands
having similar proximal confined depositional basins (e.g., Amsterdam and St Paul islands in
the southern Indian Ocean; Conder and Forsyth, 2001).

- The tephra bed correlations between sediment deposited on the seafloor and land can also be

applied to other Azores islands where glass shard compositions and radiometric dates are
available (e.g., Flores Island; Andrade et al., 2021), allowing age-depth models for sediments
deposited near these islands to be produced. The modelled eruption and submarine landsliding
histories can also be compared with islands in different groups. Furthermore, tephra bed
correlations such as that between core 1230 and the ignimbrite on Terceira Island can also be
followed up if additional sediment cores are collected, such as from the southern submarine
slopes of Terceira. Given the widespread appearance of ignimbrite also on the south of Terceira,
a further upward adjustment of eruptive volume is expected as the current adjustment merely
relies on the core collected in the north basin. Therefore, additional cores from the southern
slopes would be helpful to constrain the whole coverage area and provide a better prediction of

Lajes erupted volume.

194



Chapter 8. Concluding remarks

The key findings of Chapters 3-6 are organised here as addressing the aims posed in Section
1.3.

Aim1: How is sediment created by volcanism, erosion and biological activity transferred to
the archaepelagic aprons of volcanic islands?

From the results of Chapters 3-6, sediment is transported to the aprons of the Azores islands
mainly by volcanic activity, slope failures, and sedimentary gravity flows. A high proportion
of pyroclastic fallout particles and volcaniclastic turbidites in the cores suggests that the basin-
floor sediments mainly originate from volcanic activity. Abundant slope valleys along the upper
submarine slopes have been created by landslides, probably triggered mainly by earthquakes.
Widespread wave trains on the submarine slopes and basin seafloor were found to originate
predominantly from sediment gravity flows. Sediment gravity flow generation was linked to
volcanic eruptions, disintegration of sediments during upper-slope landsliding or other mass
movements, and suspension of bed particles agitated by strong waves. Sediment gravity flow
generation would explain the asymmetric abundances of submarine sediment waves around the
central and eastern Azores islands, ultimately because the prevailing wind from the northwest
would affect shelf sediments and coastal erosion on that side.

Aim2: What processes are responsible for the high abundances and varied characteristics of
slope valleys around the submarine flanks of the central Azores volcanic islands?

Based on high-resolution bathymetric data, more than 1200 submarine slope valleys were
identified around the central Azores. They were classified based on the level to which they
adhere to classical landslide features, as well as whether they were likely formed by single or
multiple landslides or retrogressive failures. Different earthquake frequencies under the islands
were suggested to be the main cause of lower densities and higher affected volumes of
landslides in Terceira and S&o Jorge Islands compared to Faial and Pico islands. Landslide
statistics do not appear to systematically vary with different lava flow types, ages of adjacent
volcanic units or shelf width.

Aim3: What are the implications for assessing hazards associated with submarine landslides?
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The CCDF suggested that the relative probability of large submarine landslides (e.g., >108 m®)
in the Azores has been very low (<0.001%). However, some of these submarine landslides were
probably still capable of generating tsunamis. At least 13 of them would generate tsunami wave
amplitudes (A) at source >1 m and one > 7 m, if they would have occurred with sea-level at its
present highstand position. These larger submarine landslides were mainly located around S&o
Jorge and Terceira Islands.

Smaller landslide size but higher frequency of submarine landslides in Faial and Pico islands
than those in S&o Jorge and Terceira Islands could be explained as a consequence of shorter
periods between destructive earthquakes, leaving less time for deposits to accumulate. This in
turn implies a higher frequency of larger earthquakes around Faial and Pico islands and thus a
greater longer-term threat of destructive earthquakes beneath those islands.

Aim 4: What processes are responsible for creating trains of submarine sediment waves around
the Azores volcanic islands?

Downslope-trending wave trains are twice as abundant on the northern (windward) submarine
slopes of five Azores islands compared to their southern slopes. Geomorphological features
from high-resolution bathymetric and seismic reflection data favour their formation under
sedimentary gravity flows. The predominant north-westerly waves also help explain their
asymmetric abundance. Such waves suggest greater coastal erosion and mobilisation of shelf
sediments (wave agitation) transported by wave-agitated sedimentary flows and downwelling
currents (offshore bottom currents balancing wind-driven onshore surface currents). Those
sediments spilling onto the steep slope edges of the islands are ultimately prone to failure and
initiation of sedimentary gravity flows by disintegration of the failed deposits.

Aim5: What are the characteristics and emplacement frequencies of volcaniclastic deposits in
sediment cores originating from eruptions and landslides?

Volcaniclastic bed types were discriminated by combining multiple lines of evidence. Primary
and secondary volcaniclastic turbidites contain structures associated with turbidity currents
(tractional features). Secondary volcaniclastic turbidites contain shelf-derived carbonate

particles, rounded volcaniclastic grains, and their volcanic glass compositions tend to be
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heterogeneous. Though primary turbidites can be either angular or rounded, their volcanic glass
compositions tend to be geochemically homogeneous or genetically related due to magma
fractionation. Angular and geochemically homogeneous particles and scarcity of biogenic
carbonate favour a tephra fallout interpretation. Combining information is always preferred for
emplacement interpretations, as it helps differentiate possible complications such as multistage
transport, compositionally zoned magma or intense post-depositional bioturbation. From these
interpretations of four sediment cores, two-thirds of the volcaniclastic beds originated from
eruptions and only one third from submarine landslides. This suggests either that eruptions are
more frequent than submarine landslides in the central Azores or that many sedimentary flows
generated by landslides are deposited on the island slopes before reaching basin floors.
Age-depth models based on *C dates for the hemipelagic intervals were used to estimate the
emplacement ages of volcaniclastic turbidites in the cores to a maximum of ~50 ka. The return
periods of those submarine landslides and volcanic eruptions were found to be > 1 ky.
Hemipelagic sedimentation rates and submarine landslide frequencies were higher in the past
8 k.y. than in the previous few tens of thousands of years. The increased hemipelagic
sedimentation rate could be associated with high sea-levels, enhancing erosion of subaerial sea
cliffs and biogenic production on shelves. More frequent emplacements of pyroclastic turbidites
were found in some cores for the last 8 k.y.; if this occurred more widely, explosive eruptions
could also supply more friable volcaniclastic material to both submarine and subaerial areas.
The higher submarine landslide frequency of the last 8 k.y. is probably also associated with the
greater sediment supply, leading to a more rapid accumulation of unconsolidated sediments on
the submarine slopes of the islands, where it then more frequently fails.

Aim 6: How do the records in sediment cores near to the Azores islands compare with potential
sources on the islands and with sediment records in other volcanic settings?

A large difference (90.9%) between sediment fluxes in source areas and depositional fluxes in
basins (of hemipelagic sediments and SVTs) implies that deposits produced by smaller
sediment gravity flows have largely remained on the slopes and have not fully run out to the

basin floors. The volumes of turbidites originating from landslides are comparable with the
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largest volumes (10"-108 m®) of their adjacent upper slope submarine landslide valleys, so
secondary volcaniclastic turbidites in the cores likely originate from the largest landslides.
These results show that proximal basins still potentially preserve a more comprehensively
landslide history than those core sites that are >100 km from their source areas, which only
preserve deposits originating from giant landslides (i.e., >101-10'? m?®). Comparisons of
volcanic glass geochemical compositions suggest that fallout beds in these four cores are
uncorrelatable with other cores or the islands. However, two pyroclastic turbidites can be
correlated with ignimbrites on their adjacent islands. The tephra geochemistry suggests that
they originated from eruptions on their adjacent volcanic islands. The differences in deposit
volumes between PVT on the seafloor basins with the corresponding C11 ignimbrite on Faial
were found to be useful for revealing eruptions of multiple eruptive phases. The PVT volume
associated with the Lajes ignimbrites was used to adjust their total volumes upward by 8-33%,
as well as revise the extent of the Lajes erupted deposits.

Thickness-frequency distributions of volcaniclastic beds in cores collected near oceanic islands
can allow comparisons between island groups of different volcanic history. Steep logarithmic
frequency distribution gradients (f<-1) imply that small beds are proportionally more important
than large beds, suggesting a more effusive eruptive style, as shown in the Azores and Cape
Verde islands. In contrast, a gentle gradient reflects the greater importance of explosive

eruptions and episodic eruptive history, as shown for Gran Canaria.
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Chapter 8

Appendix

Sections are numbered to link with their associated chapters, hence Appendix 3.1
accompanies Chapter 3.

Appendix 3.1 Detailed submarine landslide mapping results for individual islands
High-resolution full images can be free download from the G-cubed website (supporting
information) : https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021GC009833
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Appendix 3.2 Morphometric parameters of the landslide valleys used to compute the tsunami

amplitude above them.

Landslide
valley ID

Faial-003
Faial-009
Faial-011
Faial-016
Faial-046
Faial-114
Faial-121
Faial-170
Faial-213
Pico-010
Pico-108
Pico-128
Pico-134
Pico-172
Pico-353
S&o Jorge-022
S&o Jorge-024
S&o Jorge-029
S&o Jorge-045
S&o Jorge-057
S&o Jorge-063
S&o Jorge-073
Séo Jorge-078
Séo Jorge-079
S&o Jorge-080
S&o Jorge-083
S&o Jorge-085
S&o Jorge-088
Séo Jorge-089
S&o Jorge-092
S&o Jorge-102
S&o Jorge-103
Séo Jorge-116
Séo Jorge-118
S&o Jorge-124
S&o Jorge-144
S&o Jorge-156
Séo Jorge-166
Séo Jorge-175
S&o Jorge-192
S&o Jorge-215
S&o Jorge-222
Séo Jorge-255
Sao Jorge-290
S&o Jorge-292
S&o Jorge-299
Séo Jorge-300
Séo Jorge-308
Sao Jorge-314
S&o Jorge-319
Séo Jorge-321
S0 Jorge-331
S&o0 Jorge-333
S&o Jorge-335

Initial Depth of

Head | Average Iti]r;g:n dog landslide Along-slope

scarp slope initial landslide Volume Amplitude

height angle measured centre of width

downslop mass
e

H (m) 0(°) b (m) d (m) w (m) Vi (md) A (m)
30 20 475 400 350 1,178,526 0.26
18 10 1,625 480 466 3,517,072 0.34
16 10 1,395 485 342 1,891,262 0.20
50 30 410 313 286 1,913,711 0.37
60 30 708 327 236 1,507,768 0.54
45 30 595 255 390 2,517,440 0.84
47 25 1,910 371 355 3,069,340 1.32
41 12.5 2,288 256 540 6,769,416 3.79
30 12.5 754 169 200 2,498,963 0.94
7 10 1,840 278 250 6,493,354 0.21
30 30 580 388 85 1,101,067 0.07
32 30 540 220 131 1,306,099 0.27
26 30 536 517 155 1,144,809 0.06
29 15 2,037 602 238 2,983,407 0.27
67 30 830 284 270 1,659,074 0.99
51 30 835 445 415 16,139,145 0.52
83 30 407 357 382 1,831,374 0.63
92 30 421 417 284 1,077,200 0.43
45 30 269 345 318 1,187,639 0.22
79 30 756 452 470 7,304,837 0.81
36 30 503 398 521 4,658,369 0.35
20 10 1,334 225 470 1,367,822 1.21
10 20 1,779 418 362 2,180,957 0.24
40 30 480 528 186 1,191,508 0.09
70 20 940 480 300 3,808,317 0.68
50 30 500 599 182 2,736,948 0.10
20 175 784 457 139 1,042,595 0.09
23 15 941 245 563 2,511,797 1.22
17 15 751 245 487 1,070,469 0.66
60 30 956 484 268 2,433,058 0.40
50 7.5 947 250 414 5,284,523 1.49
32 7.5 710 235 441 1,983,985 0.90
44 30 488 420 220 1,754,421 0.18
35 15 992 335 412 1,688,577 0.86
48 20 886 614 268 3,370,252 0.26
57 30 1,053 550 370 2,934,952 0.44
32 125 622 144 290 1,136,100 1.59
52 30 354 401 232 1,951,404 0.19
40 30 443 346 287 1,183,709 0.27
42 10 461 70 410 2,072,286 6.78
42 225 952 578 227 2,123,163 0.22
50 30 502 434 246 1,033,460 0.22
69 30 530 493 243 1,072,902 0.25
51 30 678 375 395 4,213,210 0.56
30 125 529 230 504 1,142,006 0.96
56 125 1,190 171 372 3,118,526 4.36
77 175 971 453 385 5,184,235 1.07
66 30 513 434 317 2,053,512 0.37
53 30 847 435 240 2,290,469 0.34
40 25 1,220 707 259 3,655,155 0.19
157 30 1,540 605 468 23,728,878 1.72
120 30 920 760 420 14,410,958 0.54
40 30 483 899 328 2,689,926 0.06
70 225 867 940 488 6,296,373 0.31
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S&o Jorge-336
S0 Jorge-343
S&o Jorge-344
S0 Jorge-349
S&o Jorge-351
S&o Jorge-358
S&0 Jorge-360
S0 Jorge-362
S&o0 Jorge-365
S&o Jorge-370
S&o Jorge-371
S&o Jorge-374
S&o Jorge-375
Sao Jorge-377
S&o Jorge-378
Terceira-015
Terceira-049
Terceira-050
Terceira-059
Terceira-113
Terceira-114
Terceira-118
Terceira-123
Terceira-142
Terceira-167
Terceira-174
Terceira-183
Terceira-210
Terceira-225

62
55
51
35
50
47
49
70
72
40
39
21
37
110
77
74
65
50
40
32
38
93
47
23
56
30
84
45
33

22.5
20
25

17.5
25
30
25
30
25
25
25
25
30
30
30
30
15
15
30

12.5
20
30

17.5

22.5

175
30
30
30

22.5

918
644
410
1,042
652
600
970
417
794
771
1,116
1,004
565
807
858
694
2,964
1,745
1,251
1,191
500
914
1,007
1,379
1,040
700
1,492
320
859
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950
570
670
750
624
585
595
277
664
663
670
808
647
767
827
608
416
318
593
353
225
266
392
335
544
882
726
722
319

314
450
363
202
330
173
240
213
426
175
402
378
520
220
350
260
1171
1350
183
376
370
272
221
230
205
220
261
400
125

4,147,094
2,324,417
1,725,008
1,465,739
3,127,637
1,346,651
3,199,191
1,569,717
4,682,098
1,713,697
5,585,190
1,387,081
2,691,511
4,278,619
5,040,977
1,696,724
50,445,730
53,205,372
1,326,954
2,534,499
1,630,599
8,291,128
2,041,050
1,282,049
1,794,725
1,736,484
3,738,421
1,507,073
1,024,926

0.18
0.43
0.16
0.12
0.23
0.10
0.25
0.50
0.44
0.10
0.29
0.10
0.18
0.24
0.24
0.25
6.81
5.97
0.16
0.73
0.97
1.67
0.51
0.42
0.33
0.05
0.38
0.09
0.25



All generated geochemical and geomorphometric numerical data used in Chapter 4 can be
obtained via Figshare (https://doi.org/10.6084/m9.figshare.c.5602176).
Appendix 4.1 Characteristics and interpretations of volcaniclastic-rich layers "Hand lens" or

"microscope” indicates method of observation.

Bed basal
s . boundary type Glass shard Particle Interpreted
ample bonat Grain size d compositional morpholo facies and
position Cer onate assessment an POSILi phology
(cm bsf) (Figure 4.7) (Figure 4.2) sedimentary varlab!llty (Appendix emplacement
structures (Appendix 4.2) 4.3) mechanism
(Figure 4.2)
1215
Fine to Reworked and Few measurable F2a?
medium irregular contact | glass samples due to Secondary
sand oxidation but those volcaniclastic
(microscope) measured appear turbidite.
7377 heterogeneous
Fine to Diffuse Heterogeneous F2a?
medium bioturbated - ; Secondary
sand (hand- | contact by volcaniclastic
102-106 lens) turbidite F2a?
Fine to Irregular Homogeneous F2b? Primary
medium bioturbated ’ fallout (?)
sand (hand- contact |* .
133-137 lens) BN
Many bioclasts | Fine to Sharp and Few measurable Low NPL F2a,
(microscope) coarse sand erosive contact, | glass samples due to | (rounded) Secondary
175-188 (microscope) | irregular oxidation but those volcaniclastic
stratification in measured appear turbidite (?)
middle of bed heterogeneous
high carbonate | Medium to Slightly erosive | Heterogeneous Low NPL F2a,
content (XRD) | coarse sand and irregular - (rounded) Secondary
(microscope) | contact, vaguely | | ° volcaniclastic
203-216 laminated bed | ¥ turbidite (?)
Many bioclasts | Tuffaceous Diffusive Genetically related Low NPL F2a, Primary
(microscope) sandy silt bioturbated range of (rounded) volcaniclastic
(microscope) | contact. Two homogeneous glass turbidite
lenses of coarse | compositions
216-227 ash in the bed T
centre. RE:
Tuffaceous Irregular, Homogeneous Angular F2b? Primary
silt (hand- slightly ’ . lapilli fallout or
lens) bioturbated | a (visual) primary
221-234 contact volcaniclastic
turbidite
1219
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Many bioclasts | Sandy silt Diffuse Homogeneous Low NPL F2a, Primary
(microscope) (microscope) | bioturbated 1 (rounded) volcaniclastic
10-20 contact. Lower | ° turbidite
: part of bed is
laminated o
Rare bioclasts Finesandto | Sharp, slightly Homogeneous with | Low NPL F2b, Primary
(microscope) gravel erosive rare outliers (rounded) volcaniclastic
(microscope) | boundary, ’ turbidite
22.28 inversely graded :
bed #
0. — ~ - -
Rare bioclasts Medium Irregular Homogeﬁeous F2b, Primary
(microscope) sand (hand- | contact, il volcaniclastic
5746 lens) normally graded | ° turbidite (?)
) and laminated
ash at the top ’l
ol "‘-\t 3
Rare bioclasts Medium Irregular contact Homogeﬁeous with | Low NPL F2b, Primary
sand rare outlier (rounded) volcaniclastic
(microscope) _ turbidite
46-55
R T
low carbonate | Very coarse | Irregular Heterogeneous Low NPL F2b,
content (XRD) | sand to contact, (rounded) Secondary
55.59 pebble inversely graded | volcaniclastic
(microscope) | bed . turbidite
Rare bioclasts Coarse sand Diffusive Genetically related Low NPL F2b,
(microscope) to very contact. range of (rounded) Secondary
coarse sand Normally homogeneous glass volcaniclastic
(microscope) | graded compositions with turbidite
outliers
59-66
Biogenic Fine to Sharp irregular Geneticélly related High NPL F2a, Primary
matterial likely | medium contact range of (angular) fallout (?)
introduced by sand homogeneous glass
later (microscope) compositions with
bioturbation outliers
130-132 (microscope) 7.
high carbonate | Fine to Sharp irregular Genetically related High NPL F2a, Primary
content (XRD) | medium contact range of (angular) volcaniclastic
(microscope) homogeneous glass turbidite
compositions
168-175 4o
biofragments Sandy silt Diffusive lower | Genetically related F2a, Primary
contact, weakly | range of volcaniclastic
184-210 - s
laminated homogeneous glass turbidite

compositions
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sio2

Many bioclasts | Sandy silt Bioturbated Heterogeneous F2a,
(microscope) (microscope) | contact, slightly . Secondary
laminated bed ‘| volcaniclastic
232-235 turbidite
Biogenic Coarse sand | Diffusive Heterogeneous F2a,
material (hand-lens) contact . Secondary
(microscope) ’ volcaniclastic
284-286 turbidite
Biogenic Sandy silt Bioturbated Homogeneous with F2a, Primary
material likely | (hand-lens) irregular contact | rare outliers fallout (?)
introduced by '
305-319 | bioturbation N 4
Biogenic Irregular Heterogeneous F2a,
material bioturbated I Secondary
(microscope) contact | volcaniclastic
458-463 turbidite
1226
high carbonate Fine to Irregular Genetically related High NPL F2a, Primary
content (XRD) medium bioturbated range of (angular) fallout or
likely sand contact homogeneous glass primary
introduced by | (microscope) compositions with volcaniclastic
bioturbation outliers turbidite
17-40 ’
(3] .?
Many bioclasts | Sandy silt Bioturbated F2a,
(microscope) (hand-lens) contact, Secondary
40-49 bioclasts and volc_ar!iclastic
reworked ash turbidite
from above and
below
Many bioclasts | Medium to Bioturbated Homogeneous with F2a, Primary
likely coarse sand contact. outliers volcaniclastic
introduced by (hand-lens) T turbidite
49-54 | bioturbation N
%
high carbonate | Silty clay Sharp erosive F2a,
content (XRD) | with contact, cross- Secondary
dispersed laminated ripple volcaniclastic
63-86 sand. structures. Thick turbidite
Medium bed
sand at
below
(hand-lens)
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low carbonate Medium to Irregular Homogeneous High NPL F2b, Primary
content (XRD) | coarse sand contact, ' % (angular) volcaniclastic
(microscope) | normally graded ki turbidite (?)
massive bed ¥
with vague :
86-140 stratification in —
between. o
Particles at 86-
100 cm are
reworked by
bioturbation
Many bioclasts | Clayey silt Erosive contact. | Homogeneous F2a?,
(microscope) (hand-lens) Highly . Secondary
likely bioturbated and ™ volcaniclastic
introduced by dispersed E turbidite
140-147 | bioturbation reworked ash :
from below. T
Two lenses of
coarse ash in the
middle.
Rare bioclasts Fine sand Sharp and Homogeneous High NPL F2b, Primary
(microscope) (microscope) | erosive contact. Toge (angular) volcaniclastic
Laminated and i turbidite
147-160 stratified bed. | ¥
Rare bioclasts | Coarse sand | Sharp and Genetically related High NPL F2b, Primary
(microscope) (microscope) | erosive contact. | range of (angular) volcaniclastic
Bioturbated at homogeneous glass turbidite
top cpmpositions ?
169-173 ;
Rare bioclasts Sandy silt Sharp contact Genetically related High NPL F2b, Primary
(microscope) (microscope) range of (angular) volcaniclastic
homogeneous glass turbidite (?)
compositions?
174-176 ot
Rare bioclasts Sandy silt Irregular Homogeneous with F2b, Primary
(microscope) (microscope) | contact, weakly | outliers or volcaniclastic
laminated bed genetically related turbidite (?)
range of
homogeneous
177-179
high carbonate | Silt with Sharp contact, F2a, Primary
content (XRD) | dispersed laminated bed or secondary
179-183 reworked volcaniclastic
fine sand turbidite
(microscope)
Rare bioclasts | Very fineto | Sharp contact. Homogeneous or High NPL F2b, Primary
(microscope) coarse sand Normally genetically related (angular) fallout or
183-200 (microscope) | graded bed. range of primary
homogeneous volcaniclastic
turbidite
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s om o 8

502

Rare bioclasts Medium to Base of bed not | Homogeneous or F2b, Primary
(microscope) coarse sand penetrated. genetically related volcaniclastic
(hand-lens) Irregular top. range of turbidite (?)
homogeneous
200-210
1230
Many bioclasts | Very fine Sharp contact. Appears Low NPL F2a,
in bed sand to Normally heterogeneous, or (rounded) Secondary
(microscope) coarse sand graded. Thick might be bimodal volcaniclastic
but low (microscope) | bed. with some outliers turbidite
43-66 | carbonate Ty
content (XRD) [ .
near bed base B
Very fine Sharp and Bimodal with rare F2a? Primary
sand to fine | slightly irregular | outliers volcaniclastic
sand (hand- | contact N turbidite
78-86 lens) NE
Low carbonate | Coarse to Sharp contact. Homogenéous with | Low NPL F2b, Primary
content (XRD) | very coarse Weakly outliers (rounded) volcaniclastic
sand stratified bed ' turbidite
131-140 (microscope)
Sandy silt Irregular and Homogeneous with F2b?, Primary
(hand-lens) diffuse contact an outlier fallout (?)
149-150 N
Bioclasts Coarse sand | Wavy basal Homogeneous High NPL F2a (?),
(microscope) (microscope) | contact and ’ (angular) Primary
likely irregular ’l fallout
157-159 | introduced by reworked top g
bioturbation
Rare bioclasts Medium Gradual basal Homogeneous F2b(?),
(microscope) sand (hand- | contact and Primary
lens) reworked top fallout
164-167
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Silty clay Gradual and Homogeneous F2b(?),
(hand lens) unclear basal ' Primary
contact ’ fallout
168-170
high carbonate | Finesandto | Base of bed not | Homogeneous with | Low NPL F2a, Primary
content (XRD) | very coarse penetrated, rare outliers (rounded) volcaniclastic
sand irregular top. 1 turbidite
262-368 (microscope) | Massive I

normally graded
bed.
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Appendix 4.2 Geochemical composition of full glass data

pofi";‘i’;‘rﬁ’;_em NaO | KO = FeO | SiO; | TiO: MgO | CaO  MnO  AlLOs  P.Os TAS | Total
mbsh | ) | ) | ) | ) | 6 | ) %) ) %) %) ) %)
1215

73751 | 33 | 13 | 103 | 479 | 32 | 62 | 118 | 02 | 154 | 04 | 459 | 100
73-75-2 4 13 113 453 3 | 63 121 02 16 | 04 | 535 100
73753 | 45 21 | 116 478 38 46 83 02 | 166 06 | 653 | 100
73754 | 77 58 39 623 05 03 08 01 | 185 01 | 1349 100
102-1042 | 37 | 11 105 475 33 | 53 112 02 167 | 04 | 481 100
102-1043 | 42 | 15 116 456 4 | 55 111 02 | 161 | 05 | 563 100
102-1045 | 36 | 11 | 103 474 28 64 116 02 161 | 04 | 474 100
102-104-6 | 38 | 14 | 121 472 37 54 105 02 153 | 05 | 52 | 100
102-1047 | 32 | 11 112 473 | 33 | 62 121 02 151 | 03 | 429 100
102-104-10 = 43 | 16 12 | 472 4 | 5 | 95 02 | 156 06 | 59 100
102-104-12 | 41 14 12 | 47 | 38 | 58 104 01 149 | 05 | 554 100
102-104-13 | 32 | 12 109 459 28 | 74 13 | 02 15 | 03 | 438 100
102-104-14 = 37 | 15 113 | 454 36 61 | 117 03 | 159 05 | 514 100
102-104-15 | 37 | 12 106 477 34 | 57 112 02 16 | 04 | 487 100
102-104-16 = 38 | 15 122 477 4 | 5 | 106 02 | 145 05 | 529 100
102-104-17 = 41 | 15 119 475 38 @ 52 | 99 02 | 154 05 | 565 100
10210418 = 31 1 | 10 483 3 | 74 125 01 143 | 04 | 409 100
102-104-1 | 52 | 25 | 95 529 22 32 64 03 17 | 08 | 771 100
102-104-8 | 58 | 25 75 565 15 17 | 53 | 03 | 184 | 05 | 834 100
102-104-9 | 52 | 22 96 525 24 35 67 02 168 | 08 | 745 100
102-10411 | 75 | 61 33 | 624 06 04 11 01 185 01 | 1358 100
134-136-1 | 48 | 21 12 | 477 | 42 | 41 91 | 02 149 | 09 | 69 | 100
134-1362 | 48 | 19 | 118 485 43 47 76 02 157 | 06 | 677 100
134-136-4 | 49 | 21 | 124 459 44 43 | 93 | 02 157 | 09 | 7.04 100
134-136-6 | 46 | 2 | 125 468 46 43 95 02 146 | 09 | 663 100
134-136-7 | 46 | 19 | 123 469 46 44 97 03 146 08 | 646 100
134-136-8 | 46 | 2 | 12 | 473 | 45 43 94 02 147 | 1 | 662 100
134-136-9 | 45 | 2 | 12 | 471 | 45 44 96 02 148 | 08 | 642 100
134-136-10 © 45 | 19 121 | 467 44 41 | 96 02 | 156 09 | 634 100
134-136-12 | 48 | 21 119 471 44 | 44 94 02 149 09 | 69 100
134-136-13 | 46 | L7 | 127 | 461 44 @ 59 & 94 02 | 142 08 | 631 100
134-136-14 = 45 | 19 12 | 47 46 45 96 02 | 149 09 | 639 100
134-136-15 | 45 19 125 467 46 | 45 97 | 02 148 | 08 | 632 100
134-136-16 = 46 | 21 127 | 468 44 42 | 93 02 | 146 1 | 675 100
134-136-17 | 45 18 124 458 44 | 55 94 | 02 152 | 08 | 624 100
134-136-18 | 49 2 | 108 485 38 | 36 91 02 162 | 09 | 689 100
134-136-19 = 43 | 19 125 466 47 44 | 96 03 | 148 08 | 62 | 100
13413620 | 47 2 | 121 468 44 | 45 97 | 02 147 | 09 | 67 100
134-136-21 | 48 19 117 474 42 | 41 95 | 02 152 | 09 | 668 100
13413622 | 45 18 121 47 | 45 | 43 97 | 02 15 | 08 | 633 100

255



180-183-2
208-210-2
208-210-3
208-210-4
208-210-5
208-210-7
208-210-8
208-210-6
208-210-9
219-221-1
219-221-2
219-221-3
219-221-4
219-221-5
219-221-6
219-221-7
219-221-8
224-226-1
224-226-2
224-226-3
224-226-4
224-226-6
224-226-7
224-226-8
224-226-9
224-226-10
224-226-11
224-226-12
224-226-13
224-226-14
224-226-15
224-226-16
224-226-18
224-226-19
224-226-20
224-226-21
224-226-17
231-233-1
231-233-2
231-233-4
231-233-5
231-233-6
231-233-8
231-233-9
231-233-10

7.6
3.3
3.8
41
3.9
2.9
35

5.6
3.9
3.3
41

3.6
3.6
3.5
3.6
4.2
3.5
3.8
3.8
41
3.6
3.7
35
3.7
3.6
15
3.3
3.9
3.2

3.8
3.3
3.6
53
41
3.8

3.8
35
3.7
3.8
4.2

1.2
13
1.2
11
14

59
2.8
1.5
14
1.6
1.2
11
1.4
11
1.3
1.2
14
0.6
1.4
1.4
1.4
1.4
1.4
1.2

1.2
1.2
1.2
1.4
11
1.3
1.4
1.3
1.2
1.6
15
14
14
14
14
14
1.4
1.7

2.3
10

10.8
10.6
10.8
10.1
31
8.5
11.7
104
11.7
9.9
9.6
11.2
10.4
11.8
11.3
122
9.8
10.2
115
115
116
12.5
11.3
10.8
10.4
11
10.4
11.8
105
11.6
11.9
10.5
10.9
11
11.7
11.8
115
11.6
12
114
12
121

62
48.1
48.8
46.7
46.9
48.9
48.1
64.4
52.9
47.8
48.3
47.7
48.4
48.4
48.3
47.6
475
48.1
47.4
48.1
48.5
48.2
47.6
47.9
47.2
47.7
47.3
49.1
48.8
48.3
47.7
47.8
49.1
475

48
48.1
525
47.2
47.6
47.7
48.2
475

48
47.7
48.3

0.3
3.2
2.7
3.1
31
3.1
25
0.5
24
3.8
34
3.9
2.8
2.7
3.7
2.8

35
3.8
3.6
3.4
3.8
3.7
3.8
3.5
35
29
3.5
3.2
2.8
3.6
3.1
3.9
3.8
3.4
3.6
3.2
3.8
3.8
3.7
3.8
3.8
3.7
3.7
3.7
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0.3
6.2
6.3
6.4
6.6
7.2
7.2
0.2
3.3
52
54
51
6.9
7.6
5.6
6.6
6.1
5.6
4.6
52
4.5
54
54
55

5.8
6.4
4.7
6.5
7.4
54
6.3
54
54
6.2
59
3.9
51
55
53
51
54
53
53
5

34
11.9
11.9
11.2
11.3
116
12.9

6.4
9.9
114
9.9
12.5
12.9
10.8
12.3
115
10.8
10.7
13
10.9
10.4
10.7
10.7
9.7
11.2
12
11.2
11.9
12
10.7
121
8.3
10.7
115
111
4.7
10.6
10.6
10.6
10.4
10.7
10.7
10.5
8.7

0
0.2
0.2
0.2
0.1
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.3
0.2
0.2
0.2
0.2
0.1
0.2
0.1
0.1
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.3
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.1
0.2
0.2
0.2
0.2
0.2
0.2

21
15.6
155
159

16
13.7
14.3
17.6
17.1
15.3
158
15.4
14.7
14.1
14.5
15.1
14.9
154
151
15.7
16.9
14.9
14.9
14.9
14.3
153
15.2
15.6
155

14
14.8
153
15.7

15
15.3
15.2
16.8
15.4

15
15.2
15.2

15

15
14.9
155

0.1
0.3
0.4
0.4
0.4
0.3
0.3

0.7
0.5
0.4
0.5
0.4
0.3
0.5
0.4
0.3
0.4
0.5
0.4
0.4
0.5
0.5
0.5
0.4
0.4
0.3
0.4
0.4
0.4
0.4
0.4
0.5
0.5
0.4
0.4
0.8
0.5
0.4
0.4
0.5
0.4
0.6
0.4
0.5

10.62
4.58
5.13
5.26
5.04
4.27
4.55

12.92
8.38
541
4.65
5.65
4.23
4.16
5.06
4.71
4.76
4.87
5.58
4.15
5.18
5.19
5.48

5.12
4.66
4.68
4.84
2.67
4.56
5.27
4.24
53
5.13
4.59
4.78
6.89
5.54
5.16
541
5.14
4.95
5.14
521
5.95

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



231-233-11
231-233-12
231-233-13
231-233-14
231-233-15
231-233-16
231-233-17
231-233-18
231-233-19
231-233-20
231-233-7

12-14-5
12-14-6
12-14-7
12-14-8
12-14-9
12-14-10
12-14-11
12-14-13
12-14-15
12-14-16
12-14-17
12-14-18
12-14-19
12-14-20
12-14-21
12-14-22
12-14-23
18-19-8
18-19-10
18-19-11
18-19-12
18-19-13
18-19-15
18-19-16
18-19-17
18-19-18
18-19-20
18-19-21
18-19-22
18-19-23
18-19-24
18-19-25
18-19-3

41

4.6

3.4
35

3.9
3.8
3.9
51

7.48
7.95
7.08
7.14
7.29
7.12
7.47
7.38
7.58
7.36
7.21
7.55
7.36
7.37
3.59
7.35
7.43
7.53
6.95
7.48
7.26
6.14
7.2
7.06
7.28
7.49
7.42
7.26
7.59
7.52
7.62
7.59
3.44

14
1.5
1.6
14
11
1.2
1.5
1.5
14
1.4
2.6

4.44
4.65

4.66
4.84
4.71
4.62
4.69
3.65
4.61
4.69
4.97
4.64
4.69
4.87
4.57
4.53
4.68
4.73
4.96
4.68
4.71
5.16
5.66
5.13
4.92
4.71
4.59
4.66
3.97
4.82
4.44
131

116
12.1
115
121
10.2
105
12.1
11.7
11.8
11.8
8.6

4.28
3.03
3.63
3.8
4.2
411
3.78
3.83
3.54
3.64
3.7
3.57
3.57
3.64
3.85
4.04
3.67
4.18

4.4
412

3.61
3.98
441
4.16
3.86
3.76
3.62

3.95
4.3
10.44

48
47.6
48.3
47.6
48.1
47.8
47.4
47.7
47.8
47.9
551

61.35
63.84
64.28
63.26
62.77
62.84
62.72
63.2
63.4
63.2
63.5
64.07
63.16
63.38
65.91
63.03
64.52
63.24
63.15
63.5
62.99
63.89
63.88
62.91
62.62
62.03
63
63.35
63.16
63.57
63
62.84
48.24

3.7 51
3.9 51
3.8 4.9
3.7 52
2.8 6.4
3.2 6.1
3.9 51
3.7 52
3.8 5

3.8 53
2.3 2.9

1219

0.79 | 0.85
0.41 | 0.32
0.42 | 0.33
0.56 | 0.56
0.56 | 0.59
0.53 | 0.56
0.56 | 0.54
054 | 051
0.65 | 0.63
0.52 | 051
0.51 0.5
043 | 0.33
0.55 | 0.54
0.54 | 0.56
0.54 | 0.58
0.5 0.53
042 | 0.33
0.48 | 0.43
0.56 | 0.55
0.54 | 0.52
0.52 | 055
057 | 051
0.43 | 0.33
0.56 | 0.55
0.62 | 0.62
0.63 0.6
054 | 0.52
054 | 0.52
0.54 | 0.53
0.6 0.53
0.51 | 057
0.53 | 0.54
3.04 | 6.55
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10.3
9.8
9.8

105

12.4

111

10.4

10.1

10.8

10.5
5.9

2.13
1.43
1.19
1.58
141
1.58
1.59
1.48
2.36
1.58
1.47
1.19
1.58
1.49
1.59
1.52
1.33
1.39
151
1.17
1.54
1.56
1.11
1.28
1.32
1.61
1.58
154
1.57
2.08
1.44
1.7
11.17

0.2
0.2
0.2
0.3
0.1
0.2
0.2
0.2
0.2
0.2
0.2

0.15
0.12
0.13
0.24
0.29
0.17
0.17
0.15
0.07
0.23
0.12
0.18
0.17
0.19
0.24
0.22
0.14
0.21
0.16
0.23
0.15
0.14
0.23
0.17
0.19
0.22
0.16
0.12
0.13
0.11
0.15
0.17
0.26

151
154
14.8
14.8
15.1
159
14.9
154
14.8
14.7
16.8

18.31
18.14
17.84
18.13
1791
18.29
18.43
18.13
18.06
18.25
18.2
17.66
18.26
17.99
18.68
18.13
17.55
17.77
18.3
17.15
18.07
18.31
17.97
17.67
17.64
18.1
18.07
18.16
18.07
17.53
17.82
17.76
15.15

0.5
0.5
0.5
0.5
0.3
0.4
0.5
0.5
0.5
0.5
0.5

0.21
0.12
0.1
0.09
0.14
0.1
0.11
0.07
0.06
0.1
0.11
0.05
0.18
0.15
0.16
0.1
0.1
0.1
0.09
0.04
0.11
0.15
0.09
0.16
0.16
0.25
0.12
0.13
0.13
0.11
0.11
0.13
0.42

551
55
6.2
54

4.49

4.71

5.53

5.44

5.17

5.38

7.68

1191
12.61
12.08
11.8
12.13
11.82
12.09
12.07
11.24
11.97
11.9
1251
12
12.05
8.46
11.92
11.96
12.21
11.68
12.44
11.94
10.85
12.36
12.72
1241
12.42
12.13
11.85
12.25
11.48
12.44
12.03
4.75

100
100
100
100
100
100
100
100
100
100
100

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



18-19-4
18-19-5
18-19-14
25-27-1
25-27-2
25-27-6
25-27-8
25-27-9
25-27-10
25-27-11
25-27-13
25-27-14
25-27-15
25-27-16
25-27-17
25-27-18
25-27-21
25-27-22
25-27-24
25-27-1
45-46-1
45-46-2
45-46-3
45-46-4
45-46-5
45-46-6
45-46-7
45-46-8
45-46-9
45-46-10
45-46-13
45-46-14
45-46-15
45-46-15
45-46-17
45-46-20
45-46-25
45-46-22
45-46-24
53-55-1
53-55-2
53-55-3
53-55-4
53-55-6
53-55-7

4.57
3.66
5.82
7.51
7.11
7.5
7.48
7.64
7.5
7.08
7.38
7.56
7.41
7.12
7.2
7.24
7.41
7.27
7.19
3.86
8.38
7.95
7.41
7.11
8.63
7.32
7.55
7.56
7.83
7.3
7.71
7.22
7.56
7.64
6.65
7.56
7.32
7.6
7.28
7.63
8.81
8.43
8.7
7.72
8.41

1.95
1.32
3.07
3.96
4.81
4.32
3.61
3.96
4.38
4.48

3.3
4.62
4.9
451
4.58
4.73
5.42
4.64
1.56
4.93
4.15
3.84
4.93
4.9
4.53
4.96
4.52
3.54
4.15
4.43
5.07
3.24
3.68
5.38
4.9
4.63
4.56
3.85
4.03
4.73
4.95
4.8
4.24
4.53

11.43
9.02
9.79
3.89
3.78
3.72
3.61
3.16
4.09
3.93

35
3.99
4.08
3.87
3.85

35
3.78
3.93

3.6

10
4.63
291

41

4.89
4.08
4.16
3.66
3.04
3.36
3.92
4.23
2.68
3.15
3.92
4.09
3.78
4.05
3.56
5.16
5.08
3.66
4.7
3.93
4.93

48.11
48.31
51.04
63.09
62.9
63.44
63.21
63.98
62.64
62.85
64.06
62.5
62.5
65.03
63.16
63.16
63.09
62.95
63.53
48.19
64.71
63.23
63
62.24
64.62
62.8
62.56
63.07
62.94
63.67
62.74
62.48
60.95
63.47
63.3
62.06
63.02
62.81
63.13
61.8
63.57
65
64.28
61.9
64.21

3.72
2.83
3.24
0.62
0.66
0.63
0.62
0.59
0.76
0.69
0.42
0.68
0.69
0.38
0.62
0.61
0.63
0.65
0.6
3.15
0.26
0.49
0.77
0.83
0.24
0.69
0.67
0.63
0.56
0.6
0.64
0.7
0.41
0.53
0.7
0.68
0.67
0.67
0.58
0.82
0.31
0.23
0.24
0.6
0.31
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4.78
6.45
3.47
0.52
0.63
0.63
0.7
0.55
0.66
0.71
0.37
0.88
0.7
0.45
0.7
0.65
0.6
0.6
0.65
5.92
0.1
0.41
0.67
0.69
0.12
0.67
0.64
0.59
0.58
0.51
0.55
0.61
0.38
0.52
0.62
0.66
0.69
0.63
0.91
0.74
0.26
0.13
0.12
0.65
0.19

9.81
11.96
7.22
1.87
1.83
1.75
2.24
1.77
1.82
1.01
1.18
2.88
1.77
1.25
1.81
1.74
1.67
1.25
171
1155
053
1.75
2.07
173
0.47
154
1.46
1.59
2.38
1.88
1.89
152
4.43
2.19
1.33
151
1.62
1.66
231
2.18
0.73
0.56
0.56
2.04
0.72

0.14
0.2
0.2
0.1
0.2

0.17
0.2

0.13

0.19

0.11

0.15

0.18

0.17

0.22

0.18
0.1

0.19

0.17

0.14

0.17

0.25

0.08

0.16

0.19

0.27

0.24

0.16

0.13

0.18

0.11

0.15

0.13

0.13

0.13

0.16

0.16

0.13
0.2

0.13

0.17

0.29

0.22

0.27

0.18

0.32

15.02
15.83
15.29
18.3
17.9
17.67
18.18
18.06
17.84
18.02
17.91
1791
17.9
16.71
17.85
18.28
17.67
17.63
17.84
15.16
16.19
18.96
17.83
18.06
15.84
17.96
17.7
18.08
18.8
18.27
17.74
17.92
18.8
18.54
17.77
18.23
18.01
17.65
18.14
17.25
16.15
16.79
16.33
18.59
16.29

0.46
0.42
0.86
0.13
0.18
0.15
0.15
0.15
0.13
0.2
0.03
0.12
0.15
0.07
0.12
0.15
0.23
0.12
0.1
0.43
0.04
0.07
0.15
0.21
0.02
0.17
0.15
0.16
0.14
0.15
0.23
0.11
141
0.14
0.17
0.15
0.13
0.18
0.11
0.22
0.07
0.03

0.16
0.08

6.53
4.98
8.89
11.47
1191
11.83
11.09
11.6
11.88
11.56
12.38
10.85
12.02
12.02
11.71
11.81
12.14
12.69
11.83
5.42
13.31
12.09
11.25
12.04
13.53
11.85
12.51
12.09
11.37
11.44
12.15
12.29
10.8
11.32
12.03
12.46
11.95
12.15
11.13
11.66
13.54
13.38
13.5
11.96
12.95

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



53-55-8
53-55-9
53-55-10
53-55-11
53-55-13
53-55-14
53-55-15
53-55-16
53-55-17
53-55-18
53-55-19
53-55-12
57-59-2
57-59-3
57-59-7
57-59-4
57-59-5
60-61-4
60-61-6
60-61-8
60-61-5
60-61-7
62-63-2
62-63-3
62-63-4
62-63-5
62-63-6
62-63-7
62-63-8
62-63-9
62-63-10
62-63-11
62-63-12
62-63-13
62-63-15
131-133-2
131-133-3
131-133-4
131-133-5
131-133-7
131-133-8
131-133-9
131-133-10
131-133-11
131-133-13

8.69
8.52
8.44
8.06
7.15
7.43
7.77
54
7.44
8.48
7.26
3.47
481
4.27
3.34
8.87
7.34
4.79
4.66
4.63
7.47
8.76
7.71
8.82
8.96
7.46
7.54
7.14
7.4
7.46
7.3
7.26
7.27
7.71
7.39
3.84
3.76
3.61
3.75
3.8
4.13
4.09
4.02
4.2
3.7

4.78
5
4.43
491
4.49
421
3.65
4.35
4.74
4.97
4.65
1.28
1.81
2.75
1.38
4.88
3.98
1.79
2.19
1.88
5.38
4.82
5.27
4.82
4.9
4.52
4.28
4.73
451
471
4.74
4.84
551
5.53
3.73
1.23
1.36
1.18
1.37
151
1.66
1.66
1.58
1.63
14

4.77
4.9
451
4.17
421
4.64
4.24
4
4.26
4.83
3.96
9.18
10.29
8.78
9.24
4.59
5.43
10.89
11.32
10.55
3.86
451
4.39
4.77
4.39
3.95
4.23
3.78
3.83
3.79
3.83
3.69
5.18
311
4.77
9.33
9.56
9.59
9.43
9.02
10.72
10.52
10.32
10.83
9.5

64.39
64.52
65.07
63.71
62.78
61.93
62.52
64.06
62.77
64.4
62.76
48.45
48.23
52.38
48.14
64.37
60.51
48
47.87
48.39
63.91
64.39
62.45
63.87
64.38
62.91
62.8
63.06
66.18
62.78
62.95
63.22
61.91
65.83
60.17
49.73
48.57
49.94
48.26
49.2
48.24
48.4
48.84
47.98
48.37

0.27
0.25
0.26
0.43
0.65
0.72
0.68
0.65
0.58
0.23
0.53
2.78
3.62
2.37
2.8
0.22
0.82
3.61
3.95
3.66
0.48
0.24
0.51
0.26
0.3
0.65
0.67
0.54
0.2
0.52
0.51
0.53
0.66
0.18
0.89
2.65

2.61
3.03
2.84
3.21
3.18
3.19
3.34
291
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0.14
0.14
0.13
0.32
0.67
0.82
0.64
0.67
0.57
0.11
0.54
6.53
4.9
3.24
6.46
0.1
1.03
4.92
4.67
4.95
0.35
0.13
0.46
0.13
0.14
0.63
0.54
0.51
0.13
0.53
0.5
0.53
0.73
0.07
1.07
5.98
6.13
6.17
6.22
6.02
5.58
5.45
5.69
551
6.02

0.59
0.51
0.83
0.92
1.75
2.24
2.24
1.97
1.62
0.52
1.55
12.17
10.05
7.56
12.24
0.53
241
9.57
9.28
9.88
0.91
0.6
1.14
0.62
0.58
1.7
141
1.55
0.58
1.51
1.55
1.52
121
0.6
3.11
10.78
11.52
10.81
11.66
114
10.64
10.68
10.51
10.57
11.8

0.33
0.29
0.19
0.19
0.05
0.2
0.23
0.1
0.12
0.31
0.14
0.13
0.11
0.24
0.13
0.17
0.28
0.13
0.21
0.24
0.15
0.28
0.22
0.23
0.29
0.07
0.15
0.08
0.22
0.07
0.21
0.15
0.17
0.16
0.2
0.14
0.14
0.16
0.19
0.16
0.16
0.16
0.21
0.16
0.27

15.99
15.86
16.08
17.19
18.05
17.63
17.93
18.67
17.74
16.14
18.48
15.6
15.69
16.69
15.87
16.26
18
15.77
15.28
15.34
17.38
16.23
17.76
16.42
16.04
17.95
18.22
18.47
16.96
18.49
18.24
18.13
17.2
16.76
18.4
15.83
15.53
15.55
15.67
15.6
15.13
153
15.15
15.34
15.6

0.04
0.02
0.06
0.07
0.2
0.17
0.1
0.15
0.15
0.01
0.14
0.38
0.48
1.74
0.41

0.19
0.53
0.56
0.49
0.11
0.03
0.08
0.06
0.02
0.18
0.14
0.13

0.13
0.17
0.13
0.15
0.02
0.27
0.48
0.4
0.39
0.43
0.45
0.54
0.54
0.5
0.44
0.43

13.47
13.52
12.87
12.98
11.64
11.64
1141
9.75
12.19
13.45
11.91
4.76
6.62
7.01
4.72
13.75
11.32
6.58
6.85
6.51
12.85
13.58
12.99
13.65
13.86
11.97
11.82
11.87
11.91
12.16
12.04
121
12.78
13.24
11.12
5.07
5.12
4.79
5.12
531
5.79
5.75
5.6
5.84
51

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



131-133-15
131-133-16
131-133-17
131-133-18
131-133-19
131-133-20
131-133-21
131-133-22
131-133-23
131-133-24
131-133-1
131-133-12
131-133-6
172-174-1
172-174-2
172-174-3
172-174-4
172-174-5
172-174-6
172-174-7
172-174-8
172-174-9
172-174-10
172-174-11
172-174-12
172-174-13
172-174-14
172-174-15
172-174-16
172-174-18
172-174-19
206-208-1
206-208-3
206-208-4
206-208-5
206-208-6
206-208-7
206-208-8
206-208-9
206-208-11
206-208-12
206-208-13
206-208-14
206-208-15
206-208-16

4.2
3.63
3.86
3.84
4.27

3.9
5.01
3.47
3.42
3.96
7.56
5.49
5.46
4.56
4.05
4.75
4.37
4.28
4.82
4.39
3.88
4.58
541
4.88
4.18
3.52
4.98
4.55
4.07
3.96
4.06
3.37
4.47
3.73
4.18
417
3.75
4.05
3.94
5.33
4.35
4.16

4.2
3.58
3.74

171
1.27
1.36
1.45
1.49
1.44
251
1.38
1.22
1.42
4.63
2.83
281
1.64
141
1.88
1.86
1.85

1.67
1.39
1.81
0.96
2.19
1.87
1.17
211
1.62
1.44
1.52
1.49
13
1.58
1.6
1.69
1.44
13
1.44
1.98
2.25
1.93
1.64
1.61
1.24
1.42

11
9.6
10.14
9.56
10.31
9.84
11.42
9.53
9.49
9.79
3.87
8.86
8.64
9.25
9.08
10.28
10.24
10.17
10.78
10.97
9.66
10.37
9.82
10.55
10.41
9.72
10.84
11.38
9.66
9.54
9.74
9.06
10.78
11.94
10.72
9.98
9.94
9.42
10.29
10.97
10.46
10.78
10.24
10.13
9.75

48.14
47.84
48.79
48.1
48.11
47.55
49.15
48.16
48.06
48.03
62.73
52.83
53.34
49.02
48.93
48.4
48.81
48.76
48.49
48.77
48.15
48.75
48.91
49.03
48.82
49.99
48.58
47.45
49.31
49.17
48.85
48.74
48.66
46.62
48.55
48.36
47.43
48.48
48.05
49.01
48.71
48.84
49.21
48.35
49.48

3.36
2.64
2.79
2.87
29
2.93
3.88
271
281
3.08
0.56
2.46
2.48
2.99
2.62
297

297
3.3
3.32
3.01
2.99
2.93
341

2.59
3.27
3.29
2.84
2.72
2.71
2.57
3.16
2.77
3.31
2.86
3.07
2.96
3.53
3.4
3.5
3.14
3.24
2.87
2.75
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5.43
6.63
6.13
5.92
5.94
6.27
4.12
6.55
6.65
6.06
0.58
3.33
3.33
53
6.05
5.08
5.16
5.22
471
5.09
5.92
5.18
6.19
4.33
5.09
6.05
4.53
5.18
5.43
5.83
5.74
6.61
5.26
11.15
5.34
5.73
6.45
6.13
5.36
6.1
511
5.08
5.15
6.32
5901

10.51
12.25
11.27
11.69
10.24
11.66
8.14
12.28
12.06
11.68
16
6.18
6.29
9.76
11.55
9.92
10
10.07
9.5
9.84
11.55
10.01
9.32
9.03
10.04
10.68
9.3
10.64
10.12
11.07
11.16
12.23
9.99
8.19
9.93
10.35
11.78
11.03
10.99
6.5
9.88
10.31
10.02
11.69
10.68

0.13
0.17
0.17
0.12
0.12
0.24
0.25
0.12
0.13
0.12
0.17
0.19
0.15
0.14
0.15
0.19
0.2
0.16
0.14
0.2
0.2
0.21
0.23
0.21
0.19
0.19
0.23
0.24
0.15
0.1
0.16
0.17
0.24
0.22
0.14
0.19
0.23
0.17
0.14
0.22
0.17
0.19
0.17
0.18
0.12

14.99
15.52
15.08
15.99
16.22
15.75
14.69
15.42
15.84
15.34
18.14
16.97
16.73
16.72
15.75
1591
15.82
16.03
15.66
15.23
15.81
15.62
15.81
15.69
15.88
15.74
15.51
15.09
16.51
15.62
15.61
15.61
15.31
13.19
15.59
16.36
15.65
15.76
15.2
15.75
15.33
1531
15.58
15.23
15.76

0.53
0.44
0.41
0.46
0.39
0.43
0.85
0.4
0.31
0.52
0.15
0.87
0.76
0.63
0.4
0.62
0.54
0.48
0.59
0.51
0.44
0.48
0.42
0.68
0.5
0.36
0.64
0.55
0.48
0.44
0.49
0.34
0.55
0.58
0.55
0.54
0.41
0.55
0.54
0.47
0.57
0.56
0.58
0.4
0.38

5.92
491
5.22
5.29
5.76
5.34
7.52
4.85
4.64
5.38
12.2
8.32
8.27
6.2
5.46
6.63
6.23
6.13
6.82
6.07
5.27
6.39
6.37
7.06
6.05
4.69
7.09
6.17
5.51
5.49
5.55
4.67
6.05
5.34
5.87
5.61
5.05
5.49
5.92
7.58
6.28
58
5.82
4.82
5.16

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



206-208-17
206-208-18
206-208-20
206-208-21
206-208-23
206-208-24
206-208-25
206-208-22
206-208-19
206-208-10
206-208-2
233-235-2
233-235-3
233-235-5
233-235-7
233-235-8
233-235-1
233-235-4
233-235-6
233-235-9
233-235-10
255-256-3
255-256-2
255-256-4
255-256-6
255-256-7
284-285-11
284-285-5
284-285-15
284-285-19
284-285-1
284-285-2
284-285-18
284-285-8
284-285-17
284-285-13
284-285-14
284-285-6
284-285-16
314-316-1
314-316-2
314-316-3
314-316-4
314-316-5
314-316-6

4.59
3.9
3.84
4.37
3.51
41
3.72
7.82
7.28
7.08
6.89
4.02
412
3.5
3.22
4.47
6.93

6.78
7.73
7.42
6.7
5.74
5.56
7.35
8.25
6.05
591
6.06
6.09
5.75
4.87
5.26
5.68
3.49
3.76
3.72
3.83
3.11
3.97
3.87
3.73
3.59
3.77
3.56

1.87
1.65
1.22
1.68
1.28
1.72
1.4
4.9
5.3
3.85
3.66
1.61
1.49
1.22
1.15
2.27
3.69
3.82
3.63
511
551
3.84
2.79
2.65
5.88
4.97
2.96
2.7
2.19
294
231

2.04
271
1.03
1.46
131
1.47
1.12
1.44
1.34
1.33
1.23
1.44
1.32

10.07
10.04
9.61
10.91
9.23
114
9.11
3.82
4.5
55
6.17
10.54
9.97
9.95
10.22
13.69
5.57
5.77
5.78
3.9
5.67
7.5
8.66
8.99
2.93
2.83
6.21
7.89
7.09
8.19
5.76
9.38
10.13
8.75
10.2
11.91
9.93
11.79
10.51
9.74
10.37
9.4
10.23
11.41
9.99

49.56
49.19
50.13
48.93
48.77
47.67
49.8
63.58
63.24
58.09
57.95
48.71
48.99
48.17
47.62
46.76
58.69
58.17
58.15
62.87
62.73
55.72
51.87
52.33
64.28
65.35
59.27
56.68
56.82
56.89
54.75
52.42
52.41
53.18
47.87
48.31
47.87
46.73
48.33
48.69
48.43
48.7
48.67
4751
48.68

321
3.08
251
3.28
2.69
3.81
2.72
0.44
0.51
1.37
131
3.07
29
2.85
3.05
2.17
1.39
1.48
1.46
0.48
0.62
2.14
2.58
25
0.56
0.13
14
1.51
1.37
1.56
1.59
2.53
2.77
2.45
271
3.76
3.08
4.03
2.85
2.87
3.37
3.07
2.89
3.26
3.28
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4.82
5.43
6.04
51
6.36
5.22
6.37
0.36
0.46
1.67
1.76
5.51
5.61
6.74
6.72
12.78
1.71
1.8
1.79
0.34
0.64
1.97
3.34
3.44
0.36
0.04
1.46
2.29
1.83
2.3
1.59
3.4
3.14
3.34
6.13
53
6.14
5.57
6.88
6.02
6.33
6.16
6.29
5.63
5.9

9.18
10.65
10.62

9.96
12.32

10.6

10.6

1.22

1.08

3.57

3.7
10.73
10.21
12.46
11.35

4.19

3.69

3.6

3.64

1.2

1.15

4.67

7.1

6.78

0.85

0.73

4.48

5.06

5.61

4.84

7.88

7.4

7.37

6.15
12.63

9.94
10.96
10.88
12.59
11.13

9.82

11.8
11.28
11.35
1141

0.2
0.13
0.15
0.21
0.17
0.17
0.19
0.18
0.15
0.17
0.19
0.23
0.15

0.1
0.05
0.27
0.08
0.15
0.21
0.13
0.23
0.34
0.19
0.26
0.29
0.14
0.17
0.16
0.17
0.29
0.14
0.23
0.27
0.22
0.14
0.21
0.23
0.17
0.17

0.1
0.11
0.08
0.13
0.15
0.07

15.82
15.46
1551
15.01
15.3
14.81
15.67
17.6
17.4
18.24
18.03
15.18
16.07
14.64
16.23
12.57
17.83
17.82
18.06
18.14
15.88
16.57
16.46
16.6
17.45
17.55
17.56
17.22
18.4
16.36
19.48
16.97
15.67
16.76
15.44
14.82
16.35
14.98
14.04
15.56
15.9
1531
15.29
15.01
15.33

0.68
0.47
0.38
0.56
0.36
0.5
0.41
0.05
0.04
0.46
0.34
0.39
0.49
0.38
0.39
0.81
0.4
0.39
0.51
0.09
0.13
0.55
1.26
0.88
0.05
0.01
0.42
0.57
0.47
0.53
0.75
0.79
0.94
0.77
0.36
0.53
0.43
0.55
0.4
0.48
0.47
0.41
0.4
0.48
0.46

6.46
5.55
5.06
6.06
4.79
5.83
5.13
12.72
12.58
10.92
10.55
5.63
5.61
4.71
4.36
6.74
10.62
10.82
10.41
12.85
12.93
10.54
8.52
8.22
13.23
13.22
9.02
8.61
8.25
9.03
8.06
6.87
7.3
8.39
4.52
5.23
5.03
531
4.23
541
52
5.06
4.81
521
4.89

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



314-316-7
314-316-8
314-316-9
314-316-11
314-316-12
314-316-13
314-316-14
314-316-15
314-316-17
461-463-3
461-463-2
461-463-11
461-463-13
461-463-14
461-463-21
461-463-22
461-463-23
461-463-27
461-463-4
461-463-7
461-463-15
461-463-18
461-463-24

3-4-1
3-4-2
3-4-3
3-4-4
3-4-5
3-4-6
3-4-7
3-4-9
3-4-10
3-4-11
3-4-12
3-4-14
3-4-15
3-4-13
14-15-1
14-15-2
14-15-4
14-15-5
14-15-6
14-15-7
14-15-8

41
3.44
412
3.62
3.88
3.83

3.7
3.48
2.77
7.56
7.35
7.08
8.01
7.33
7.04
7.16
7.33
7.26
4.21
3.37
3.89
5.36
3.62

1.58
1.03
1.42
1.07
1.32
141
1.2
0.91
1.46
5.46
6.06
5.99
5.15
5.83
6.06
5.97
5.9
5.92
1.44
1.18
1.4
2.66
1.14

0.94
0.8
1.15
0.98
0.7

0.71
0.9
0.85
0.99
0.86
1.19
11
0.98
0.9

0.75
0.81
0.92
1.01
0.99

9.96
9.57
10.14
10.57
10.73
10.68
9.97
10.84
11.95
6.2
2.93
3.3
3.62
2.98
3.01
3.04
3.16
3.08
10.27
10.1
9.97
9.94
9.61

12.54
9.28
10.11
10.59
11.97
10.81
12.51
12.04
11.31
10.28
11.36
11.28
11.94
13.74
10.97
12.61
11.51
114
11.65
12.98
12.7

48.33
48.63
48.3
48.12
48.29
47.75
48.46
48.34
50.73
58.37
64.37
64.22
64.55
64.41
64.48
64.45
64.17
64.57
47.91
48.06
48.37
50.99
48.82

46.87
47.62
47.45
45.47
46.92
46.75
45.46
46.38
46.56
46.25
46.51
45.07
46.61
45.05
47.34
47
47.03
46.25
46.67
458
47.25

313 | 588
273 | 659
294 | 577
285 5093
31 | 565
329 578
302 5094
245 | 654
409 | 452
159 | 1.26
048 @ 0.26
049 = 0.29
032 0.6
048 @ 0.3
047 @ 027
051 028
048 | 0.28
047 @ 0.26
311 563
27 | 7.02
307 584
296 @ 3.7
282 6
1226
5.69
6.91
6.18
8.79
6.65
6.4
6.95
6.16
6.44
6.82
6.5
6.32
573
5.75
6.39
5.52
5.02
58
6.6
5.54
5.41
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10.73
11.64
10.26
12.15
10.72
11.24
11.47
12.38
7.81
1.78
0.9
0.93
0.73
0.93
0.85
0.9
0.93
0.96
10.64
13.04
10.61
6.9
11.7

11.07
12.57
121
11.34
13.02
11.62
13.27
11.78
11.77
12.81
11.95
11.84
11.39
11.92
11.95
11.12
11.26
12.45
12.05
11.38
111

0.21
0.21
0.25
0.14
0.14
0.18
0.14
0.16
0.21
0.23
0.09
0.22
0.31
0.16
0.14
0.16
0.22
0.17
0.13
0.19
0.13
0.23
0.14

15.61
15.77
16.3
15.23
15.78
1541
15.74
14.59
15.84
17.03
1751
17.43
17.11
17.54
17.66
17.47
17.47
17.24
16.18
13.94
16.27
16.44
15.72

0.46
0.38
0.5
0.29
0.37
0.43
0.36
0.31
0.63
0.52
0.06
0.05
0.06
0.04
0.02
0.07
0.05
0.06
0.49
0.4
0.44
0.81
0.43

5.68
4.46
5.55
4.69
52
5.24
491
4.38
4.23
13.02
1341
13.07
13.16
13.16
13.11
13.13
13.23
13.18
5.65
4.55
5.29
8.01
4.76

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



Chapter 8

14-15-9 1.15 | 1151 | 4741 562 | 11.03
14-15-10 0.86 | 11.18 | 46.55 6.59 | 122
14-15-11 1.02 | 10.02 | 47.2 6.4 | 12.08
14-15-13 111 | 9.84 | 47.26 6.15 | 12.53
14-15-15 091 | 1251 | 47.68 5.18 | 10.74

14-15-3 0.89 | 9.32 | 47.02 7.01 | 13.35

21-22-8 0.8 | 9.47 | 4825 6.84 | 12.52
21-22-12 092 | 9.79 | 48.24 6.24 | 12.02

21-22-4 0.75 | 9.92 | 48.37 6.84 | 12.37
21-22-15 0.79 | 10.15 | 48.02 561 | 12.16

21-22-9 0.86 | 10.29 | 47.84 6.45 | 12.48

21-22-3 0.91 | 10.57 | 47.84 6.23 | 11.67
21-22-13 0.8 | 10.74 | 47.53 6.92 | 12.05

21-22-5 0.86 | 10.86 | 47.6 6.44 | 11.78
21-22-11 0.68 | 11.22 | 47.84 6.72 | 12.86
21-22-10 0.94 | 12.48 | 465 597 | 11.25

21-22-2 1.03 | 12.71 | 47.03 555 | 1112
21-22-14 0.98 | 12.79 | 47.22 556 | 11.26

21-22-1 0.88 | 12.84 | 48 538 | 10.57

22-23-1 0.88 | 11.8 | 46.97 6.35 | 11.86

22-23-2 0.95 | 10.03 | 47.04 6.54 | 11.88

22-23-3 0.84 | 10.59 | 47.8 6.63 | 12.75

22-23-4 0.96 | 11.65 | 45.84 6.52 | 12.07

22-23-5 0.86 | 10.24 | 46.85 6.59 | 127

22-23-6 0.86 | 10.97 | 47.67 6.47 | 11.8

22-23-7 0.9 | 10.34 | 45.25 6.97 | 12.96
22-23-11 0.95 | 10.28 | 46.87 6.38 | 12.34
22-23-12 0.86 | 11.24 | 46.22 6.31 | 12.33
22-23-13 0.77 | 9.71 | 48.63 6.75 | 12.01
22-23-14 0.87 | 11.51 | 46.55 6.5 | 12.09
22-23-15 1.06 | 11.98 | 45.75 6.18 | 12.13

23-24-8 0.72 | 9.84 | 46.54 496 | 1241

23-24-9 091 | 9.86 | 47.12 6.6 | 12.36

23-24-1 1.33 | 9.93 | 47.02 582 | 11.57

23-24-2 0.95 | 12.38 | 45.73 6.12 | 11.59

23-24-3 1.01 | 10.71 | 47.92 58 | 11.45

23-24-4 0.98 | 12.69 | 48.34 522 | 10.7

23-24-5 1.09 | 10.26 | 46 6.31 | 12.47

23-24-7 0.93 | 1249 | 47.11 581 | 11.34
23-24-10 0.85 | 11.03 | 46.61 6.56 | 12.15
23-24-11 0.92 | 12.41 | 45.78 6.1 | 11.28
23-24-12 0.67 | 11.56 | 45.63 7.28 | 13.46
23-24-13 0.83 | 10.99 | 47.62 6.13 | 12.02
23-24-14 1.21 | 11.89 | 47.38 5.37 | 10.29
23-24-15 0.87 | 10.03 | 46.43 6.94 | 12.65
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28-30-1 0.74 | 959 | 48.12 6.66 | 12.54
28-30-2 0.73 | 9.83 | 48.14 6.78 | 12.39
28-30-3 0.92 | 12.11 | 47.59 553 | 11.45
28-30-4 1.06 | 11.35 | 47.94 6 11.85
28-30-5 0.85 | 11.17 | 47.89 6.12 | 11.66
28-30-6 0.83 | 11.57 | 48.07 6.02 | 11.44
28-30-7 0.88 | 11.21 | 48.06 6.33 | 11.75
28-30-8 0.79 | 9.44 | 4848 6.49 | 125
28-30-10 0.96 | 12.84 | 46.95 537 | 10.97
28-30-11 1.02 | 11.48 | 47.63 559 | 11.85
28-30-12 0.78 | 9.66 | 48.41 6.6 | 12.44
28-30-13 0.73 | 10.03 | 48.14 6.76 | 124
28-30-15 1.01 | 11.22 | 47.73 559 | 11.74
50-51-11 086 | 9.2 | 48.17 6.94 | 13.21
50-51-2 0.8 | 9.21 | 4893 6.7 | 12.01
50-51-8 0.82 | 9.34 | 48.82 6.78 | 12.56
50-51-4 0.77 | 955 | 48.68 6.65 | 12.39
50-51-7 0.87 | 9.71 | 47.44 6.96 | 13.28
50-51-3 0.84 | 9.81 | 48.39 6.5 | 12.09
50-51-10 1.18 | 11.64 | 48.23 5.09 | 10.45
50-51-9 1.16 | 11.79 | 48.28 4.94 | 1043
50-51-12 1.21 | 11.95 | 48.48 4.94 | 10.32
50-51-6 0.97 | 1356 | 46.6 528 | 11.43
94-96-1 0.9 | 10.42 | 48.02 6.11 | 12.24
94-96-2 0.85 | 10.35 | 47.86 6.12 | 12.27
94-96-3 0.84 | 8.88 | 4854 6.66 | 12.61
94-96-4 1.1 | 10.45 | 48.09 593 | 11.26
94-96-5 0.94 | 10.03 | 48.94 6.14 | 12,6
94-96-6 0.86 | 9.44 | 48.66 6.51 | 12.32
94-96-7 0.73 | 10.13 | 47.61 6.8 | 12.17
94-96-8 0.84 | 88 | 49.17 4,95 | 11.66
94-96-9 0.81 | 105 | 475 6.68 | 11.72
94-96-10 1 10.66 | 47.22 6.03 | 12.06
94-96-11 1.12 | 10.21 | 47.19 6.14 | 11.63
94-96-12 0.85 | 9.83 | 47.67 6.64 | 12.29
94-96-13 0.94 | 11.22 | 47.67 599 | 11.66
94-96-14 0.92 | 9.95 | 47.55 6.69 | 12.07
94-96-15 1.01 | 10.21 | 46.57 6.84 | 13.01
110-112-1 0.87 | 9.99 | 49.28 541 | 12.79
110-112-2 0.86 | 11.52 | 48.37 54 | 11.67
110-112-4 0.8 | 10.01 | 481 6.65 | 12.61
110-112-5 0.97 | 10.8 | 48.08 6.01 | 12.04
110-112-6 0.88 | 9.37 | 48.05 6.65 | 13.17
110-112-7 0.93 | 10.34 | 47.94 6.05 | 12.05
110-112-8 1.05 | 10.51 | 48.89 573 | 113
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110-112-10 0.98 | 10.19 | 49.17 592 | 11.65
110-112-11 0.83 | 8.98 | 49.05 6.53 | 12.66
110-112-12 0.79 | 9.96 | 48.65 6.2 | 12.27
110-112-13 0.8 | 899 | 48.42 6.85 | 12.74
110-112-14 0.9 | 10.54 | 48.49 6.1 | 12.18
110-112-15 1 10.84 | 48.48 594 | 11.45
110-112-9 0.85 | 13.26 | 46.54 578 | 11.69
110-112-3 0.95 | 135 | 46.27 536 | 11.33
137-139-1 0.81 | 11.02 | 47.31 6.24 | 11.83
137-139-2 0.89 | 10.19 | 48.55 6.32 | 12.26
137-139-3 0.81 | 9.94 | 481 6.46 | 12.75
137-139-4 1.06 | 11.55 | 47.58 555 | 114
137-139-5 1.17 | 1161 | 47.72 5.02 | 10.55
137-139-6 0.89 10 | 48.34 6.45 | 12.26
137-139-7 095 | 9.2 | 4964 6.03 | 11.95
137-139-8 1.02 | 9.84 | 48.34 6 12.29
137-139-9 0.87 | 9.84 | 48.01 6.6 | 12.18
137-139-10 0.94 | 11.06 | 47.78 496 | 11.32
137-139-11 111 | 9.78 | 47.59 597 | 124
137-139-12 1.08 | 9.31 | 4831 6.38 | 11.96
137-139-13 091 | 101 | 47.58 6.65 | 12.02
137-139-14 1.11 | 11.67 | 47.78 53 | 11.07
137-139-15 1 12.02 | 46.6 5.69 | 11.65
144-145-1 137 | 9.64 | 47.23 6.28 | 11.53
144-145-3 1.27 | 10.49 | 473 5.86 | 11.48
144-145-4 1 10.34 | 47.14 6.58 | 12.7
144-145-6 1.17 | 9.88 | 45.27 6.87 | 12.39
144-145-7 1.08 | 9.63 | 475 6.28 | 11.56
144-145-8 1.01 | 1054 | 45.9 6.81 | 11.99
144-145-10 1.08 | 10.11 | 45.89 6.4 | 11.88
144-145-11 0.97 | 11.08 | 46.42 6.36 | 12.01
144-145-12 0.74 | 10.55 | 47.38 6.89 | 12.67
144-145-14 0.84 | 11.65 | 46.12 6.19 | 11.57
144-145-15 1.38 | 9.98 | 47.83 6.03 | 10.9
159-160-1 0.81 | 10.53 | 47.27 6.86 | 11.73
159-160-2 0.84 | 11.07 | 47.03 6.83 | 11.58
159-160-3 091 | 9.36 | 47.67 6.48 | 11.96
159-160-4 0.9 | 10.32 | 46.97 6.74 | 12.23
159-160-5 0.93 | 10.33 | 47.74 6.49 | 11.64
159-160-6 1.06 | 10.95 | 47.04 6.17 | 12.18
159-160-7 093 | 9.72 | 46.56 7.04 | 12.52
159-160-8 0.85 | 10.14 | 48.99 6.52 | 12.28
159-160-9 0.86 | 10.27 | 47.73 6.77 | 12.34
159-160-10 0.82 | 11.13 | 45.29 6.92 | 12.62
159-160-11 0.96 | 10.04 | 47.49 6.67 | 12.25
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159-160-12 092 | 9.83 | 47.58 6.47 | 11.72
159-160-13 1.19 10 | 46.07 6.2 | 12.18
159-160-14 0.97 | 10.02 | 48.46 6.61 | 11.84
159-160-15 0.88 | 9.78 | 48.27 6.7 | 12.62
170-172-9 1.01 | 10.17 | 47.39 6.34 | 12.29
170-172-6 1.13 | 10.41 | 46.19 552 | 1138
170-172-8 0.78 | 10.49 | 47.04 6.93 | 13.02
170-172-13 0.99 | 10.71 | 46.52 6.37 | 12.82
170-172-4 1.59 | 11.57 | 46.39 522 | 10.97
170-172-14 087 | 119 | 474 6.22 | 11.47
170-172-1 0.87 | 12.33 | 47.29 6 117
170-172-5 0.96 | 13.22 | 46.51 561 | 11.65
170-172-12 0.88 | 13.23 | 45.44 6.38 | 11.89
170-172-15 0.9 | 1337 | 46.11 569 | 1151
170-172-11 1 14.28 | 45.39 528 | 11.58
170-172-3 0.93 | 1435 | 44.74 562 | 11.66
170-172-2 0.97 | 1452 | 4461 6.4 11.2
174-175-9 091 | 9.68 | 48.64 6.62 | 12.66
174-175-4 091 | 9.87 | 49.38 6.23 | 11.96
174-175-12 0.74 | 9.91 | 485 6.41 | 12.52
174-175-5 0.87 | 10.21 | 46.81 6.87 | 12.85
174-175-13 0.86 | 10.27 | 48.46 6.29 | 12.11
174-175-8 0.81 | 11.07 | 46.77 535 | 12.12
174-175-14 0.71 | 11.34 | 471 469 | 1201
174-175-7 1.14 | 1161 | 47.92 5.65 | 10.98
174-175-15 0.84 | 12.72 | 46.1 6.07 | 12.01
174-175-6 0.85 | 13.68 | 45.99 562 | 11.66
174-175-3 09 | 13.72 | 454 577 | 11.69
174-175-1 0.88 | 13.87 | 4438 5.89 | 11.87
174-175-10 0.89 | 13.87 | 45,51 577 | 11.93
174-175-2 0.91 | 13.88 | 45.48 5.7 115
177-178-13 091 | 9.16 | 48.23 6.77 | 12.58
177-178-3 09 | 938 | 47.73 6.74 | 12.95
177-178-12 0.87 | 9.42 | 48.14 7.07 | 13.32
177-178-6 1.05 | 9.91 | 46.99 6.54 | 12.72
177-178-2 0.75 | 10.08 | 48.73 6.46 | 12.28
177-178-1 1.07 | 10.19 | 46.76 6.43 | 12.53
177-178-8 0.86 | 10.29 | 48.34 6.96 | 12.71
177-178-4 0.66 | 10.73 | 46.49 7.12 | 12.76
177-178-7 0.87 | 10.83 | 47.82 6.36 | 11.96
177-178-11 0.87 | 10.89 | 46.67 6.77 | 12.38
177-178-9 0.84 | 12.38 | 46.49 533 | 11.79
177-178-15 0.87 | 13.18 | 46.23 572 | 11.76
177-178-5 0.88 | 13.54 | 46.01 571 | 11.59
177-178-10 0.65 | 9.63 | 50.15 6.87 | 12.54
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196-198-1 0.97 | 11.28 | 48.34 595 | 116
196-198-2 0.71 | 103 | 48.17 6.67 | 12.64
196-198-3 1.03 | 10.12 | 473 6.59 | 12.23
196-198-4 0.84 | 12.49 | 47.18 512 | 1154
196-198-5 0.88 | 11.85 | 47.67 6.09 | 11.26
196-198-6 0.85 | 10.81 | 46.98 6.83 | 11.63
196-198-7 1.37 | 10.43 | 47.44 5.62 | 11.45
196-198-9 1.31 | 10.22 | 47.77 558 | 11.44
196-198-10 0.91 | 10.29 | 47.79 6.12 | 12.72
196-198-11 1.08 | 9.49 | 48.09 6.62 | 11.96
196-198-12 0.85 | 11.56 | 47.58 6.33 | 11.48
196-198-13 0.87 | 11.71 | 47.54 6.11 | 11.51
196-198-14 1.07 | 955 | 47.61 6.05 | 12.34
196-198-15 1 9.37 | 486 6.67 | 12.39
204-206-8 1 12.63 | 44.83 598 | 11.79
204-206-14 0.83 | 11.88 | 45.66 6.56 | 11.8
204-206-9 1.33 | 10.52 | 45.96 597 | 1161
204-206-12 0.84 | 11.61 | 46.69 6.47 | 11.8
204-206-11 1.12 | 10.09 | 46.99 6.27 | 12.27
204-206-10 125 | 9.4 | 4753 592 | 11.75
204-206-7 1.35 | 10.89 | 47.71 556 | 11.35
204-206-15 0.91 | 10.25 | 48.23 6.45 | 11.88
196-198-1 0.97 | 11.28 | 48.34 595 | 116
196-198-2 0.71 | 10.3 | 48.17 6.67 | 12.64
196-198-3 1.03 | 10.12 | 473 6.59 | 12.23
196-198-4 0.84 | 12.49 | 47.18 512 | 11.54
196-198-5 0.88 | 11.85 | 47.67 6.09 | 11.26
196-198-6 0.85 | 10.81 | 46.98 6.83 | 11.63
196-198-7 1.37 | 10.43 | 47.44 5.62 | 11.45
196-198-9 1.31 | 10.22 | 47.77 558 | 11.44
196-198-10 0.91 | 10.29 | 47.79 6.12 | 12.72
196-198-11 1.08 | 9.49 | 48.09 6.62 | 11.96
196-198-12 0.85 | 11.56 | 47.58 6.33 | 11.48
196-198-13 0.87 | 11.71 | 47.54 6.11 | 11.51
196-198-14 1.07 | 955 | 4761 6.05 | 12.34
196-198-15 1 9.37 | 486 6.67 | 12.39
204-206-8 1 12.63 | 44.83 598 | 11.79
204-206-14 0.83 | 11.88 | 45.66 6.56 | 11.8
204-206-9 1.33 | 10.52 | 45.96 597 | 11.61
204-206-12 0.84 | 11.61 | 46.69 6.47 | 11.8
204-206-11 1.12 | 10.09 | 46.99 6.27 | 12.27
204-206-10 125 | 9.4 | 4753 592 | 11.75
204-206-7 1.35 | 10.89 | 47.71 556 | 11.35
204-206-15 0.91 | 10.25 | 48.23 6.45 | 11.88
1230
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23-24-17
23-24-5
23-24-6
23-24-3
23-24-4
23-24-8
23-24-9
23-24-10
23-24-11
23-24-12
23-24-13
23-24-14
23-24-15
23-24-16
55-59-1
55-59-6
55-59-7
55-59-14
55-59-17
55-59-22
55-59-23
55-59-25
55-59-26
55-59-8
55-59-27
55-59-4
55-59-5
55-59-9
55-59-10
55-59-11
55-59-13
55-59-15
55-59-16
55-59-19
55-59-20
55-59-21
55-59-24
55-59-28
55-59-29
64-66-2
64-66-3
64-66-4
64-66-5
64-66-6
64-66-7

34
311
3.25
8.05
7.35
7.54
7.18

7.4

7.8
7.99
8.05
7.54
8.39
6.86
7.14
7.68
7.29
7.52

7.4
7.54
7.42

8.2
7.76
7.66
7.24
3.19
421
2.88
3.07
2.99
4.24
2.88
4.57
4.49
3.26
2.79
3.05
2.74

3.1

7.2

7.1

7.5

7.4

7.3

7.2

0.91
0.71
0.78
4.58
4.84
4.95
4.24
4.78
4.79
4.82
4.83
4.96
4.28
4.62
5.01
4.9
4.9
4.8
5.05
5.07
4.87
471
5.14
4.93

0.79
1.6
0.81
0.91
0.86
1.59
0.84
1.68
1.64

0.8

0.87

0.61

0.86

4.9

4.9

104
10.96
11.24

6.92

3.76

5.01

3.95

5.95

5.97

5.88

581

4.46

6.78

3.75

5.01

6.27

4.59

6.5

4.88

5.01

5.33

6.31

5.18
4.81
421
11.81
12.47
10.99

105
11.55
12.17
11.31
11.21
11.72
10.11
10.98
11.53
11.27
12.14

4.8

4.8

4.8

52

4.6

4.7

47
46.42
47.15
67.12
67.72
64.62
66.65
66.52
66.15
64.39
64.59
64.94
68.36
68.22
66.51

66.2
66.79
67.11
65.82

66.5
64.95
65.42
64.74
66.44
65.96
46.9
483
47.46
47.22
47.39
48.2
47.64
51.82
49,54
47.48
47.44
47.37
46.66
46.8

66

67

65.7

65.9

65.8

66

3.37
3.59
34
0.45
0.21
0.53
0.41
0.51
0.52
0.56
0.54
0.65
0.35
0.28
0.39
0.62
0.55
0.47
0.52
0.44
0.61
0.53
0.57
0.41
0.51
3.56
4.23
2.99
3.28
391
4.25
3.72
3.03
3.77
3.22
3.34
3.72
3.29
3.7
0.6
0.5
0.6
0.5
0.5
0.5
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6.74

7.13
0.13
0.04
0.35
0.24
0.26
0.22
0.26
0.27
0.46
0.05
0.09
0.34
0.34
0.35
0.25
0.36
0.24
0.4
0.23
0.34
0.28
0.38
6.75
4.61
6.87
6.89
6.48
4.57
6.83
3.89
4.4
6.75
7.2
6.71
7.42
6.55
0.4
0.2
0.4
0.4
0.4
0.3

12.29
12.41
1191
0.5
0.67
1.01
1.17
0.66
0.65
0.85
0.86
0.81
0.38
0.72
0.67
0.58
0.62
0.5
0.7
0.56
0.86
0.53
0.69
0.52
0.83
11.58
9.25
12.57
12.31
11.68
9.21
11.66
7.72
8.8
12.05
12.05
116
12.94
11.64
0.6
0.5
0.6
0.6
0.7
0.7

0.25
0.16
0.15
0.27
0.11
0.19
0.12
0.33
0.34
0.29
0.16
0.13
0.22
0.23
0.26
0.35
0.19
0.26
0.26
0.27
0.27
0.25
0.29
0.15
0.19
0.14
0.19
0.21
0.18
0.11
0.24
0.19
0.26
0.15
0.18
0.22
0.13
0.15
0.17
0.2
0.3
0.2
0.2
0.2
0.2

15.32
15.39
14.72
11.94
15.25
15.74
15.98
13.56
13.52
14.9
14.84
15.97
11.18
15.21
14.66
13.03
14.67
12.54
14.96
14.32
15.23
13.77
15.22
14.76
15.63
14.93
14.46
14.88
15.25
14.68
14.8
14.58
14.71
14.68
15.61
14.84
14.7
14.61
1471
15.2
14.7
15.2
14.9
154
15.2

0.32
0.26
0.28
0.03
0.04
0.05
0.04
0.03
0.04
0.05
0.05
0.09
0.01
0.02
0.02
0.05
0.03
0.04
0.05
0.03
0.06
0.06
0.07
0.05
0.06
0.35
0.67
0.33
0.38
0.33
0.73
0.36
1.12
0.8
0.33
0.33
0.33
0.3
0.33
0.1

0.1
0.1
0.1

431
3.82
4.03
12.64
12.2
12.49
11.43
12.18
12.59
12.82
12.88
12.5
12.67
11.48
12.15
12.58
12.2
12.32
12.44
12.61
12.3
12.91
12.89
12.59
12.24
3.98
5.81
3.69
3.98
3.85
5.83
3.73
6.25
6.13
4.26
3.59
3.92
3.36
3.95
12.17
12.03
12.52
12.31
12.3
12.16

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



64-66-8
64-66-10
64-66-11
64-66-12
64-66-15
64-66-17
64-66-18
64-66-19
64-66-20
64-66-21
64-66-22
64-66-23
64-66-25
64-66-1
64-66-9
64-66-13
64-66-16
64-66-14
84-86-3
84-86-5
84-86-6
84-86-9
84-86-10
84-86-12
84-86-14
84-86-15
84-86-17
84-86-22
84-86-23
84-86-24
84-86-25
84-86-26
84-86-28
84-86-30
84-86-32
84-86-33
84-86-34
84-86-35
84-86-38
84-86-39
84-86-40
84-86-4
84-86-7
84-86-8
84-86-11

6.9
6.8
7.2
7.3
7.2
7.4
7.3
7.3
7.8
7.5
7.4
7.1
7.2

41
4.2
3.2
59
3.2

31

3.2
2.9
3.2
2.9
3.2
43
3.3
3.3

3.1
3.2
2.8
3.1

3.3

3.1

7.4
7.5
7.5
7.9

5.2

4.8
4.8
4.7
4.6
4.7
4.9
4.8

5.4
4.9
1.6
1.2
1.4
0.8
2.5
0.8
0.7
0.9
0.7
0.7
0.8

0.7

2.2

0.7
1.7
0.8
0.8
0.8
0.9
0.8
0.9

0.8
0.9
0.8
4.8
4.9

4.6

4.8
4.8

51
41
5.8
4.2
52
41
53
25
4.2
4.5
12.3
12.2
12.2
11.7
8.9
111
10.5
11.9
11.7
10.2
125
10.4
12
11
12.2
10.2
10.3
11.9
11.9
12
12
124
10.9
11.8
10.4
116
117
115
6.6
4.6
4.9
4.8

66.6
66.2
66.4
67.1
66.2
67.2
65.9
65.1
65.4
65
66.2
66
65.8
49.3
48.7
48.6
46.9
554
46.9
48.6
47.1
47.3
49.7
46.4
47.3
46.3
47.4
47.6
47.3
50.1
49.8
47.3
471
46.7
46.6
475
47.2
47.6
47.2
46.2
46.8
66.1
66.2
65.6
66.9

0.5
0.6
0.5
0.5
0.6
0.4
0.5
0.5
0.4
0.5
0.2
0.5
0.6
3.6
3.7
35

2.3
3.5
2.8
3.8
3.9
2.8
4.2
3.3
3.8
3.6
45
3.2
29
3.7
3.8

41
3.8
3.4
3.8
3.2
3.8
4.2
3.5
0.5
0.6
0.6
0.4
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0.4
0.4
0.3
0.2
0.4
0.2
0.3
0.3
0.2
0.3
0.1
0.3
0.4
4.4
4.9

6.5
2.7
6.8
6.6
6.6
6.2
6.7
6.4
6.8
6.7
6.5
4.8
6.8
6.5
4.2
6.5
6.2
6.4
6.7
7.2
6.3
6.8
6.6
6.6
6.8
0.3
0.3
0.4
0.2

0.6
0.7
0.6
0.5
0.7
0.5
0.8
0.9
0.7

0.8
0.7
0.7
9.3
9.7
9.5
115
5.7
11.9
122
115
11.8
114
12
12.3
125
121
9.5
12.2
11
8.7
11.7
11.8
12
115
11.9
11.8
124
116
121
115
0.6
0.7
0.7
0.4

0.2
0.2
0.2
0.3
0.2
0.3
0.2
0.3
0.1
0.2
0.1
0.2
0.1
0.2
0.2
0.3
0.2
0.2
0.2
0.2
0.1
0.1
0.2
0.2
0.1
0.2
0.1
0.2
0.2
0.2
0.3
0.2
0.2
0.1
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.3
0.2

14.9
15
14.7
14.2
15.7
13.5
16.1
15.6
16.2
15.3
17.6
15.6
155
14.8
14.7
14.9
14.8
15.9
15.3
151
14.6
14.9
14.9
141
15.3
14.5
14.7
14.1
155
14.8
15
144
144
14.7
144
14.9
144
151
14.9
14.7
155
13.3
14.9
15
14.6

11.86
11.96
12.23
12.12
12.02
12.08
11.93
12.03
12.75
12.33
12.36
12.46
12.18
5.6
5.31
5.58
4.05
8.33
3.99
3.72
3.93
3.69
3.86
3.72
413
3.62
4.19
6.55
4.23
3.96
5.77
3.88
4.03
3.63
4.04
3.8
4.2
3.98
3.82
3.94
3.78
12.21
12.38
1253
12.44

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



84-86-13
84-86-16
84-86-18
84-86-19
84-86-20
84-86-21
84-86-31
84-86-37
84-86-29
84-86-27
122-124-1
122-124-5
122-124-6
122-124-7
122-124-8
122-124-9
122-124-10
122-124-11
122-124-13
122-124-14
122-124-15
122-124-16
122-124-17
122-124-18
122-124-19
122-124-20
122-124-22
122-124-26
122-124-27
122-124-2
122-124-3
122-124-4
122-124-25
122-124-23
132-134-1
132-134-2
132-134-5
132-134-6
132-134-8
132-134-10
132-134-11
132-134-12
132-134-13
132-134-14
132-134-15

8.7
7.7
6.8
7.2
6.6
6.7
6.9
7.4
7.9
7.1

7.6
7.4
7.7
7.6
7.4
7.3
7.2
7.3
7.1
7.7
7.7
7.2
7.8
7.6
7.3
7.3
7.8
41
41
4.4
44
45
6.7
7.6
7.6
7.6
8.3
7.9
7.4

7.5
7.3

4.8
4.7

4.9
4.9

4.9
4.7

51
5.2
4.7

5.2
4.9
4.9
4.9

3.2
4.9

4.9
4.9
4.9

4.6
1.4
1.4
1.4
14
1.6
4.9
4.7
4.9
4.9
4.6

4.8
5.1
4.9
4.9

4.8
59
4.9
4.9
3.9
3.7
4.8
4.8
6.5
4.8

3.9
6.4
4.6

4.8
4.6
4.7
4.9
4.9
4.6
4.7
4.7
51
4.6
4.8
45
53
124
114
12.6
12.2
10.6
4.3
6.1
5.2
52
6.6
51
51
4.7
4.8
4.7
4.3

64
66.2
66.7
66.1
68.4
68.3
66.4
66.1
65.8
66.1
65.2
62.8
65.6
66.1
63.9
65.3
66.2

67

66
66.1
62.1
65.7
65.7
66.6
65.7
65.9
65.9
65.9
66.4
47.3
49.1
47.3
47.2
50.6
65.8
66.6
65.8
66.5
65.9
65.5
65.8
66.6

66
66.4
65.5

0.3
0.5
0.6
0.5
0.2
0.3
0.6
0.5
0.5
0.6
0.6
0.4
0.5
0.6
0.6
0.6
0.6
0.5
0.6
0.5
0.7
0.6
0.5
0.6
0.5
0.5
0.6
0.6
0.4

4.5
41
3.8
3.1
0.7
0.6
0.5
0.5
0.5
0.6
0.6
0.6
0.6
0.6
0.7
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0.1
0.3
0.3
0.3

0.1
0.4
0.3
0.2
0.4
0.3
0.2
0.2
0.3
0.4
0.4
0.3
0.2
0.4
0.4
0.6
0.4
0.4
0.3
0.3
0.4
0.4
0.4
0.2

4.7
4.9
4.5
0.4
0.3
0.3
0.3
0.3
0.3
0.3
0.4
0.4
0.3
0.4

0.7
0.6
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.9
0.8
0.8
0.8
0.7
0.8
0.8
0.5
0.7
0.7
3.3
0.8
0.7
0.7
0.6
0.7
0.7
0.7
0.5
9.9
9.7
9.4
9.9
8.6
0.8
0.5
0.5
0.5
0.5
0.6
0.6
0.6
0.6
0.6
0.8

0.3
0.2
0.2
0.3
0.1
0.1
0.2
0.2
0.3
0.2
0.3
0.3
0.2
0.2
0.3
0.3
0.3
0.2
0.3
0.3
0.1
0.3
0.3
0.2
0.2
0.2
0.1
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.3
0.3
0.3
0.2
0.4
0.3
0.2
0.3
0.3
0.2
0.2

16.2
13.8
14.6
14.9
15
15.2
15
14.9
134
15.1
15.7
17.3
13.8
15
16.2
15.2
14.7
14.7
151
14.8
17.9
15
15.1
14.8
14.7
15.1
15.2
15.3
14.6
14.8
141
14.6
15
15.6
15.9
13.4
14.7
14.2
13
14.6
151
14.7
14.9
14.8
16.1

0
0.1
0.1
0.1

0.1
0.1

0.1
0.1

0.1
0.1

0.1
0.1
0.1

0.2
0.1
0.1
0.1

0.1
0.1

0.6
13

0.8
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.1

135
12.38
11.85
12.19
1151
11.64
11.88
12.34
12.64
12.06
12.12
14.24
12.36
12.34
12.86

12.5
12.28
12.18
12.27
12.27
10.24
12.59
12.65
1211
12.74
12.56
12.23
12.28
12.44

5.49

5.49

5.89

5.75

6.18
11.63
12.24
12.53
12.53
12.88
12.93
12.22
1211
12.41

12.2
11.96

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



132-134-16
132-134-17
132-134-18
132-134-19
132-134-20
132-134-3
132-134-7
132-134-9
138-140-1
138-140-2
138-140-3
138-140-4
138-140-5
138-140-6
138-140-7
138-140-8
138-140-10
138-140-11
138-140-12
138-140-13
138-140-14
138-140-15
138-140-16
138-140-17
138-140-18
138-140-19
138-140-20
149-150-2
149-150-3
149-150-4
149-150-5
149-150-6
149-150-7
149-150-8
149-150-12
149-150-13
149-150-16
149-150-17
149-150-18
149-150-19
149-150-20
149-150-1
158-160-1
158-160-2
158-160-3

7.6
7.7
7.6
6.8
7.1

4.4
7.1
7.9
7.7
7.1
7.3

7.4
8.2
7.6
7.2
7.6
7.8
7.3

7.1
7.3
7.4
7.4

7.2
7.5
7.3
7.6
7.3
7.4
7.2
7.3

7.3
7.4
7.2
7.1

7.2
7.2
7.3

4.6
4.8
4.9
4.9

0.7
1.5
1.4
4.9
4.8
4.8
4.8
4.9
4.9

4.9
4.9

4.8
5.2

51

5.1
4.8

51

4.9

4.9
53
5.1
51
51
4.9
51
4.9

3.5

4.8
4.9

4.6
55
4.7
5.2
4.8
10
11
12
4.7
51
53
43
4.6
55
4.5
54
53
4.6
6.4

4.3
45
4.8
4.4

5.3
4.6
4.7
3.9
4.8
4.8

4.4
3.9
3.4
4.5
4.8
4.4
4.8
4.5
4.3
7.2
51
53
51

66.1
66.9
65.9
66.5
66.2
50.1
49.7
47.5
66.1
67
65.7
65.7
66
65.6
66
65.8
64.8
65.9
66.5
64.5
65.8
65
66.5
65
67.2
65.4
64.7
66.5
65.8
66.6
66.2
65.7
65
66.3
66
65
66
65.2
65.8
66.3
65.4
58.7
65.7
65.5
67.1

0.5
0.4
0.6
0.6
0.6
2.8
3.2

0.6
0.4
0.6
0.7
0.4
0.5
0.6
0.5
0.5
0.6
0.6
0.5
0.7
0.7
0.5
0.7
0.5
0.7
0.6
0.6
0.6
0.5
0.6
0.5
0.7
0.6
0.6
0.7
0.6
0.7
0.6
0.6
0.6
18
0.5
0.5
0.4
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0.3
0.2
0.3
0.3
0.3
6.6
53
4.8
0.4
0.2
0.3
0.5
0.1
0.3
0.4
0.3
0.3
0.4
0.4
0.3
0.5
0.5
0.3
0.4
0.2
0.4
0.4
0.4
0.4
0.3
0.3
0.3
0.5
0.4
0.4
0.4
0.4
0.4
0.3
0.4
0.4

0.3
0.3
0.2

0.7
0.5
0.6
0.6
0.6
11.2
9.2
9.7
0.7
0.4
0.6
0.8
0.8
0.9
0.7
0.5
0.9
0.7
0.5
0.7
0.8
0.9
0.6
0.8
0.5
0.6

0.7
0.8
0.5
0.6
0.6
0.8
0.7
0.8
0.8
0.7
0.8
0.7
0.7
0.9
4.1
0.7
0.9
0.4

0.2
0.3
0.2
0.2
0.2
0.1
0.2
0.3
0.3
0.2
0.2
0.3
0.2
0.3
0.2
0.3
0.3
0.2
0.3
0.2
0.2
0.2
0.3
0.3
0.2
0.2
0.2
0.2
0.2
0.3
0.3
0.2
0.2
0.2
0.1
0.2
0.3
0.2
0.2
0.2
0.2
0.3
0.2
0.2
0.2

155
13.7
15
14.9
15
151
15.1
14.7
15.2
13.9
14.6
15.7
15.6
14.9
15
14.2
15.4
15.3
12.8
15.8
155
16
14.8
16
14.2
15.1
16.4
14.9
15.9
14.6
14.9
15.1
15.9
154
16.1
16
15.1
15.9
15.2
15
16
16.2
15.2
15.2
144

0.1

0.1
0.3
0.7

0.1

0.1
0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1
0.1
0.1

0.1

0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2

12.15
12.46
12.48
11.73
12.16
3.71
5.55
5.85
12.07
12.71
12.45
1191
12.28
11.94
12.41
13.05
12.44
12.2
12.32
12.93
12.27
12.13
12.05
12.43
12.2
12.35
12.02
121
12.21
12.44
12.25
12.53
12.55
12.47
12.31
12.39
11.97
12.39
12.38
12.23
12.11
9.41
12.23
12.07
12.19

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



158-160-4
158-160-5
158-160-6
158-160-7
158-160-8
158-160-9
158-160-10
158-160-11
158-160-12
158-160-13
158-160-14
158-160-15
158-160-16
158-160-18
158-160-19
158-160-20
165-167-1
165-167-2
165-167-3
165-167-4
165-167-5
165-167-6
165-167-7
165-167-8
165-167-9
165-167-10
165-167-11
165-167-12
165-167-13
165-167-14
165-167-15
168-170-1
168-170-2
168-170-3
168-170-4
168-170-5
168-170-7
168-170-8
168-170-10
168-170-11
168-170-12
168-170-13
168-170-14
168-170-16
168-170-17

7.2
7.3
7.3
7.4
7.8

7.5
7.4
7.2
7.7
7.6
7.5
7.6
7.5
7.1
7.5
7.4
7.6
7.5
7.4
7.1
7.1
7.6
7.6
7.3
7.5
7.4
7.2
7.1
7.4
7.2
7.1
6.8
7.9
7.4

7.4
7.7
8.1
7.2
7.6
7.4
7.6
7.3
7.3

4.8

4.9
4.8
4.9

4.8
4.6
51
4.9
5.2
4.8
4.8

4.9
4.9
5.1

51
4.9

4.9
4.9
4.9

5.1
4.9
4.9

51
5.1
4.9

4.8
4.8

4.9
4.9
5.1

4.5
4.9
4.4
4.6
5.8
4.8
4.7
4.8
4.5
6.7
4.6

4.7
52
52
4.8
45
4.8
4.6
45
4.8
44
4.9
4.7
45
4.7
4.7
4.8
51
4.8
4.8
4.4
4.7
4.9
4.7
4.9
4.8
4.9
4.6
5.2
51
4.7
4.7
4.4

65
66.3
65.3
65.5
65.2
66.8
66.1

66
65.8
66.5
64.2
65.8
63.9
65.5
65.2
65.6
64.8
65.7
65.8
64.7
66.3
65.1
65.6
65.8
66.1

66
66.1
65.8
65.8
65.5

66

65
66.7
64.6
66.1
64.3
65.9
65.4
65.5
66.1
65.6
66.2
65.4
64.9
65.5

0.7
0.5
0.7
0.7
0.6
0.5
0.6
0.6
0.6
0.5
0.7
0.5
0.6
0.8
0.5
0.6
0.7
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.5
0.6
0.6
0.6
0.6
0.7
0.6
0.6
0.6
0.6
0.5
0.5
0.6
0.6
0.6
0.5
0.6
0.7
0.6
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0.4
0.3
0.5
0.4
0.4
0.3
0.3
0.3
0.4
0.3
0.4
0.3
0.4
0.3
0.3
0.3
0.5
0.3
0.3
0.5
0.3
0.4
0.4
0.4
0.3
0.4
0.4
0.4
0.4
0.4
0.3
0.5
0.3
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.3
0.4
0.4
0.4

0.8
0.6
0.8
0.7
0.5
0.6
0.6
0.6
0.7
0.5
0.8
0.6
0.8
0.6

0.7
0.8
0.6
0.6
0.8
0.6
0.8
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.7
0.6
0.9
0.6
0.7
0.7
0.6
0.6

0.6
0.6
0.6
0.6
0.7
0.8
0.7

0.3
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.4
0.1
0.2
0.2
0.3
0.2
0.3
0.2
0.2
0.2
0.2
0.2
0.3
0.2
0.1
0.2
0.2
0.3
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.3
0.4
0.2
0.2
0.2
0.3
0.2
0.3
0.2
0.1
0.2

16.1
15
158
15.6
14.7
14.7
14.8
15
15.6
12.8
16.3
15
16.6
15
155
15.2
16.1
15.3
15.4
16
15.1
16
15.1
15.2
15.3
15.1
15
15.3
15
15.4
153
16
14.9
15.7
15
15.8
151
14.6
153
14.7
15
14.9
15.4
16.1
154

0.1

0.1
0.1

12.16
12.06
12.28
12.33
12.58
11.93
12.5
12.43
12.03
12.35
12.78
124
12.79
12.23
11.93
12.46
12.38
12.51
12.32
12.49
12.14
12.22
12.48
12.58
12.24
12.34
12.3
12.23
12.19
12.38
12.13
12.16
11.88
12.95
12.29
13.06
12.38
12.53
12.88
12.17
12.54
1231
12.55
12.34
12.22

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



168-170-18
168-170-19
168-170-20
168-170-15
261-263-1
261-263-2
261-263-3
261-263-4
261-263-5
261-263-6
261-263-7
261-263-8
261-263-9
261-263-10
261-263-11
261-263-12
261-263-13
261-263-14
261-263-15
261-263-16
261-263-17
261-263-18
261-263-19
261-263-20
280-282-1
280-282-2
280-282-5
280-282-6
280-282-7
280-282-8
280-282-9
280-282-10
280-282-11
280-282-12
280-282-13
280-282-14
280-282-15
280-282-16
280-282-18
280-282-19
280-282-20
280-282-17
286-288-1
286-288-2
286-288-3

7.5
7.3
7.2
2.8
7.2
7.5
7.2
7.4
7.7
7.1
7.3
7.1
7.4
7.6
7.6
7.4
7.5
7.5
7.6
7.5
7.6
7.2
7.2
7.1
7.4
7.4
7.5
7.4
7.4
7.4
7.7
7.3
7.6
7.4
7.5
7.3
7.7
7.6
7.6
7.8
7.4
3.7
7.4
7.1
7.4

5.1

4.7
4.7

115
4.7

4.5
4.6
4.7
4.2
4.9
4.4
4.8
4.9
4.8
4.7
45
5.8
4.8
4.8
59
4.2
4.4
4.7
4.8
4.9
4.9
4.7
4.9
4.8
4.9
4.7
45
4.7

4.6
4.7
5.6
54
6.4
4.7
125
4.6
4.9

65.8
65.5
65.9
46.4

65.5
65.4
66.2
65.5
65.4
66.2
65.5
65.6
65.8
66.1
65.5
64.9
64.8
65.8
65.8
66.2
65.4
65.2
66.8
66.2
66.1
65.9
65.8
65.8
65.8
65.5
66.4
65.5
65.5
65
66.1
65.3
65.9
66.3
65.8
65.6
47
65.9
65.7
65.6

0.5
0.6
0.6
3.9
0.5
0.6
0.6
0.6
0.6
0.7
0.6
0.6
0.6
0.6
0.5
0.5
0.6
0.5
0.6
0.5
0.6
0.7
0.7
0.5
0.6
0.6
0.6
0.6
0.6
0.5
0.5
0.5
0.6
0.6
0.6
0.6
0.6
0.5
0.5
0.6
0.6
4.1
0.6
0.6
0.6
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0.3
0.3
0.4
6.8
0.3
0.3
0.4
0.3
0.4
0.5
0.4
0.4
0.4
0.4
0.3
0.4
0.4
0.2
0.3
0.3
0.4
0.4
0.5
0.3
0.3
0.3
0.3
0.4
0.3
0.3
0.4
0.4
0.4
0.4
0.3
0.4
0.4
0.4
0.3
0.3
0.3
54
0.3
0.4
0.4

0.6
0.7
0.8
11.8
0.6
0.7
0.8
0.6
0.6
0.9
0.6
0.8
0.7
0.6
0.7
0.7
0.8
0.9
0.6
0.7
0.6
0.9
0.9
0.7
0.6
0.6
0.7
0.8
0.6
0.6
0.6
0.7
0.6
0.7
0.6
0.6
0.7
0.5
0.5
0.6
0.6
10.7
0.6
0.8
0.7

0.3
0.2
0.1
0.1
0.2
0.2
0.2
0.2
0.3

0.3
0.2
0.2
0.3
0.2
0.2
0.2
0.2
0.3
0.3
0.3
0.2
0.2
0.2
0.2
0.3
0.3
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.3
0.2
0.2
0.1
0.3
0.2
0.2
0.1
0.3
0.2
0.2

153
15.6
16
154
15.6
15.2
15.9
15.1
15.2
16.1
14.8
15.9
15.3
14.9
15
155
15.9
15.1
15.2
151
13.6
15.9
15.8
14.7
15
15
15
15.2
15.2
15.2
15.2
14.9
155
153
15.4
151
154
144
14.2
134
155
14.7
15
15.2
151

0.1
0.1
0.1
0.3

0.1

0.1
0.1
0.1

0.1
0.1
0.1

0.1
0.1

0.1
0.1
0.1
0.1
0.1

0.1

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.1
0.6
0.1
0.1

12.36
12.25
121
5.69
12.01
12.46
12.08
12.3
12.56
12.08
12.3
12.05
12.38
12.54
12.43
12.36
12.52
12.4
12.39
12.45
12.34
12.16
12.14
11.94
12.28
12.21
12.34
12.28
12.21
12.42
12.62
12.16
12.54
12.45
12.55
12.3
12.68
12.46
12.47
12.63
124
4.83
12.48
12.2
12.39

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



286-288-5
286-288-6
286-288-7
286-288-8
286-288-9
286-288-10
286-288-11
286-288-12
286-288-16
286-288-17
286-288-18
286-288-19
286-288-20
286-288-4
286-288-14
286-288-15
292-294-1
292-294-2
292-294-3
292-294-4
292-294-5
292-294-6
292-294-7
292-294-8
292-294-10
292-294-11
292-294-12
292-294-19
292-294-20
292-294-18
312-314-1
312-314-3
312-314-4
312-314-5
312-314-6
312-314-7
312-314-8
312-314-10
312-314-11
312-314-12
312-314-14
312-314-15
312-314-16
312-314-17
312-314-18

7.2
7.6
7.5
7.4

7.2

7.6
7.3
7.9
7.3
79
7.4
3.4
4.2
3.9
7.61
7.65
7.51
7.49
7.13
7.21
7.41
7.47
7.2
7.49
7.49
7.69
7.63
5.22
7.73
7.42
7.58
7.54
7.43
7.62
7.58
7.39
7.95
7.52
7.43
7.55
7.49
7.41
7.6

51

4.9

4.9

4.9
4.9
5.1

4.7
4.9
11
1.4
13
5.01
4.97
4.9
4.98
5.03
5.15
4.96
4.96
5.06
4.97
5.03
5.02
4.99
2.38
5.06
5.09
4.96
5.1
5.04
4.96
5.05
4.95
4.72
4.97
4.92
5.01
4.98

4.97

4.9
4.8
4.8
4.7
4.7
4.6
4.4
53
4.3

4.6
6.9
4.9
10.7
12.8
13.3
4.8
4.86
4.67
4.68
4.81
4.52
4.81
4.87
4.56
4.9
4.74
521
4.94
10.48
4.84
4.97
5.01
4.78
4.38
4.76
4.89
4.83
6.98
4.97
4.9
4.57
4.79
4.7
4.92

65.5
65.4
65.3
64.2
66.1
65.8
66
64.5
65.1
64.2
66.1
65.3
66.1
46.8
48.3
47.7
65.87
66.02
66.07
65.88
66.21
66.2
66.31
66.17
66.28
66.08
65.98
65.17
65.15
53.26
64.98
65.61
65.79
65.44
65.14
65.95
65.7
65.86
66.12
65.77
66.14
65.89
66.03
66.03
66.09

0.6
0.6
0.6
0.7
0.6
0.6
0.6
0.6
0.7
0.6
0.6
0.5
0.5
3.8
39
39
0.55
0.57
0.54
0.54
0.59
0.56
0.55
0.55
0.59
0.56
0.55
0.6
0.57
2.82
0.65
0.57
0.55
0.59
0.69
0.54
0.55
0.52
0.63
0.59
0.55
0.56
0.59
0.53
0.55
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0.4
0.4
0.4
0.4
0.4
0.4
0.3
0.3
0.5
0.4
0.4
0.3
0.4
6.4
4.9
4.8
0.36
0.34
0.36
0.32
0.37
0.3
0.35
0.32
0.33
0.34
0.37
0.36
0.36
3.37
0.38
0.32
0.35
0.38
0.43
0.32
0.4
0.39
0.41
0.31
0.33
0.39
0.37
0.37
0.32

0.7
0.7
0.7
0.8
0.6
0.6
0.7
0.6
0.8
0.7
0.6
0.5
0.7
121
9.1
9.8
0.65
0.64
0.64
0.66
0.58
0.64
0.62
0.57
0.66
0.59
0.63
0.64
0.62
6.38
0.68
0.64
0.6
0.68
0.8
0.64
0.67
0.65
0.47
0.62
0.61
0.71
0.67
0.69
0.7

0.2
0.3
0.2
0.2
0.3
0.2
0.2
0.2
0.3
0.3
0.2
0.3
0.2
0.1
0.2
0.2
0.28
0.2
0.22
0.2
0.27
0.24
0.22
0.19
0.21
0.22
0.17
0.24
0.27
0.21
0.25
0.23
0.26
0.27
0.22
0.25
0.25
0.24
0.33
0.24
0.28
0.22
0.26
0.23
0.24

153
15.2
154
16.5
15.3
15.6
15.7
15.7
16
15.7
15.2
135
14.8
151
14.2
14.5
14.81
14.68
15.09
15.21
14.96
15.06
14.7
14.88
15.04
14.78
15
15.04
15.35
14.9
15.38
15.08
14.86
15.16
15.75
14.93
14.86
15.08
12.35
14.97
14.77
15.04
14.76
14.97
14.58

0.1
0.1
0.1
0.1
0.1
0.1

0.1
0.1
0.1

0.1
0.5
11
0.4
0.04
0.08
0.02
0.05
0.04
0.13
0.06
0.03
0.07
0.08
0.02
0.04
0.09
0.98
0.03
0.06
0.05
0.07
0.13
0.04
0.05
0.08
0.06
0.04
0.06
0.04
0.07
0.09
0.04

12.35
12.59
12.44
12.39
12.03
12.13
12.05
12.59
12.22
13.01
12.27
12.64
12.3
4.46
5.65
5.27
12.62
12.61
1241
12.47
12.16
12.36
12.38
12.43
12.27
12.45
12.52
12.71
12.63
7.61
12.79
12.52
12.54
12.63
12.47
12.58
12.62
12.34
12.66
12.48
12.35
12.56
12.47
12.41
1257

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



312-314-19
312-314-20
312-314-2
332-342-3
332-342-4
332-342-5
332-342-6
332-342-9
332-342-10
332-342-12
332-342-13
332-342-14
332-342-15
332-342-16
332-342-17
332-342-18
332-342-19
332-342-20
332-342-23
332-342-24
332-342-25
332-342-26
332-342-27
332-342-28
332-342-29
332-342-30
332-342-7
332-342-11
332-342-22

7.63
7.73
3.53
6.96
7.52
7.28
7.14
6.6
7.4
7.3
7.37
7.65
7.59
7.35
7.89
7.55
7.65
7.61
7.3
7.19
7.27
7.17
7.45
7.54
7.32
7.22
4.09
412
4.49

5
4.87
1.15
4.94
4.98
4.94
4.84
521
4.92
5.03
5.16
4.65
4.94

5.1
4.68
4.93
5.12
5.18
4.91
5.01
4.92
4.87

4.9
4.88

4.9
512
1.49
1.56
1.48

4.56
4.99
11.01
5.08
4.86
4.73
4.64
4.36
4.95
4.7
4.58
4.58
4.62
4.77
4.56
5.04
5
4.47
4.76
4.49
4.67
4.72
4.72
5.03
4.72
4.98
13.05
11.13
12.87

65.9
65.55
46.9
65
66
66.16
66.62
66.77
65.81
66.12
64.92
65.74
65.78
66.32
65.68
65.99
65.56
66.13
66.48
65.67
66.51
66.34
66.2
66.08
66.39
66.17
48.6
49.96
47.27

0.57
0.54
3.04
0.56
0.54
0.62
0.58
0.47
0.53
0.62
0.65
0.53
0.58
0.56
0.53
0.57
0.59
0.6
0.53
0.61
0.56
0.54
0.57
0.55
0.57
0.57
4.18
3.31
3.92
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0.4
0.37
6.58
0.28
0.36
0.32
0.35
0.41
0.35
0.37
0.49
0.33
0.38
0.36
0.37
0.36
0.36
0.37
0.33
0.41
0.34
0.38
0.35
0.35
0.35
0.37
4.37
4.79
4.69

0.67
0.67
12.18

0.64
0.62
0.7
0.68
0.62
0.61
0.86
0.7
0.67
0.66
0.66
0.68
0.69
0.6
0.64
0.76
0.64
0.64
0.64
0.59
0.58
0.65
9.2
9.28
9.49

0.18
0.26
0.16
0.23
0.2
0.18
0.24
0.19
0.29
0.23
0.17
0.2
0.21
0.2
0.21
0.22
0.24
0.16
0.21
0.22
0.14
0.26
0.21
0.23
0.27
0.16
0.19
0.27
0.28

15.03
14.95
15.08
15.87
14.84
15.08
14.86
15.27
15.13
14.96
15.69
15.55
15.17
14.67
1541
14.64
14.74
14.89
14.77
15.57
14.86
15.04
14.93
14.68
14.81
14.69
14.14
14.87
14.32

0.06
0.06
0.36
0.08
0.06
0.09
0.02
0.03
0.01
0.06
0.09
0.07
0.07
0.01
0.01
0.03
0.05
0.01
0.07
0.07
0.08
0.04
0.03
0.07
0.07
0.07
0.68
0.71
1.17

12.63
12.6
4.68
11.9

12.51

12.22

11.99

11.81

12.32

12.33

12.54
12.3

12.53

12.45

12.57

12.48

12.77

12.79

12.22
12.2

12.19

12.04

12.35

12.42

12.22

12.34
5.57
5.67
5.98

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



Appendix 4.3 Morphometric measurements of volcanic grains

Sample no area perimeter | major axis | minor axis | aspect ratio normalized
perimeter
(mm?) (mm) (mm) (mm)
1215-184 (bsf)
1 0.099 1.310 0.527 0.239 2.205 1.174
2 0.046 0.873 0.261 0.222 1.176 1.148
3 0.031 0.750 0.230 0.172 1.337 1.202
4 0.040 0.831 0.279 0.181 1.541 1.172
5 0.059 1.005 0.329 0.228 1.443 1.167
6 0.033 0.764 0.265 0.158 1.677 1.186
7 0.040 0.813 0.260 0.196 1.327 1.147
8 0.024 0.670 0.196 0.158 1.241 1.220
9 0.014 0.538 0.146 0.124 1.177 1.283
10 0.014 0.488 0.149 0.121 1.231 1.163
11 0.072 1121 0.370 0.249 1.486 1.179
12 0.023 0.646 0.184 0.157 1.172 1.202
13 0.024 0.670 0.189 0.161 1.174 1.220
14 0.022 0.633 0.216 0.132 1.636 1.204
15 0.014 0.509 0.147 0.123 1.195 1.214
16 0.042 0.830 0.261 0.206 1.267 1.142
17 0.349 2.680 0.780 0.570 1.368 1.280
18 0.032 0.739 0.233 0.173 1.347 1.165
19 0.058 1.006 0.325 0.226 1.438 1.178
20 0.099 1.274 0.410 0.307 1.336 1.142
21 0.072 1.116 0.379 0.242 1.566 1.173
22 0.074 1.041 0.329 0.288 1.142 1.080
23 0.020 0.616 0.188 0.135 1.393 1.229
24 0.027 0.662 0.210 0.163 1.288 1.137
25 0.029 0.729 0.228 0.164 1.390 1.208
26 0.069 1.221 0.373 0.236 1.581 1.311
27 0.043 0.951 0.283 0.193 1.466 1.294
28 0.125 1.465 0.419 0.380 1.103 1.169
29 0.042 0.841 0.263 0.204 1.289 1.158
30 0.074 1.153 0.373 0.253 1.474 1.196
31 0.052 1.136 0.405 0.165 2.455 1.405
32 0.085 1.308 0.405 0.266 1.523 1.266
33 0.022 0.594 0.177 0.158 1.120 1.130
34 0.008 0.367 0.132 0.075 1.760 1.157
35 0.006 0.323 0.122 0.058 2.103 1.176
36 0.011 0.424 0.137 0.098 1.398 1.140
37 0.014 0.481 0.162 0.113 1.434 1.147
38 0.061 1.062 0.352 0.220 1.600 1.213
39 0.113 1.367 0.433 0.331 1.308 1.147
40 0.053 1.075 0.319 0.213 1.498 1.317
41 0.034 0.811 0.262 0.164 1.598 1.241

276




Chapter 8

42 0.014 0.487 0.173 0.101 1.713 1.161
43 0.019 0.606 0.188 0.132 1.424 1.240
44 0.032 0.726 0.257 0.157 1.637 1.145
45 0.011 0.491 0.140 0.101 1.386 1.321
ave 0.050 0.871 0.277 0.194 1.454 1.199
standard deviation 0.054 0.401 0.125 0.088 0.276 0.063
1215-214 (bsf)
1 0.099 1.310 0.527 0.239 2.205 1.174
2 0.387 2.947 0.875 0.563 1.554 1.336
3 0.399 3.788 1.179 0.431 2.735 1.692
4 0.137 1.611 0.479 0.365 1.312 1.228
5 0.170 1.847 0.660 0.327 2.018 1.264
6 1.042 4.791 1.578 0.840 1.879 1.324
7 0.176 2.078 0.507 0.442 1.147 1.397
8 0.062 1.018 0.294 0.270 1.089 1.153
9 0.081 1.278 0.395 0.262 1.508 1.267
10 0.070 1.120 0.345 0.257 1.342 1.194
11 0.277 2.612 0.658 0.536 1.228 1.400
12 0.181 1.859 0.540 0.427 1.265 1.233
13 0.082 1.237 0.361 0.287 1.258 1.219
14 0.040 0.817 0.259 0.196 1.321 1.152
15 0.070 1.105 0.343 0.261 1.314 1.178
16 0.084 1.400 0.437 0.246 1.776 1.363
17 0.149 1.601 0.536 0.354 1.514 1.170
18 0.060 1.164 0.329 0.233 1.412 1.341
19 0.104 1.319 0.391 0.338 1.157 1.154
20 0.083 1.237 0.385 0.273 1.410 1.211
21 0.079 1.338 0.361 0.280 1.289 1.343
22 0.141 1.534 0.485 0.370 1.311 1.152
23 0.054 1.066 0.328 0.209 1.569 1.294
24 0.068 1.316 0.326 0.264 1.235 1.424
25 0.015 0.482 0.161 0.116 1.388 1.110
26 0.172 1.994 0.797 0.275 2.898 1.356
27 0.190 1.859 0.520 0.466 1.116 1.203
28 0.239 2.155 0.638 0.476 1.340 1.243
29 0.108 1.319 0.409 0.337 1.214 1.132
30 0.054 1.031 0.302 0.228 1.325 1.252
average 0.162 1.674 0.514 0.339 1.504 1.265
standard deviation 0.190 0.887 0.288 0.141 0.442 0.120
1215-222 (bsf)
1 0.164 1.950 0.569 0.366 1.555 1.358
2 0.048 1.016 0.359 0.171 2.099 1.308
3 0.062 1.090 0.382 0.207 1.845 1.235
4 0.042 0.856 0.265 0.204 1.299 1.178
5 0.090 1.462 0.389 0.294 1.323 1.375
6 0.056 0.969 0.343 0.207 1.657 1.155
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10
11
13
14
15
16
17
18
19
20
21
22
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
average
standard deviation

0.030
0.031
0.020
0.027
0.020
0.105
0.044
0.036
0.025
0.075
0.017
0.032
0.030
0.028
0.146
0.041
0.038
0.034
0.053
0.023
0.025
0.136
0.073
0.106
0.078
0.092
0.056
0.053
0.032
0.037
0.124
0.044
0.046
0.030
0.045
0.031
0.075
0.046
0.031
0.016
0.019
0.056
0.036

0.086
0.023

0.785
0.740
0.581
0.706
0.608
1.558
1.005
0.885
0.686
1.197
0.526
0.792
0.777
0.663
1.630
0.820
0.821
0.803
0.997
0.673
0.636
1.719
1.120
1.412
1.279
1.261
1.032
1.103
0.824
0.820
1.501
0.922
0.830
0.702
0.874
0.787
1.141
0.909
0.813
0.591
0.621
0.975
0.329

1.161
0.647

0.263
0.239
0.193
0.209
0.186
0.500
0.295
0.272
0.205
0.450
0.181
0.281
0.255
0.227
0.534
0.253
0.294
0.234
0.317
0.220
0.195
0553
0.353
0.424
0.413
0.352
0.275
0.340
0.281
0.232
0.498
0.255
0.260
0.243
0.297
0.258
0.345
0.309
0.239
0.157
0.183
0.305
0.104

1219-12 (bsf)
0.392
0.181

278

0.145
0.166
0.130
0.167
0.136
0.267
0.188
0.168
0.155
0.211
0.122
0.143
0.151
0.156
0.347
0.208
0.166
0.187
0.212
0.130
0.164
0.313
0.262
0.318
0.240
0.333
0.257
0.199
0.147
0.201
0.318
0.219
0.223
0.158
0.195
0.155
0.276
0.191
0.166
0.130
0.129
0.214
0.065

0.279
0.164

1.814
1.440
1.485
1.251
1.368
1.873
1.569
1.619
1.323
2.133
1.484
1.965
1.689
1.455
1.539
1.216
1.771
1.251
1.495
1.692
1.189
1.767
1.347
1.333
1.721
1.057
1.070
1.709
1.912
1.154
1.566
1.164
1.166
1.538
1.523
1.665
1.250
1.618
1.440
1.208
1.419
1.437
0.266

1.405
1.104

1.279
1.186
1.159
1.212
1.213
1.356
1.352
1.316
1.224
1.233
1.138
1.249
1.265
1.118
1.203
1.142
1.188
1.228
1.222
1.252
1.135
1.315
1.169
1.223
1.292
1.173
1.230
1.352
1.299
1.203
1.202
1.240
1.092
1.143
1.162
1.261
1.175
1.196
1.303
1.318
1.271
1.218
0.071

1.117
1.203



30
average
standard deviation
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0.054
0.026
0.015
0.017
0.011
0.009
0.018
0.009
0.014
0.024
0.018
0.007
0.013
0.008
0.021
0.194
0.041
0.152
0.067
0.056
0.111
0.029
0.024
0.016
0.015
0.021
0.088
0.073
0.042
0.045

0.073
0.005
0.006
0.003
0.004
0.015
0.002
0.003
0.021
0.011
0.020
0.006
0.061
0.021
0.005

0.934
0.649
0.512
0.587
0.420
0.381
0.519
0.358
0.490
0.622
0.584
0.319
0.480
0.354
0.682
1.745
0.812
1.715
1.064
0.953
1.412
0.689
0.609
0.568
0.530
0.627
1.237
1.230
0.763
0.388

1.373
0.324
0.295
0.224
0.253
0.482
0.199
0.209
0.576
0.421
0.574
0.310
1.183
0.594
0.269

0.340
0.228
0.159
0.210
0.169
0.143
0.171
0.117
0.165
0.214
0.190
0.094
0.146
0.117
0.175
0.537
0.267
0.514
0.329
0.320
0.397
0.200
0.202
0.168
0.163
0.226
0.401
0.378
0.244
0.117
1219-27 (bsf)
0.381
0.107
0.102
0.079
0.079
0.152
0.077
0.081
0.221
0.141
0.224
0.113
0.340
0.211
0.080

279

0.203
0.144
0.122
0.100
0.084
0.080
0.131
0.095
0.109
0.143
0.122
0.089
0.116
0.086
0.154
0.460
0.196
0.377
0.261
0.223
0.356
0.184
0.149
0.118
0.118
0.118
0.279
0.244
0.177
0.096

0.244
0.063
0.069
0.055
0.065
0.122
0.037
0.044
0.123
0.098
0.116
0.067
0.228
0.128
0.075

1.675
1.583
1.303
2.100
2.012
1.788
1.305
1.232
1.514
1.497
1.557
1.056
1.259
1.360
1.136
1.167
1.362
1.363
1.261
1.435
1.115
1.087
1.356
1.424
1.381
1.915
1.437
1.549
1.425
0.266

1.561
1.698
1.478
1.436
1.215
1.246
2.081
1.841
1.797
1.439
1.931
1.687
1.491
1.648
1.067

1.134
1.135
1.179
1.270
1.130
1.133
1.091
1.065
1.168
1.133
1.228
1.076
1.188
1.116
1.328
1.118
1.131
1.241
1.160
1.136
1.196
1.141
1.109
1.267
1.221
1.221
1.176
1.284
1.050
0.065

1.434
1.293
1.074
1.154
1.128
1.110
1.255
1.076
1.121
1.132
1.145
1.129
1.351
1.156
1.073



16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
average
standard deviation

© | 0o N o 0 b~lwWwiN -

el e R A R
Ol Nl o~ W N O

0.006
0.004
0.010
0.009
0.008
0.004
0.009
0.020
0.007
0.003
0.005
0.002
0.003
0.006
0.018
0.001
0.180
0.014
0.014
0.016
0.007
0.011
0.016
0.006
0.016
0.030

12.365
46.802
12.135
14.875
8.640
7.916
20.138
12.023
4.396
10.306
5.969
11.373
20.457
21.795
43.008
22.531
9.128
21.522
18.676

0.323
0.267
0.407
0.388
0.339
0.267
0.390
0.590
0.339
0.230
0.301
0.167
0.221
0.307
0.540
0.134
2.084
0.459
0.476
0.552
0.312
0.427
0.542
0.303
0.453
0.361

15.139
28.181
15.503
16.238
11.576
11.728
18.132
13.730
8.569
13.646
10.630
13.921
17.919
19.944
27.839
20.207
12.821
19.497
17.623

0.110
0.091
0.123
0.119
0.123
0.082
0.128
0.228
0.114
0.077
0.102
0.051
0.074
0.108
0.185
0.041
0.840
0.160
0.158
0.208
0.101
0.165
0.193
0.102
0.156
0.134
1219-53 (bsf)
4.197
9.558
4.537
5.120
3.633
3.716
6.079
4371
2.418
4.614
3.115
4.478
5.439
6.929
8.226
5.592
4.008
6.566
5.103

280

0.068
0.055
0.103
0.094
0.079
0.068
0.086
0.111
0.078
0.052
0.067
0.045
0.060
0.065
0.126
0.035
0.272
0.113
0.111
0.097
0.083
0.082
0.104
0.069
0.094
0.052

3.751
6.235
3.405
3.699
3.028
2.712
4.218
3.503
2.315
2.844
2.440
3.233
4.789
4.005
6.657
5.130
2.900
4.173
4.660

1.618
1.655
1.194
1.266
1.557
1.206
1.488
2.054
1.462
1.481
1.522
1.133
1.233
1.662
1.468
1.171
3.088
1.416
1.423
2.144
1.217
2.012
1.856
1.478
1.575
0.373

1.119
1.533
1.332
1.384
1.200
1.370
1.441
1.248
1.044
1.622
1.277
1.385
1.136
1.730
1.236
1.090
1.382
1.573
1.095

1.176
1.191
1.148
1.154
1.069
1.191
1.160
1.177
1.143
1.185
1.201
1.053
1.138
1.118
1.135
1.195
1.386
1.094
1.135
1.231
1.052
1.148
1.209
1.103
1.165
0.085

1.214
1.162
1.255
1.188
1.111
1.176
1.140
1.117
1.153
1.199
1.227
1.164
1.118
1.205
1.197
1.201
1.197
1.186
1.150
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21
22
23
24
25
average
standard deviation
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7.348
6.879
4.409
7.801
5.969
5.973
14.497
10.868

2.002
6.440
2.435
4.342
1.106
1.144
2.235
1.215
2.641
4.582
2.060
1.271
1.774
23.598
2.146
9.348
2.209
3.919
5.103
3.463
5.102
6.475
0.793
5.485
2.649
2.139
2221
0.730
14.625
2.741
1.353
3.518
2.198
2.144
6.778
3.016
2.516

11.029
10.182
8.845
10.784
10.630
9.781
14.964
5.286

6.940
12.787
6.871
9.335
4.444
5.178
6.400
4.674
7.746
9.168
6.314
4.917
5.843
21.233
6.178
13.545
6.596
8.357
10.155
7.930
9.368
11.821
4.440
10.448
8.238
6.723
6.323
3.781
17.317
7.378
4.988
7.440
6.779
6.299
10.877
7.824
6.699

3.346
2.999
2.869
3.503
3.115
3.083
4.665
1.749
1219-58 (bsf)
1.851
3.890
1.966
2.420
1.349
1.322
1.840
1.395
1.882
2.909
1.721
1.522
1.894
6.345
2.088
4.175
2.240
2.599
2.928
2.460
2.919
3.549
1.135
3.250
2.312
2.341
1.997
1.182
4.508
2.218
1.329
2.232
2.397
1.872
3.217
2.490
2.198

281

2.796
2.920
1.957
2.835
2.440
2.467
3.564
1.198

1.377
2.108
1.577
2.285
1.044
1.101
1.546
1.109
1.787
2.006
1.525
1.064
1.192
4.735
1.308
2.851
1.255
1.920
2.219
1.792
2.226
2.323
0.890
2.149
1.459
1.163
1.416
0.787
4131
1.574
1.296
2.007
1.167
1.459
2.683
1.542
1.457

1.197
1.027
1.466
1.236
1.277
1.250
1.306
0.184

1.344
1.845
1.247
1.059
1.292
1.201
1.190
1.258
1.053
1.450
1.129
1.430
1.589
1.340
1.596
1.464
1.785
1.354
1.320
1.373
1.311
1.528
1.275
1.512
1.585
2.013
1.410
1.502
1.091
1.409
1.025
1.112
2.054
1.283
1.199
1.615
1.509

1.148
1.095
1.188
1.089
1.227
1.129
1.170
0.044

1.384
1.421
1.242
1.264
1.192
1.366
1.208
1.196
1.345
1.208
1.241
1.230
1.238
1.233
1.190
1.250
1.252
1.191
1.268
1.202
1.170
1.310
1.407
1.258
1.428
1.297
1.197
1.248
1.277
1.257
1.210
1.119
1.290
1.214
1.179
1.271
1.191
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40
41
42
average
standard deviation
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3.215
6.858
1.972
2.623
6.967
4.027
4.075

2.593
4.047
8.963
2.644
2.781
2.261
2.105
4.354
2.461
4.480
4.301
1.016
6.477
4.090
14.672
4.142
7.703
9.035
5.113
1.548
4.961
8.978
1.219
3.646
3.877
4.541
3.855
4.547
6.054
9.951
2.547
3.666
4.396
1.463
2.322
1.290
1.917
8.315

6.937
12.459
5.718
6.290
11.237
8.190
3.500

7.110
8.148
12.671
7.384
6.882
6.579
5.767
8.695
6.282
8.838
8.162
4.227
11.188
8.401
16.828
9.404
11.923
13.303
10.003
4.883
9.281
12.272
5.197
8.690
8.527
9.661
7.867
8.801
10.227
14.970
6.803
7.451
8.260
4.921
6.958
4.624
5.440
10.906

2.542
3.189
1.681
1.854
4.201
2.462
1.039
1219-61 (bsf)
1.987
2.566
3.833
1.875
2.147
1.900
1.746
3.034
1.909
2.719
2.639
1.400
3.296
2.616
4.870
2.434
3.394
3.650
2.680
1514
3.030
3.622
1.488
2.455
2.474
2.554
2.403
2.491
3.078
4.063
1.915
2.442
2.905
1.611
1.970
1.589
1.862
3.602
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1.610
2.738
1.494
1.801
2.112
1.793
0.783

1.662
2.008
2.978
1.795
1.649
1.515
1.535
1.828
1.641
2.098
2.075
0.924
2.502
1.991
3.836
2.166
2.890
3.151
2.429
1.302
2.084
3.156
1.043
1.891
1.996
2.264
2.042
2.324
2.504
3.119
1.694
1.911
1.927
1.156
1.501
1.033
1.311
2.939

1.579
1.165
1.125
1.029
1.989
1.396
0.265

1.196
1.278
1.287
1.045
1.302
1.254
1.137
1.660
1.163
1.296
1.272
1.515
1.317
1.314
1.270
1.124
1.174
1.158
1.103
1.163
1.454
1.148
1.427
1.298
1.239
1.128
1.177
1.072
1.229
1.303
1.130
1.278
1.508
1.394
1.312
1.538
1.420
1.226

1.091
1.342
1.149
1.096
1.201
1.246
0.080

1.246
1.143
1.194
1.281
1.164
1.234
1121
1.175
1.130
1.178
1.110
1.183
1.240
1.172
1.239
1.303
1.212
1.248
1.248
1.107
1.175
1.155
1.328
1.284
1.222
1.279
1.130
1.164
1.173
1.339
1.202
1.098
1.111
1.148
1.288
1.148
1.108
1.067
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40
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42
43
44
45
46
47
48
49
50
average
standard deviation

© | o N o 0w IN -

wlw NN NN R R RrR R R R R R R
R oY Nl RlON P IOl o N oo o b w| N|F| O

1.438
3.253
2.297
0.942
1.446
2.856
5.820
1.485
1.369
3.987
1.221
3.795
4.045
2.791

0.020
0.013
0.026
0.004
0.006
0.014
0.005
0.015
0.004
0.013
0.008
0.006
0.035
0.025
0.018
0.011
0.010
0.009
0.017
0.013
0.061
0.019
0.035
0.016
0.011
0.006
0.008
0.034
0.008
0.007
0.004

4.821
7.132
6.172
3.808
4.796
6.602
9.427
4.938
4.507
7.635
4.263
7.589
7.984
2.869

0.626
0.478
0.711
0.257
0.369
0.527
0.451
0.532
0.251
0.502
0.373
0.335
0.857
0.639
0.656
0.446
0.414
0.403
0.661
0.572
1.270
0.709
0.960
0.576
0.446
0.317
0.387
0.918
0.390
0.377
0.273

1.764
2.428
1.843
1.246
1.535
2.308
3.113
1.550
1.497
2.389
1.385
2.505
2.427
0.795

1219-132 (bsf)
0.187
0.141
0.243
0.081
0.103
0.162
0.106
0.176
0.080
0.163
0.140
0.126
0.222
0.199
0.246
0.132
0.134
0.141
0.186
0.140
0.349
0.183
0.244
0.179
0.154
0.098
0.146
0.233
0.125
0.128
0.071

283

1.038
1.706
1.587
0.962
1.200
1.576
2.381
1.220
1.164
2.125
1.122
1.929
1.918
0.666

0.134
0.117
0.136
0.064
0.079
0.113
0.056
0.105
0.059
0.098
0.074
0.057
0.203
0.162
0.094
0.105
0.092
0.078
0.113
0.115
0.222
0.129
0.185
0.115
0.091
0.077
0.071
0.188
0.080
0.066
0.063

1.699
1.423
1.161
1.295
1.279
1.464
1.307
1.270
1.286
1.124
1.234
1.299
1.283
0.143

1.396
1.205
1.787
1.266
1.304
1.434
1.893
1.676
1.356
1.663
1.892
2.211
1.094
1.228
2.617
1.257
1.457
1.808
1.646
1.217
1.572
1.419
1.319
1.557
1.692
1.273
2.056
1.239
1.563
1.939
1.127

1.134
1.115
1.149
1.107
1.125
1.102
1.102
1.143
1.087
1.079
1.088
1.099
1.174
0.071

1.249
1.183
1.244
1.146
1.344
1.256
1.799
1.225
1.120
1.242
1.176
1.220
1.292
1.140
1.379
1.200
1.168
1.198
1.430
1.415
1.451
1.451
1.448
1.285
1.200
1.154
1.221
1.404
1.230
1.271
1.218



32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
average
standard deviation
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0.011
0.015
0.030
0.033
0.012
0.018
0.032
0.026
0.041
0.009
0.027
0.017
0.005
0.014
0.009
0.005
0.039
0.011
0.022
0.009
0.053
0.021
0.013
0.006
0.011
0.017
0.013

0.328
0.095
0.095
0.008
0.010
0.088
0.143
0.159
0.084
0.196
0.106
0.097
0.034
0.009
0.135
0.016
0.011
0.203

0.444
0.511
0.755
0.797
0.469
0.666
0.742
0.770
0.822
0.392
0.749
0.590
0.287
0.537
0.510
0.305
0.967
0.461
0.725
0.462
1.474
1.039
0.624
0.469
0.707
0.589
0.247

3.366
1.202
1.269
0.361
0.493
1.238
1.892
1.881
1.335
1.964
1.392
1.386
0.817
0.390
1.526
0.508
0.450
2.088

0.145
0.173
0.241
0.214
0.153
0.175
0.231
0.268
0.249
0.143
0.260
0.163
0.086
0.166
0.133
0.089
0.253
0.154
0.237
0.134
0.385
0.259
0.170
0.126
0.148
0.175
0.065
1219-172 (bsf)
0.954
0.374
0.391
0.112
0.184
0.362
0.460
0.493
0.521
0.645
0.453
0.556
0.278
0.144
0.524
0.166
0.140
0.573

284

0.099
0.107
0.156
0.198
0.103
0.133
0.177
0.123
0.210
0.080
0.131
0.133
0.076
0.108
0.085
0.078
0.195
0.087
0.118
0.081
0.177
0.102
0.098
0.062
0.097
0.113
0.044

0.438
0.325
0.310
0.086
0.073
0.310
0.396
0.411
0.206
0.386
0.298
0.222
0.155
0.082
0.327
0.121
0.100
0.450

1.465
1.617
1.545
1.081
1.485
1.316
1.305
2.179
1.186
1.788
1.985
1.226
1.132
1.537
1.565
1.141
1.297
1.770
2.008
1.654
2.175
2.539
1.735
2.032
1.526
1.579
0.361

2.178
1.151
1.261
1.302
2.521
1.168
1.162
1.200
2.529
1.671
1.520
2.505
1.794
1.756
1.602
1.372
1.400
1.273

1.194
1.177
1.230
1.238
1.208
1.400
1.170
1.347
1.145
1.166
1.286
1.277
1.145
1.280
1.517
1.217
1.381
1.240
1.379
1.374
1.806
2.023
1.544
1.708
1.902
1.323
0.197

1.658
1.100
1.161
1.139
1.391
1.177
1411
1.331
1.299
1.251
1.206
1.255
1.250
1.160
1.172
1.133
1.210
1.307



19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
average

standard deviation
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0.015
0.006
0.482
0.387
0.338
0.098
0.074
0.010
0.184
0.103
0.008
0.004
0.067
0.118
0.012
0.276
0.065
0.021
0.006
0.196
0.172
0.094
0.061
0.038
0.012
0.021
0.017
0.026
0.045
0.023
0.006
0.010
0.096
0.109

0.437
0.017
0.027
0.020
0.030
0.021
0.012
0.030
0.014
0.021
0.019

0.496
0.354
3.219
2.687
2.526
1.318
1.123
0.434
1.917
1.425
0.343
0.266
1.221
1.582
0.443
2.864
1.076
0.619
0.315
2474
2.037
1.409
1.600
0.967
0.513
0.700
0.650
0.736
0.977
0.645
0.359
0.515
1.227
0.811

4.222
0.602
0.854
0.640
0.847
0.659
0.456
0.837
0.472
0.646
0.644

0.186
0.122
1.074
0.828
0.784
0.414
0.341
0.155
0.703
0.391
0.113
0.085
0.389
0.414
0.143
0.736
0.322
0.181
0.108
0.614
0.563
0.372
0.373
0.275
0.139
0.218
0.187
0.225
0.254
0.207
0.131
0.137
0.370
0.239
1226-34 (bsf)
0.849
0.155
0.238
0.210
0.307
0.237
0.143
0.255
0.154
0.250
0.166

285

0.099
0.067
0.571
0.595
0.549
0.301
0.277
0.080
0.332
0.335
0.087
0.062
0.220
0.362
0.103
0.478
0.258
0.147
0.071
0.407
0.390
0.323
0.210
0.176
0.107
0.122
0.116
0.145
0.225
0.141
0.059
0.095
0.244
0.150

0.656
0.138
0.143
0.123
0.126
0.110
0.103
0.152
0.112
0.105
0.148

1.879
1.821
1.881
1.392
1.428
1.375
1.231
1.938
2.117
1.167
1.299
1.371
1.768
1.144
1.388
1.540
1.248
1.231
1.521
1.509
1.444
1.152
1.776
1.563
1.299
1.787
1.612
1.552
1.129
1.468
2.220
1.442
1.561
0.372

1.294
1.123
1.664
1.707
2.437
2.155
1.388
1.678
1.375
2.381
1.122

1.142
1.289
1.308
1.218
1.226
1.188
1.165
1.224
1.261
1.253
1.082
1.186
1.331
1.299
1.141
1.538
1.191
1.205
1.147
1.576
1.386
1.296
1.827
1.399
1.321
1.363
1.406
1.288
1.299
1.200
1.307
1.453
1.283
0.144

1.802
1.302
1.466
1.277
1.379
1.283
1.174
1.363
1.125
1.258
1.318



12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
average
standard deviation
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0.007
0.011
0.007
0.030
0.030
0.032
0.025
0.011
0.026
0.103
0.057
0.016
0.007
0.015
0.012
0.058
0.089
0.021
0.090
0.018
0.024
0.011
0.247
0.017
0.245
0.029
0.014
0.443
0.027
0.040
0.340
0.031
0.024
0.110
0.021
0.027
0.024
0.017
0.047
0.061
0.101

0.023
0.009
0.059
0.032

0.344
0.453
0.330
0.719
0.686
0.734
0.708
0.489
0.674
1.611
1.214
0.510
0.327
0.708
0.431
1.186
1.342
0.680
1.344
0.565
0.651
0.482
2.823
0.589
2.416
0.842
0.532
3.469
0.688
0.941
3.470
0.934
0.709
1.885
0.640
0.716
0.731
0.549
1.358
1.007
0.852

0.667
0.481
1.189
1.007

0.126
0.136
0.108
0.210
0.231
0.237
0.194
0.160
0.188
0.408
0.341
0.143
0.108
0.205
0.141
0.405
0.400
0.238
0.433
0.175
0.187
0.172
0.661
0.200
0.504
0.260
0.177
0.803
0.240
0.286
0.852
0.356
0.191
0.385
0.184
0.244
0.269
0.155
0.334
0.282
0.181

1226-90 (bsf)
0.180
0.127
0.388
0.230

286

0.066
0.099
0.080
0.181
0.163
0.174
0.162
0.085
0.173
0.320
0.214
0.139
0.083
0.091
0.105
0.184
0.285
0.114
0.264
0.135
0.161
0.078
0.475
0.108
0.525
0.143
0.102
0.703
0.145
0.178
0.508
0.110
0.159
0.363
0.149
0.143
0.115
0.136
0.181
0.190
0.144

0.165
0.092
0.195
0.179

1.909
1.374
1.350
1.160
1.417
1.362
1.198
1.882
1.087
1.275
1.593
1.029
1.301
2.253
1.343
2.201
1.404
2.088
1.640
1.296
1.161
2.205
1.392
1.852
1.131
1.818
1.735
1.142
1.655
1.607
1.677
3.236
1.201
1.061
1.235
1.706
2.339
1.140
1.845
1.593
0.458

1.091
1.380
1.990
1.285

1.160
1.218
1.113
1171
1.117
1.157
1.263
1.315
1.179
1.416
1.434
1.137
1.103
1.631
1.110
1.389
1.269
1.324
1.264
1.188
1.185
1.296
1.602
1.274
1.377
1.395
1.268
1.470
1.181
1.327
1.679
1.496
1.291
1.603
1.246
1.229
1.331
1.188
1.767
1.318
0.170

1.241
1.430
1.381
1.588



0.021
0.012
0.008
0.018
0.016
0.007
0.022
0.023
0.019
0.021
0.026
0.038
0.010
0.027
0.040
0.024
0.024
0.019
0.011
0.010
0.019
0.022
0.131
0.047
0.111
0.084
0.047
0.045
0.012
0.013
0.041
0.023
0.038
0.016
0.012
0.052
0.011
0.101
0.054
0.020
0.015
0.115
0.031
0.067
0.008
0.018

0.728
0.581
0.379
0.744
0.669
0.410
0.753
0.722
0.772
0.965
0.974
0.901
0.458
0.990
1.153
0.834
0.749
0.640
0.461
0.531
0.707
0.824
1.783
1.190
1.611
1.368
1.039
1.035
0.567
0.521
1.241
0.930
1.123
0.577
0.525
1.489
0.484
2.049
1.127
0.706
0.554
1.714
0.799
1.510
0.371
0.680

0.218
0.155
0.119
0.220
0.168
0.121
0.182
0.197
0.212
0.167
0.222
0.318
0.130
0.239
0.295
0.218
0.223
0.156
0.128
0.139
0.211
0.230
0.471
0.317
0.475
0.344
0.266
0.263
0.135
0.131
0.255
0.203
0.266
0.173
0.166
0.348
0.164
0.462
0.293
0.181
0.187
0.466
0.228
0.341
0.110
0.188

287

0.126
0.095
0.090
0.103
0.121
0.073
0.151
0.148
0.114
0.160
0.148
0.152
0.102
0.142
0.175
0.143
0.140
0.153
0.111
0.095
0.116
0.120
0.354
0.189
0.297
0.312
0.226
0.216
0.114
0.122
0.205
0.146
0.182
0.116
0.092
0.192
0.085
0.279
0.236
0.142
0.105
0.315
0.171
0.250
0.095
0.119

1.730
1.632
1.322
2.136
1.388
1.658
1.205
1.331
1.860
1.044
1.500
2.092
1.275
1.683
1.686
1.524
1.593
1.020
1.153
1.463
1.819
1.917
1.331
1.677
1.599
1.103
1.177
1.218
1.184
1.074
1.244
1.390
1.462
1.491
1.804
1.813
1.929
1.656
1.242
1.275
1.781
1.479
1.333
1.364
1.158
1.580

1.417
1.496
1.195
1.564
1.492
1.382
1.432
1.343
1.580
1.879
1.704
1.304
1.292
1.700
1.626
1.519
1.364
1.310
1.240
1.498
1.447
1.567
1.390
1.548
1.364
1.332
1.352
1.376
1.460
1.289
1.729
1.730
1.625
1.287
1.352
1.842
1.302
1.819
1.368
1.408
1.276
1.426
1.280
1.646
1.170
1.430



51
52
53
54
55
average
standard deviation
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30
average
standard deviation
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0.048
0.019
0.007
0.010
0.009
0.032
0.029

0.138
0.160
0.096
0.166
0.103
0.045
0.535
0.111
0.060
0.061
0.122
0.064
0.077
0.036
0.147
0.026
0.021
0.020
0.134
0.105
0.075
0.084
0.135
0.096
0.165
0.098
0.030
0.139
0.086
0.068
0.107
0.092

0.224
0.083
0.213
0.631
0.206

0.914
0.983
0.327
0.582
0.447
0.864
0.388

1.811
1.719
1.506
1.885
1.591
1.035
3.373
1.533
1.182
1.385
1.884
1.380
1.240
0.801
2.004
0.766
0.633
0.626
1.709
1.636
1.136
1.266
1.873
1.617
2.068
1.758
0.692
1.729
1.251
1.285
1.479
0.550

2.100
1.127
2.074
3.640
2.032

0.292
0.186
0.108
0.139
0.130
0.227
0.096
1226-101 (bsf)
0.521
0.484
0.377
0.486
0.477
0.303
1.013
0.498
0.323
0.371
0.445
0.407
0.366
0.262
0.486
0.216
0.190
0.229
0.418
0.576
0.334
0.397
0.483
0.414
0.546
0.440
0.212
0.447
0.391
0.379
0.416
0.152
1226-117 (bsf)
0.665
0.398
0.612
1.015
0.638

288

0.211
0.127
0.079
0.088
0.089
0.156
0.066

0.338
0.421
0.325
0.435
0.276
0.189
0.673
0.283
0.236
0.211
0.348
0.202
0.268
0.174
0.384
0.155
0.138
0.111
0.408
0.232
0.287
0.269
0.356
0.296
0.384
0.283
0.177
0.397
0.279
0.229
0.292
0.114

0.429
0.264
0.444
0.792
0.410

1.384
1.465
1.367
1.580
1.461
1.480
0.276

1.541
1.150
1.160
1.117
1.728
1.603
1.505
1.760
1.369
1.758
1.279
2.015
1.366
1.506
1.266
1.394
1.377
2.063
1.025
2.483
1.164
1.476
1.357
1.399
1.422
1.555
1.198
1.126
1.401
1.655
1.474
0.317

1.550
1.508
1.378
1.282
1.556

1.177
2.012
1.103
1.642
1.329
1.456
0.193

1.375
1.212
1.371
1.305
1.398
1.376
1.301
1.298
1.361
1.582
1.522
1.539
1.261
1.191
1.474
1.340
1.232
1.249
1.317
1.424
1.170
1.232
1.438
1.472
1.436
1.584
1.127
1.308
1.203
1.390
1.350
0.122

1.252
1.104
1.268
1.293
1.263



Chapter 8

6 0.305 2.399 0.727 0.535 1.359 1.225
7 0.216 2.032 0.609 0.451 1.350 1.233
8 0.179 1.784 0.571 0.399 1.431 1.189
9 0.117 1.401 0.440 0.340 1.294 1.155
10 0.166 1.692 0.593 0.356 1.666 1171
11 0.448 2.986 0.987 0.578 1.708 1.258
12 0.126 1.998 0.516 0.311 1.659 1.588
13 0.119 2.199 0.400 0.378 1.058 1.798
14 0.242 2.331 0.723 0.426 1.697 1.337
15 0.069 1.074 0.320 0.273 1.172 1.153
16 0.430 3.285 0.761 0.720 1.057 1.413
17 0.044 1.030 0.300 0.188 1.596 1.385
18 0.041 0.863 0.255 0.206 1.238 1.202
19 0.167 1.908 0.499 0.427 1.169 1.317
20 0.417 3.085 0.816 0.650 1.255 1.348
21 0.107 1.423 0.425 0.319 1.332 1.227
22 0.038 1.008 0.253 0.192 1.318 1.459
23 0.117 1.621 0.522 0.285 1.832 1.337
24 0.106 1.504 0.447 0.302 1.480 1.303
25 0.068 1.409 0.472 0.183 2.579 1.524
26 0.765 3.719 1.138 0.856 1.329 1.199
27 0.361 3.215 0.890 0.516 1.725 1.509
28 0.559 3.818 0.900 0.791 1.138 1.441
29 0.161 1.787 0.557 0.368 1.514 1.256
30 0.209 1.994 0.551 0.482 1.143 1.230
31 0.016 0.628 0.213 0.098 2.173 1.401
32 0.021 0.641 0.182 0.146 1.247 1.248
33 0.035 1.049 0.246 0.179 1.374 1.582
34 0.172 1.845 0.532 0.413 1.288 1.255
35 0.180 1.950 0.596 0.385 1.548 1.297
36 0.049 1.056 0.299 0.209 1.431 1.346
37 0.026 0.702 0.217 0.153 1.418 1.228
38 0.160 1.878 0.486 0.418 1.163 1.324
39 0.061 1.246 0.315 0.247 1.275 1.423
40 0.063 1.293 0.386 0.207 1.865 1.453
average 0.193 1.871 0.537 0.383 1.454 1.325
standard deviation 0.175 0.857 0.236 0.187 0.300 0.140
1226-127 (bsf)
1 0.229 2.770 0.690 0.424 1.627 1.633
2 0.092 1.303 0.382 0.307 1.244 1.212
3 0.358 3.120 0.831 0.549 1.514 1.471
4 0.153 1.591 0.469 0.415 1.130 1.147
5 0.439 3.598 1.011 0.553 1.828 1.532
6 0.326 2471 0.742 0.559 1.327 1.221
7 0.273 2.391 0.684 0.509 1.344 1.291
8 0.294 3.040 0.728 0.514 1.416 1.582

289



9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

average
standard deviation
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0.358
0.640
0.650
0.499
0.646
0.179
0.483
0.527
0.946
0.112
0.187
0.153
0.142
0.079
0.094
0.121
0.156
0.167
0.136
0.623
0.199
0.049
0.075
0.234
0.129
0.279
0.322
0.447
0.156
0.210
0.210
0.292
0.206

2.305
1.541
1.005
0.581
2401
0.933
1.094
0.822
1.653
0.654
0.047
0.008

3.223
4.231
4.401
3.500
4.237
2.112
3.383
3.793
5.707
1.560
1.917
1.952
1.660
1.426
1.630
1.923
2.282
2.143
2.461
3.869
2.326
1.259
1.569
2.809
1.740
2.559
2.537
3.650
1.691
2.110
2.085
2.616
1.022

6.374
5.498
4.388
3.360
6.891
4.431
4.630
4.052
5.539
3.887
0.942
0.457

0.825
1.277
1.090
0.974
1.283
0.620
0.870
1.100
1.400
0.398
0.598
0.539
0.451
0.400
0.523
0.440
0.607
0.519
0.540
0.915
0.637
0.331
0.349
0.698
0.445
0.697
0.735
1.024
0.483
0.687
0.528
0.706
0.275
1226-138 (bsf)
2.114
1.520
1.220
1.135
2.056
1.122
1.388
1.168
1.883
1.109
0.287
0.136

290

0.553
0.638
0.759
0.653
0.642
0.367
0.707
0.610
0.860
0.357
0.397
0.361
0.400
0.252
0.229
0.351
0.327
0.409
0.322
0.866
0.398
0.189
0.272
0.426
0.370
0.509
0.558
0.556
0.410
0.389
0.507
0.474
0.162

1.389
1.291
1.049
0.652
1.486
1.059
1.003
0.896
1.118
0.751
0.207
0.079

1.492
2.002
1.436
1.492
1.998
1.689
1.231
1.803
1.628
1.115
1.506
1.493
1.128
1.587
2.284
1.254
1.856
1.269
1.677
1.057
1.601
1.751
1.283
1.638
1.203
1.369
1.317
1.842
1.178
1.766
1.041
1.498
0.293

1.522
1.177
1.163
1.741
1.384
1.059
1.384
1.304
1.684
1.477
1.386
1.722

1.520
1.492
1.540
1.398
1.487
1.408
1.373
1.474
1.655
1.315
1.251
1.408
1.243
1.431
1.500
1.559
1.630
1.479
1.883
1.383
1471
1.604
1.616
1.638
1.367
1.367
1.261
1.540
1.208
1.299
1.283
1.440
0.158

1.184
1.249
1.235
1.244
1.255
1.294
1.249
1.261
1.215
1.356
1.226
1.441
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15
16
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22
23
24
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26
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28
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standard deviation
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0.661
1.229
1.062
1.062
0.110
0.040
0.040
0.028
0.018
0.016
0.006
5.478
1.231
0.859
0.887
1.483
1.297
0.523
0.969
1.082

0.019
0.017
0.008
0.008
0.021
0.020
0.011
0.016
0.015
0.007
0.008
0.007
0.006
0.012
0.006
0.009
0.012
0.004
0.015
0.003
0.007
0.011
0.009
0.016
0.003

3.478
4.546
4.678
4.678
1.685
0.844
0.844
1.011
0.654
0.630
0.371
9.587
4.581
3.937
4.106
5.487
5.872
3.104
3.685
2.261

0.845
0.599
0.422
0.414
0.765
0.833
0.471
0.540
0.549
0.382
0.378
0.384
0.351
0.467
0.317
0.433
0.471
0.292
0.578
0.237
0.410
0.518
0.399
0.620
0.223

0.972
1.398
1.249
1.249
0.395
0.265
0.265
0.204
0.166
0.179
0.124
3.000
1.385
1.271
1.306
1.896
1.734
1.050
1.108
0.713
1226-151 (bsf)
0.230
0.178
0.107
0.114
0.191
0.207
0.167
0.168
0.185
0.107
0.104
0.106
0.093
0.164
0.111
0.134
0.162
0.086
0.172
0.070
0.130
0.153
0.109
0.151
0.073

291

0.866
1.119
1.082
1.082
0.355
0.191
0.191
0.176
0.137
0.114
0.058
2.325
1.132
0.861
0.864
0.996
0.952
0.635
0.804
0.519

0.103
0.122
0.099
0.088
0.138
0.126
0.086
0.123
0.103
0.085
0.097
0.085
0.078
0.094
0.068
0.087
0.091
0.057
0.113
0.057
0.066
0.095
0.106
0.135
0.049

1.122
1.249
1.154
1.154
1.113
1.387
1.387
1.159
1.212
1.570
2.138
1.290
1.223
1.476
1.512
1.904
1.821
1.654
1.418
0.267

2.233
1.459
1.081
1.295
1.384
1.643
1.942
1.366
1.796
1.259
1.072
1.247
1.192
1.745
1.632
1.540
1.780
1.509
1.522
1.228
1.970
1.611
1.028
1.119
1.490

1.207
1.157
1.281
1.281
1.433
1.190
1.190
1.704
1.375
1.405
1.351
1.155
1.165
1.198
1.230
1.271
1.454
1.211
1.282
0.117

1.729
1.296
1.331
1.306
1.489
1.662
1.267
1.204
1.265
1.288
1.192
1.295
1.278
1.203
1.154
1.288
1.213
1.302
1.331
1.221
1.382
1.393
1.186
1.383
1.149



26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
average
standard deviation
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0.005
0.009
0.002
0.002
0.003
0.010
0.007
0.012
0.008
0.008
0.010
0.013
0.006
0.019
0.009
0.005
0.013
0.016
0.023
0.007
0.012
0.007
0.017
0.021
0.005
0.010
0.005

0.022
0.011
0.009
0.011
0.007
0.011
0.005
0.029
0.019
0.017
0.026
0.034
0.004
0.009
0.014
0.023
0.010
0.019

0.275
0.432
0.204
0.189
0.230
0.451
0.382
0.540
0.377
0.367
0.442
0.539
0.312
0.581
0.427
0.286
0.526
0.537
0.703
0.375
0.557
0.363
0.578
0.718
0.299
0.452
0.155

0.679
0.443
0.421
0.454
0.382
0.544
0.292
0.843
0.973
0.655
0.918
0.936
0.275
0.439
0.733
0.713
0.412
0.666

0.090
0.148
0.065
0.061
0.068
0.141
0.134
0.164
0.122
0.121
0.126
0.172
0.107
0.181
0.139
0.095
0.176
0.178
0.206
0.126
0.139
0.119
0.159
0.215
0.104
0.137
0.042
1226-159 (bsf)
0.193
0.136
0.115
0.123
0.122
0.153
0.087
0.251
0.252
0.192
0.298
0.259
0.097
0.127
0.189
0.214
0.119
0.196

292

0.067
0.078
0.047
0.047
0.058
0.090
0.070
0.097
0.086
0.083
0.097
0.096
0.066
0.132
0.081
0.066
0.097
0.112
0.145
0.068
0.109
0.072
0.133
0.124
0.063
0.091
0.025

0.146
0.103
0.098
0.111
0.077
0.090
0.072
0.149
0.095
0.110
0.110
0.167
0.056
0.092
0.091
0.136
0.103
0.125

1.343
1.897
1.383
1.298
1.172
1.567
1.914
1.691
1.419
1.458
1.299
1.792
1.621
1.371
1.716
1.439
1.814
1.589
1.421
1.853
1.275
1.653
1.195
1.734
1.651
1.514
0.270

1.322
1.320
1.173
1.108
1.584
1.700
1.208
1.685
2.653
1.745
2.709
1.551
1.732
1.380
2.077
1.574
1.155
1.568

1.097
1.285
1.287
1.192
1.185
1.272
1.288
1.391
1.189
1.157
1.247
1.334
1.136
1.189
1.270
1.141
1.301
1.198
1.308
1.264
1.434
1.224
1.251
1.398
1.193
1.281
0.119

1.291
1.192
1.252
1.221
1.288
1.463
1.165
1.396
1.991
1.417
1.606
1.432
1.227
1.305
1.748
1.326
1.162
1.363



19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
average

standard deviation
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0.015
0.007
0.117
0.050
0.029
0.056
0.028
0.009
0.029
0.024
0.006
0.006
0.012
0.027
0.014
0.014
0.007
0.011
0.023
0.033
0.030
0.010
0.008
0.005
0.020
0.013
0.008
0.061
0.010
0.012
0.004
0.016
0.020
0.019

0.056
0.060
0.051
0.089
0.060
0.042
0.061
0.046
0.090
0.034
0.041

0.657
0.373
1.500
1.081
0.723
0.998
0.729
0.409
0.886
0.686
0.328
0.316
0.506
0.796
0.627
0.485
0.369
0.426
0.627
1.033
1.036
0.561
0.481
0.323
0.590
0.526
0.376
1.074
0.412
0.557
0.258
0.656
0.624
0.265

1.136
1.099
1.235
1.419
1.128
0.860
1.142
1.211
1.363
0.743
0.911

0.257
0.136
0.454
0.331
0.225
0.288
0.207
0.115
0.325
0.212
0.095
0.090
0.175
0.249
0.189
0.158
0.125
0.120
0.176
0.322
0.244
0.158
0.147
0.097
0.177
0.198
0.119
0.305
0.137
0.166
0.085
0.198
0.188
0.079
1226-171 (bsf)
0.355
0.354
0.329
0.411
0.355
0.244
0.351
0.283
0.455
0.235
0.291

293

0.073
0.063
0.327
0.191
0.163
0.248
0.170
0.099
0.116
0.145
0.077
0.083
0.088
0.138
0.096
0.109
0.072
0.112
0.164
0.131
0.159
0.077
0.067
0.070
0.145
0.083
0.084
0.254
0.092
0.094
0.061
0.102
0.118
0.053

0.201
0.216
0.199
0.276
0.216
0.217
0.221
0.208
0.252
0.186
0.181

3.521
2.159
1.388
1.733
1.380
1.161
1.218
1.162
2.802
1.462
1.234
1.084
1.989
1.804
1.969
1.450
1.736
1.071
1.073
2.458
1.535
2.052
2.194
1.386
1.221
2.386
1.417
1.201
1.489
1.766
1.393
1.941
1.662
0.522

1.766
1.639
1.653
1.489
1.644
1.124
1.588
1.361
1.806
1.263
1.608

1.513
1.258
1.237
1.364
1.198
1.190
1.229
1.216
1.468
1.249
1.195
1.151
1.303
1.367
1.495
1.156
1.244
1.146
1.166
1.604
1.687
1.583
1.517
1.289
1.177
1.301
1.186
1.227
1.162
1.434
1.151
1.463
1.335
0.180

1.354
1.266
1.543
1.342
1.299
1.184
1.304
1.593
1.282
1.137
1.269



12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
average
standard deviation

Alw NP

0.036
0.058
0.024
0.042
0.037
0.048
0.038
0.058
0.043
0.039
0.090
0.055
0.024
0.042
0.135
0.045
0.035
0.058
0.036
0.042
0.044
0.056
0.038
0.050
0.034
0.144
0.045
0.034
0.061
0.088
0.033
0.017
0.028
0.078
0.183
0.023
0.035
0.076
0.039
0.054
0.031

0.019
0.013
0.009
0.012

0.987
1.373
0.726
0.962
0.980
1.053
1.016
1.019
0.967
1.232
1.349
1.008
0.715
0.968
1.624
1.398
1.328
1.424
0.988
0.936
1.208
1.264
1.010
1411
0.953
1.701
1.014
0.856
1.062
1.515
0.926
0.611
0.799
1.313
2.109
0.818
0.843
1.418
0.941
1.121
0.285

0.661
0.526
0.418
0.503

0.291
0.322
0.198
0.269
0.254
0.313
0.258
0.324
0.295
0.272
0.414
0.318
0.197
0.269
0.448
0.343
0.443
0.324
0.292
0.291
0.333
0.372
0.293
0.347
0.336
0.506
0.352
0.280
0.321
0.365
0.282
0.176
0.242
0.398
0.700
0.213
0.241
0.352
0.296
0.324
0.088
1226-174 (bsf)
0.191
0.153
0.128
0.146

294

0.158
0.228
0.156
0.200
0.185
0.195
0.188
0.228
0.185
0.182
0.278
0.221
0.156
0.200
0.384
0.167
0.100
0.227
0.159
0.183
0.167
0.192
0.166
0.184
0.127
0.363
0.162
0.153
0.244
0.306
0.151
0.120
0.149
0.248
0.334
0.135
0.183
0.275
0.166
0.204
0.058

0.126
0.106
0.088
0.105

1.842
1.412
1.269
1.345
1.373
1.605
1.372
1.421
1.595
1.495
1.489
1.439
1.263
1.345
1.167
2.054
4.430
1.427
1.836
1.590
1.994
1.938
1.765
1.886
2.646
1.394
2.173
1.830
1.316
1.193
1.868
1.467
1.624
1.605
2.096
1.578
1.317
1.280
1.783
1.649
0.499

1.516
1.443
1.455
1.390

1.467
1.608
1.322
1.324
1.437
1.356
1.470
1.194
1.315
1.760
1.268
1.212
1.302
1.332
1.247
1.859
2.002
1.668
1.469
1.288
1.625
1.507
1.462
1.780
1.458
1.264
1.348
1.310
1.213
1.441
1.438
1.322
1.347
1.326
1.391
1.522
1.271
1.451
1.344
1.406
0.179

1.353
1.301
1.243
1.295



0.007
0.011
0.005
0.007
0.009
0.010
0.006
0.006
0.014
0.006
0.009
0.008
0.009
0.003
0.007
0.021
0.010
0.004
0.004
0.003
0.012
0.006
0.004
0.012
0.002
0.003
0.003
0.005
0.004
0.012
0.004
0.004
0.015
0.008
0.006
0.004
0.004
0.003
0.008
0.007
0.007
0.020
0.008
0.007
0.009
0.020

0.402
0.539
0.308
0.337
0.488
0.552
0.328
0.336
0.670
0.344
0.444
0.376
0.406
0.216
0.406
0.670
0.521
0.261
0.258
0.221
0.619
0.321
0.252
0.570
0.270
0.260
0.239
0.323
0.251
0.671
0.306
0.276
0.662
0.393
0.387
0.276
0.271
0.227
0.427
0.384
0.454
0.682
0.453
0.440
0.466
0.772

0.123
0.191
0.099
0.109
0.134
0.158
0.113
0.104
0.162
0.114
0.123
0.136
0.140
0.064
0.103
0.173
0.156
0.072
0.082
0.074
0.208
0.105
0.084
0.171
0.091
0.071
0.090
0.096
0.088
0.167
0.088
0.097
0.173
0.138
0.101
0.099
0.097
0.079
0.115
0.102
0.130
0.214
0.134
0.144
0.158
0.208

295

0.076
0.073
0.068
0.077
0.090
0.082
0.067
0.073
0.109
0.068
0.095
0.072
0.081
0.050
0.091
0.153
0.085
0.069
0.058
0.045
0.076
0.072
0.058
0.092
0.035
0.061
0.040
0.066
0.054
0.089
0.063
0.057
0.110
0.078
0.070
0.051
0.058
0.049
0.091
0.092
0.071
0.121
0.072
0.065
0.069
0.122

1.618
2.616
1.456
1.416
1.489
1.927
1.687
1.425
1.486
1.676
1.295
1.889
1.728
1.280
1.132
1.131
1.835
1.043
1.414
1.644
2.737
1.458
1.448
1.859
2.600
1.164
2.250
1.455
1.630
1.876
1.397
1.702
1.573
1.769
1.443
1.941
1.672
1.612
1.264
1.109
1.831
1.769
1.861
2.215
2.290
1.705

1.355
1.450
1.229
1.136
1.451
1.557
1.195
1.224
1.597
1.253
1.320
1.186
1.207
1.112
1.369
1.304
1.470
1.164
1.151
1.138
1.594
1.169
1.124
1.468
1.703
1.339
1.231
1.289
1.120
1.728
1.365
1.231
1.525
1.239
1.409
1.231
1.209
1.169
1.347
1.295
1.531
1.360
1.429
1.484
1.386
1.540



51
52
53
54
55
56
57
58
59
60
average
standard deviation
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0.005
0.011
0.006
0.024
0.012
0.010
0.009
0.023
0.007
0.007
0.009
0.005

0.149
0.096
0.056
0.030
0.029
0.059
0.036
0.076
0.016
0.077
0.034
0.022
0.043
0.052
0.031
0.078
0.085
0.080
0.037
0.070
0.021
0.034
0.019
0.021
0.030
0.033
0.018
0.041
0.024
0.044
0.136
0.399
0.028

0.363
0.445
0.356
0.847
0.494
0.484
0.433
0.836
0.345
0.397
0.431
0.157

2771
1.432
1.064
0.731
0.854
1.156
1.073
1.446
0.628
1.363
0.894
0.666
1.109
1.099
0.936
1.458
1.507
1.302
0.860
1.444
0.640
1.001
0.645
0.643
0.862
0.858
0.602
1.210
0.815
1.026
2.094
3.674
0.843

0.124
0.130
0.111
0.207
0.155
0.147
0.110
0.206
0.112
0.121
0.129
0.039

1226-188 (bsf)
0.759
0.456
0.340
0.233
0.244
0.378
0.318
0.423
0.181
0.378
0.283
0.181
0.259
0.325
0.296
0.338
0.390
0.491
0.266
0.369
0.219
0.281
0.200
0.181
0.256
0.217
0.159
0.316
0.235
0.286
0.583
0.897
0.209

296

0.046
0.103
0.065
0.146
0.096
0.087
0.101
0.140
0.074
0.077
0.080
0.025

0.250
0.267
0.209
0.164
0.152
0.197
0.145
0.229
0.112
0.260
0.151
0.157
0.210
0.204
0.134
0.295
0.279
0.207
0.179
0.243
0.124
0.156
0.120
0.150
0.152
0.194
0.144
0.164
0.130
0.195
0.296
0.566
0.172

2.696
1.262
1.708
1.418
1.615
1.690
1.089
1.471
1.514
1.571
1.644
0.385

3.036
1.708
1.627
1.421
1.605
1.919
2.193
1.847
1.616
1.454
1.874
1.153
1.233
1.593
2.209
1.146
1.398
2.372
1.486
1.519
1.766
1.801
1.667
1.207
1.684
1.119
1.104
1.927
1.808
1.467
1.970
1.585
1.215

1.448
1.197
1.296
1.542
1.272
1.365
1.288
1.555
1.163
1.339
1.334
0.152

2.025
1.304
1.268
1.191
1.415
1.343
1.595
1.480
1.401
1.386
1.368
1.267
1.509
1.360
1.500
1.473
1.458
1.299
1.261
1.540
1.246
1.669
1.320
1.252
1.404
1.332
1.266
1.686
1.484
1.380
1.602
1.641
1421



34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
average

standard deviation
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0.015
0.021
0.197
0.044
0.112
0.016
0.051
0.094
0.021
0.037
0.023
0.043
0.026
0.017
0.183
0.012
0.088
0.052
0.078
0.037
0.048
0.073
0.027
0.041
0.021
0.032
0.079
0.023
0.030
0.108
0.058
0.048
0.058
0.058

0.353
0.833
0.342
0.166
0.403
0.364
0.249
0.365
0.724
0.232
0.155

0.534
0.817
2.404
1.148
1.953
0.668
1.046
1.419
0.756
1.049
0.787
1.065
0.901
0.618
2.216
0.422
1.403
0.981
1.407
0.916
0.943
1.221
0.711
1.046
0.657
0.757
1.491
0.855
0.980
1.641
1.199
1.191
1.138
0.553

2.604
3.967
2.530
1.850
2.669
2.681
2.072
2.630
3.663
2.179
1.713

0.186
0.195
0.609
0.291
0.400
0.174
0.382
0.427
0.248
0.289
0.187
0.292
0.185
0.170
0.491
0.143
0.496
0.302
0.460
0.270
0.276
0.352
0.227
0.297
0.217
0.259
0.425
0.206
0.280
0.440
0.360
0.259
0.319
0.140
1230-63 (bsf)
0.949
1.187
0.761
0.663
0.765
0.965
0.657
0.892
1.183
0.635
0.508

297

0.101
0.135
0.412
0.194
0.355
0.119
0.171
0.279
0.109
0.164
0.155
0.189
0.181
0.126
0.474
0.103
0.226
0.218
0.215
0.175
0.224
0.265
0.152
0.175
0.126
0.156
0.235
0.145
0.138
0.313
0.206
0.239
0.201
0.085

0.473
0.894
0.571
0.318
0.670
0.480
0.483
0.521
0.780
0.466
0.388

1.842
1.444
1.478
1.500
1.127
1.462
2.234
1.530
2.275
1.762
1.206
1.545
1.022
1.349
1.036
1.388
2.195
1.385
2.140
1.543
1.232
1.328
1.493
1.697
1.722
1.660
1.809
1.421
2.029
1.406
1.748
1.084
1.613
0.378

2.006
1.328
1.333
2.085
1.142
2.010
1.360
1.712
1.517
1.363
1.309

1.230
1.590
1.528
1.544
1.646
1.490
1.307
1.306
1.472
1.538
1.464
1.449
1.576
1.337
1.461
1.087
1.334
1.214
1.421
1.343
1.214
1.275
1.221
1.457
1.279
1.194
1.496
1.590
1.596
1.409
1.404
1.534
1.418
0.157

1.236
1.226
1.220
1.281
1.186
1.254
1.171
1.228
1.214
1.276
1.227



Chapter 8

12 0.166 1.962 0.653 0.323 2.022 1.358
13 0.347 3.188 1.069 0.414 2.582 1.527
14 0.374 2.638 0.853 0.558 1.529 1.217
15 0.316 2.393 0.688 0.584 1.178 1.201
16 0.339 2.302 0.779 0.554 1.406 1.115
17 0.465 2.740 0.966 0.612 1.578 1.133
18 0.277 2.057 0.656 0.539 1.217 1.103
19 0.239 1.969 0.697 0.436 1.599 1.136
20 0.675 3.405 1.176 0.730 1.611 1.169
21 0.332 2.629 0.759 0.557 1.363 1.287
22 0.617 3.341 0.951 0.826 1.151 1.200
23 0.394 2.963 0.848 0.592 1.432 1.332
24 0.718 3.552 1.029 0.888 1.159 1.183
25 0.652 3.434 1.034 0.803 1.288 1.200
26 0.168 1.949 0.593 0.362 1.638 1.341
27 0.612 3.313 0.950 0.820 1.159 1.195
28 0.525 3.340 0.948 0.705 1.345 1.300
30 0.054 1.025 0.296 0.235 1.260 1.244
average 0.395 2.647 0.831 0.572 1.506 1.233
standard deviation 0.199 0.688 0.213 0.178 0.346 0.085
1230-138 (bsf)
1 2.866 9.507 2.456 1.486 1.653 1.584
2 0.638 3.983 1.143 0.710 1.610 1.407
3 0.132 1.945 0.517 0.325 1.591 1.510
4 1.767 5.219 1.589 1.416 1.122 1.108
5 0.092 1.201 0.421 0.279 1.509 1.117
6 0.304 2.213 0.679 0.570 1.191 1.132
7 0.145 1571 0.460 0.401 1.147 1.164
8 0.169 1.596 0.531 0.406 1.308 1.095
9 0.343 2.376 0.733 0.596 1.230 1.144
10 0.222 1.922 0.593 0.476 1.246 1.151
11 0.228 1.887 0.584 0.497 1.175 1.115
12 0.342 2.539 0.834 0.522 1.598 1.225
13 0.251 1.997 0.648 0.492 1.317 1.124
14 1.276 5.674 1.418 1.146 1.237 1.417
15 0.184 2.740 0.858 0.273 3.143 1.802
16 0.069 1.336 0.380 0.231 1.645 1.435
17 0.095 1.639 0.498 0.243 2.049 1.500
18 0.640 3.375 1.068 0.762 1.402 1.190
19 0.329 2.743 0.810 0.518 1.564 1.349
20 0.062 1.299 0.366 0.217 1.687 1.472
21 0.069 1.342 0.414 0.214 1.935 1.441
22 0.226 3.540 0.722 0.398 1.814 2.101
23 0.127 1.738 0.493 0.328 1.503 1.376
24 0.810 4.579 1.188 0.868 1.369 1.435
25 0.130 1571 0.471 0.351 1.342 1.229
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Chapter 8

26 0.086 1.632 0.358 0.304 1.178 1.570
27 0.085 1.564 0.448 0.242 1.851 1513
28 0.115 1.367 0.440 0.333 1.321 1.137
29 0.111 1.290 0.424 0.333 1.273 1.092
30 1.064 5.024 1.434 0.945 1.517 1.374
31 0.103 1.448 0.465 0.282 1.649 1.273
32 0.076 1.145 0.353 0.272 1.298 1.172
33 0.080 1.556 0.414 0.246 1.683 1.552
average 0.401 2.562 0.734 0.506 1.520 1.343
standard deviation 0.590 1.773 0.459 0.332 0.379 0.229
1230-158 (bsf)
1 0.130 1.928 0.579 0.286 2.024 1.508
2 0.068 1.345 0.349 0.248 1.407 1.455
3 0.017 0.649 0.151 0.141 1.071 1.404
4 0.173 1.826 0.586 0.376 1.559 1.238
5 0.273 2.138 0.707 0.492 1.437 1.154
6 0.126 1.565 0.611 0.263 2.323 1.244
7 0.102 1412 0.465 0.280 1.661 1.247
8 0.081 1.303 0.441 0.235 1.877 1.292
9 0.028 0.741 0.247 0.142 1.739 1.249
10 0.114 1.493 0.566 0.257 2.202 1.247
11 0.217 1.884 0.572 0.483 1.184 1.141
12 0.233 2.527 0.762 0.389 1.959 1.477
13 0.074 1.882 0.545 0.173 3.150 1.952
14 0.201 1.964 0.690 0.371 1.860 1.236
15 0.344 2.692 0.781 0.562 1.390 1.295
16 0.070 1.217 0.322 0.275 1.171 1.298
17 0.038 1.044 0.283 0.171 1.655 1511
18 0.069 1.129 0.345 0.254 1.358 1.212
19 0.105 1.388 0.442 0.303 1.459 1.208
20 0.413 2.952 0.916 0.574 1.596 1.296
21 0.132 1.716 0.561 0.300 1.870 1.332
22 0.121 2.165 0.633 0.244 2.594 1.756
23 0.026 0.665 0.229 0.147 1.558 1.163
24 0.014 0.542 0.146 0.118 1.237 1.292
25 0.012 0.480 0.140 0.108 1.296 1.236
26 0.126 2.672 0.723 0.222 3.257 2.123
27 0.136 1.930 0.764 0.227 3.366 1.476
28 0.033 0.846 0.307 0.138 2.225 1.314
29 0.006 0.350 0.111 0.065 1.708 1.275
30 0.022 0.855 0.277 0.100 2.770 1.626
31 0.529 3.539 0.974 0.691 1.410 1.373
32 0.099 2.180 0.767 0.164 4.677 1.954
33 0.157 2.141 0.857 0.233 3.678 1.524
34 0.061 1.300 0.463 0.166 2.789 1.485
35 0.029 0.724 0.196 0.189 1.037 1.199
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36
37
38
39
40
41
42
43
44
45
average
standard deviation
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0.135
0.177
0.123
0.070
0.201
0.140
0.069
0.033
0.009
0.006
0.119
0.109

0.012
0.011
0.012
0.006
0.018
0.005
0.007
0.007
0.008
0.010
0.053
0.006
0.010
0.004
0.004
0.006
0.005
0.005
0.004
0.005
0.010
0.007
0.004
0.006
0.010
0.009
0.002
0.009
0.007
0.007
0.010
0.003
0.003

1.753
1.996
1.491
1.491
2.042
1.594
1.106
0.755
0.421
0.330
1.515
0.738

0.570
0.429
0.473
0.351
0.724
0.295
0.405
0.350
0.370
0.399
0.965
0.325
0.388
0.248
0.251
0.325
0.275
0.270
0.245
0.265
0.418
0.320
0.282
0.301
0.410
0.377
0.190
0.394
0.378
0.327
0.400
0.239
0.224

0.570
0.524
0.456
0.395
0.693
0.534
0.346
0.254
0.147
0.121
0.479
0.232

1230-297 (bsf)
0.153
0.154
0.164
0.133
0.191
0.092
0.128
0.137
0.117
0.134
0.356
0.119
0.130
0.094
0.087
0.118
0.085
0.080
0.087
0.091
0.144
0.093
0.098
0.096
0.129
0.114
0.064
0.130
0.118
0.101
0.128
0.076
0.077

300

0.301
0.431
0.344
0.225
0.370
0.335
0.255
0.164
0.078
0.062
0.266
0.141

0.099
0.088
0.092
0.062
0.119
0.074
0.073
0.063
0.090
0.095
0.190
0.065
0.095
0.056
0.062
0.065
0.073
0.074
0.055
0.070
0.092
0.090
0.054
0.081
0.101
0.098
0.038
0.089
0.078
0.091
0.095
0.058
0.045

1.894
1.216
1.326
1.756
1.873
1.594
1.357
1.549
1.885
1.952
1.910
0.760

1.545
1.750
1.783
2.145
1.605
1.243
1.753
2.175
1.300
1.411
1.874
1.831
1.368
1.679
1.403
1.815
1.164
1.081
1.582
1.300
1.565
1.033
1.815
1.185
1.277
1.163
1.684
1.461
1.513
1.110
1.347
1.310
1.711

1.346
1.338
1.199
1.590
1.285
1.202
1.188
1.172
1.252
1.202
1.368
0.222

1.468
1.154
1.218
1.278
1.522
1.177
1.366
1.180
1.167
1.126
1.182
1.184
1.095
1.106
1.120
1.184
1.097
1.077
1.093
1.057
1.179
1.079
1.258
1.096
1.157
1.121
1.198
1.172
1.274
1.103
1.128
1.231
1.154



34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
average
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0.008
0.010
0.013
0.012
0.006
0.008
0.010
0.045
0.015
0.011
0.012
0.007
0.011
0.012
0.005
0.006
0.013
0.039
0.038
0.107
0.053
0.026
0.026
0.041
0.039
0.052
0.022
0.016
0.036
0.038
0.036
0.020
0.017
0.018

0.011
0.031
0.005
0.006
0.012
0.012
0.015
0.011
0.063
0.002
0.012

0.343
0.409
0.469
0.462
0.326
0.340
0.398
0.909
0.473
0.487
0.471
0.343
0.441
0.572
0.307
0.293
0.456
0.883
0.845
1.641
1.018
0.674
0.729
0.864
0.929
1.114
0.620
0.550
0.841
0.927
1.050
0.605
0.507
0.277

0.431
0.744
0.285
0.328
0.461
0.469
0.507
0.410
0.991
0.188
0.429

0.118
0.144
0.170
0.138
0.127
0.117
0.155
0.329
0.154
0.172
0.163
0.128
0.162
0.142
0.092
0.105
0.158
0.306
0.276
0.457
0.301
0.229
0.255
0.290
0.293
0.365
0.217
0.208
0.274
0.308
0.261
0.183
0.166
0.084
1230-312 (bsf)
0.154
0.268
0.096
0.099
0.127
0.132
0.181
0.121
0.338
0.062
0.138

301

0.086
0.085
0.094
0.107
0.058
0.082
0.078
0.176
0.125
0.083
0.096
0.066
0.083
0.107
0.068
0.069
0.101
0.164
0.177
0.299
0.223
0.146
0.130
0.179
0.171
0.182
0.128
0.099
0.169
0.158
0.176
0.141
0.104
0.048

0.094
0.145
0.070
0.081
0.125
0.117
0.103
0.114
0.238
0.045
0.113

1.372
1.694
1.809
1.290
2.190
1.427
1.987
1.869
1.232
2.072
1.698
1.939
1.952
1.327
1.353
1.522
1.564
1.866
1.559
1.528
1.350
1.568
1.962
1.620
1.713
2.005
1.695
2.101
1.621
1.949
1.483
1.298
1.594
0.294

1.638
1.848
1.371
1.222
1.016
1.128
1.757
1.061
1.420
1.378
1.221

1.082
1.154
1.160
1.190
1.187
1.072
1.123
1.209
1.089
1.310
1.213
1.156
1.186
1.473
1.225
1.067
1.128
1.261
1.223
1.415
1.247
1.179
1.275
1.204
1.327
1.378
1.179
1.227
1.250
1.341
1.561
1.207
1.205
0.111

1.159
1.192
1.137
1.195
1.187
1.208
1.168
1.103
1.114
1.186
1.105



12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
average
standard deviation
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0.006
0.062
0.028
0.006
0.039
0.029
0.051
0.003
0.016
0.004
0.013
0.064
0.023
0.021
0.025
0.045
0.020
0.019
0.002
0.022
0.019

0.063
0.020
0.064
0.041
0.025
0.017
0.017
0.068
0.097
0.018
0.015
0.045
0.013
0.028
0.095
0.024
0.018
0.047
0.516
0.154
0.684
0.283
0.335
0.155

0.307
0.975
0.682
0.308
0.850
0.810
1.023
0.230
0.623
0.257
0.491
1.030
0.606
0.600
0.623
0.810
0.599
0.576
0.197
0.561
0.254

1.192
0.551
1.107
0.940
0.673
0.528
0.507
1.219
1.228
0.543
0.525
0.956
0.440
0.706
1.193
0.606
0.539
0.961
3.071
1.918
3.484
2117
2.603
1.836

0.102
0.297
0.222
0.100
0.253
0.245
0.261
0.083
0.173
0.086
0.142
0.363
0.201
0.212
0.209
0.264
0.179
0.185
0.065
0.179
0.081

1230-332 (bsf)
0.479
0.160
0.375
0.329
0.263
0.180
0.174
0.465
0.406
0.169
0.187
0.329
0.145
0.273
0.400
0.207
0.162
0.328
1.129
0.529
1.079
0.604
0.881
0.660

302

0.078
0.266
0.162
0.082
0.194
0.149
0.250
0.053
0.119
0.063
0.114
0.224
0.147
0.127
0.152
0.216
0.144
0.128
0.046
0.132
0.061

0.168
0.157
0.218
0.157
0.123
0.119
0.128
0.185
0.306
0.139
0.100
0.174
0.110
0.131
0.303
0.145
0.142
0.181
0.582
0.370
0.807
0.597
0.485
0.300

1.308
1.117
1.370
1.220
1.304
1.644
1.044
1.566
1.454
1.365
1.246
1.621
1.367
1.669
1.375
1.222
1.243
1.445
1.413
1.369
0.213

2.851
1.019
1.720
2.096
2.138
1.513
1.359
2.514
1.327
1.216
1.870
1.891
1.318
2.084
1.320
1.428
1.141
1.812
1.940
1.430
1.337
1.012
1.816
2.200

1.118
1.105
1.150
1.122
1.214
1.342
1.278
1.185
1.389
1.146
1.215
1.149
1.127
1.168
1.112
1.077
1.195
1.179
1.243
1.175
0.069

1.340
1.099
1.234
1.310
1.201
1.142
1.097
1.319
1.112
1.142
1.209
1.271
1.089
1.190
1.092
1.103
1.133
1.250
1.206
1.379
1.188
1.123
1.269
1.316



Chapter 8

25 0.318 2.433 0.772 0.525 1.470 1.217
26 0.522 3.058 1.148 0.579 1.983 1.194
27 0.162 1.817 0.608 0.340 1.788 1.273
28 0.544 3.346 1.160 0.597 1.943 1.280
29 0.327 2471 0.783 0.532 1.472 1.219
30 0.287 2.188 0.609 0.601 1.013 1.152
31 0.129 1.782 0.722 0.227 3.181 1.400
32 0.690 4.378 1.462 0.601 2.433 1.487
average 0.040 0.801 0.280 0.166 1.701 1.185
stv 0.207 1.060 0.358 0.204 0.528 0.100
1215-184 (bsf)

1 0.099 1.310 0.527 0.239 2.205 1.174
2 0.046 0.873 0.261 0.222 1.176 1.148
3 0.031 0.750 0.230 0.172 1.337 1.202
4 0.040 0.831 0.279 0.181 1.541 1.172
5 0.059 1.005 0.329 0.228 1.443 1.167
6 0.033 0.764 0.265 0.158 1.677 1.186
7 0.040 0.813 0.260 0.196 1.327 1.147
8 0.024 0.670 0.196 0.158 1.241 1.220
9 0.014 0.538 0.146 0.124 1.177 1.283
10 0.014 0.488 0.149 0.121 1.231 1.163
11 0.072 1.121 0.370 0.249 1.486 1.179
12 0.023 0.646 0.184 0.157 1.172 1.202
13 0.024 0.670 0.189 0.161 1.174 1.220
14 0.022 0.633 0.216 0.132 1.636 1.204
15 0.014 0.509 0.147 0.123 1.195 1.214
16 0.042 0.830 0.261 0.206 1.267 1.142
17 0.349 2.680 0.780 0.570 1.368 1.280
18 0.032 0.739 0.233 0.173 1.347 1.165
19 0.058 1.006 0.325 0.226 1.438 1.178
20 0.099 1.274 0.410 0.307 1.336 1.142
21 0.072 1.116 0.379 0.242 1.566 1.173
22 0.074 1.041 0.329 0.288 1.142 1.080
23 0.020 0.616 0.188 0.135 1.393 1.229
24 0.027 0.662 0.210 0.163 1.288 1.137
25 0.029 0.729 0.228 0.164 1.390 1.208
26 0.069 1.221 0.373 0.236 1.581 1.311
27 0.043 0.951 0.283 0.193 1.466 1.294
28 0.125 1.465 0.419 0.380 1.103 1.169
29 0.042 0.841 0.263 0.204 1.289 1.158
30 0.074 1.153 0.373 0.253 1.474 1.196
31 0.052 1.136 0.405 0.165 2.455 1.405
32 0.085 1.308 0.405 0.266 1.523 1.266
33 0.022 0.594 0.177 0.158 1.120 1.130
34 0.008 0.367 0.132 0.075 1.760 1.157
35 0.006 0.323 0.122 0.058 2.103 1.176
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36 0.011 0.424 0.137 0.098 1.398 1.140
37 0.014 0.481 0.162 0.113 1.434 1.147
38 0.061 1.062 0.352 0.220 1.600 1.213
39 0.113 1.367 0.433 0.331 1.308 1.147
40 0.053 1.075 0.319 0.213 1.498 1.317
41 0.034 0.811 0.262 0.164 1.598 1.241
42 0.014 0.487 0.173 0.101 1.713 1.161
43 0.019 0.606 0.188 0.132 1.424 1.240
44 0.032 0.726 0.257 0.157 1.637 1.145
45 0.011 0.491 0.140 0.101 1.386 1.321
average 0.050 0.871 0.277 0.194 1.454 1.199
standard deviation 0.054 0.401 0.125 0.088 0.276 0.063
1215-214 (bsf)
1 0.099 1.310 0.527 0.239 2.205 1.174
2 0.387 2.947 0.875 0.563 1.554 1.336
3 0.399 3.788 1.179 0.431 2.735 1.692
4 0.137 1611 0.479 0.365 1.312 1.228
5 0.170 1.847 0.660 0.327 2.018 1.264
6 1.042 4,791 1.578 0.840 1.879 1.324
7 0.176 2.078 0.507 0.442 1.147 1.397
8 0.062 1.018 0.294 0.270 1.089 1.153
9 0.081 1.278 0.395 0.262 1.508 1.267
10 0.070 1.120 0.345 0.257 1.342 1.194
11 0.277 2.612 0.658 0.536 1.228 1.400
12 0.181 1.859 0.540 0.427 1.265 1.233
13 0.082 1.237 0.361 0.287 1.258 1.219
14 0.040 0.817 0.259 0.196 1.321 1.152
15 0.070 1.105 0.343 0.261 1.314 1.178
16 0.084 1.400 0.437 0.246 1.776 1.363
17 0.149 1.601 0.536 0.354 1.514 1.170
18 0.060 1.164 0.329 0.233 1.412 1.341
19 0.104 1.319 0.391 0.338 1.157 1.154
20 0.083 1.237 0.385 0.273 1.410 1.211
21 0.079 1.338 0.361 0.280 1.289 1.343
22 0.141 1.534 0.485 0.370 1.311 1.152
23 0.054 1.066 0.328 0.209 1.569 1.294
24 0.068 1.316 0.326 0.264 1.235 1.424
25 0.015 0.482 0.161 0.116 1.388 1.110
26 0.172 1.994 0.797 0.275 2.898 1.356
27 0.190 1.859 0.520 0.466 1.116 1.203
28 0.239 2.155 0.638 0.476 1.340 1.243
29 0.108 1.319 0.409 0.337 1.214 1.132
30 0.054 1.031 0.302 0.228 1.325 1.252
average 0.162 1.674 0.514 0.339 1.504 1.265
standard deviation 0.190 0.887 0.288 0.141 0.442 0.120

1215-222 (bsf)
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1 0.164 1.950 0.569 0.366 1.555 1.358
2 0.048 1.016 0.359 0.171 2.099 1.308
3 0.062 1.090 0.382 0.207 1.845 1.235
4 0.042 0.856 0.265 0.204 1.299 1.178
5 0.090 1.462 0.389 0.294 1.323 1.375
6 0.056 0.969 0.343 0.207 1.657 1.155
7 0.030 0.785 0.263 0.145 1.814 1.279
8 0.031 0.740 0.239 0.166 1.440 1.186
9 0.020 0.581 0.193 0.130 1.485 1.159
10 0.027 0.706 0.209 0.167 1.251 1.212
11 0.020 0.608 0.186 0.136 1.368 1.213
13 0.105 1.558 0.500 0.267 1.873 1.356
14 0.044 1.005 0.295 0.188 1.569 1.352
15 0.036 0.885 0.272 0.168 1.619 1.316
16 0.025 0.686 0.205 0.155 1.323 1.224
17 0.075 1.197 0.450 0.211 2.133 1.233
18 0.017 0.526 0.181 0.122 1.484 1.138
19 0.032 0.792 0.281 0.143 1.965 1.249
20 0.030 0.777 0.255 0.151 1.689 1.265
21 0.028 0.663 0.227 0.156 1.455 1.118
22 0.146 1.630 0.534 0.347 1.539 1.203
25 0.041 0.820 0.253 0.208 1.216 1.142
26 0.038 0.821 0.294 0.166 1771 1.188
27 0.034 0.803 0.234 0.187 1.251 1.228
28 0.053 0.997 0.317 0.212 1.495 1.222
29 0.023 0.673 0.220 0.130 1.692 1.252
30 0.025 0.636 0.195 0.164 1.189 1.135
31 0.136 1.719 0.553 0.313 1.767 1.315
32 0.073 1.120 0.353 0.262 1.347 1.169
33 0.106 1.412 0.424 0.318 1.333 1.223
34 0.078 1.279 0.413 0.240 1.721 1.292
35 0.092 1.261 0.352 0.333 1.057 1.173
36 0.056 1.032 0.275 0.257 1.070 1.230
37 0.053 1.103 0.340 0.199 1.709 1.352
38 0.032 0.824 0.281 0.147 1.912 1.299
39 0.037 0.820 0.232 0.201 1.154 1.203
40 0.124 1.501 0.498 0.318 1.566 1.202
41 0.044 0.922 0.255 0.219 1.164 1.240
42 0.046 0.830 0.260 0.223 1.166 1.092
43 0.030 0.702 0.243 0.158 1.538 1.143
44 0.045 0.874 0.297 0.195 1.523 1.162
45 0.031 0.787 0.258 0.155 1.665 1.261
46 0.075 1.141 0.345 0.276 1.250 1.175
47 0.046 0.909 0.309 0.191 1.618 1.196
48 0.031 0.813 0.239 0.166 1.440 1.303
49 0.016 0.591 0.157 0.130 1.208 1.318
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50 0.019 0.621 0.183 0.129 1.419 1.271
average 0.056 0.975 0.305 0.214 1.437 1.218
standard deviation 0.036 0.329 0.104 0.065 0.266 0.071
Appendix 4.4 Total organic carbon, total nitrogen, and carbon isotopes
core number and position total organic carbon TOC/TN deltal3C
(cm bsf) (wt %) (%o)
F1
1226-162 0.15 10.76 -23.42
1226-167 0.21 11.50 -24.08
F2a (fine particles)
1226-44 0.14 9.15 -21.75
1226-75 0.29 11.30 -23.41
1226-142 0.23 10.25 -22.20
1226-172 0.11 13.11 -25.08
F2a (coarse particles)
1215-179 0.11 9.87 -22.79
1215-210 0.15 10.11 -23.18
1219-172 0.12 9.57 -23.52
1226-50 0.04 7.14 -24.39
1226-180 0.08 12.07 -25.13
1230-297 0.05 7.80 -24.19
1230-312 0.05 7.62 -18.98
1230-332 0.07 12.24 -23.71
F2b (fine particles)
1219-16 0.08 7.53 -21.52
1219-46 0.06 7.17 -22.91
1219-312 0.04 6.70 -23.61
1226-90 0.05 9.25 -27.41
1226-151 0.05
1230-48 0.06 8.36 -23.91
F2b (coarse particles)
1219-58 0.02
1219-61 0.05 7.25 -23.05
1226-34 0.05 8.76 -25.08
1226-101 0.05
1226-117 0.05
1226-134 0.03
1226-138 0.03
1226-159 0.04
1226-171 0.05
1226-174 0.05
1226-18 0.04
1230-56 0.05 8.13 -26.02
1230-63 0.04 6.16 -25.73
1230-138 0.03
1230-158 0.03
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Appendix 5.1 Validation of wave property simulation

The characteristics of the waves around the Azores Archipelago were simulated with a wave
modelling system based on the last version of the SWAN model (41.31A), implemented in the
North Atlantic area and then in the target area. Simulations were performed from 1 January
2013 to 31 December 2014. To validate the SWAN model results in the Azores Archipelago,
comparisons with altimeter measurements were made for 6 months (from September 2013 to

February 2014). In this period various extreme events affected Europe.

The H; fields simulated by SWAN model in the Azores Archipelago were interpolated in space
and time using the triangulation-based linear interpolation method (Rusu and Guedes Soares,
2015), to collocate with the altimeter data L3 product (version v2.0.6) processed in the
framework of Climate Change Initiative for Sea State (CCI-SS) project, (Dodet et al., 2020).
Further, statistical analyses to assess the quality of the simulated Hs were performed. The
computed statistical parameters are bias, root mean square error (RMSE), scatter index (SI),

and correlation coefficient (r), defined with the following relationships:

1)

with X; being denoted the measured values (altimeter measurements), while Y; represents the
simulated values (SWAN results), and N is the number of pairs of data observations/simulations.
The symmetric slope (S) was also evaluated, that is the coefficient of the regression line through
the origin (model against measured data). This parameter shows when an over-estimation of

the measurements occurs (S >1) or on the contrary an under-estimation (S <1).
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Scatter diagram of Hs simulated by SWAN vs. altimeter measurements from September 2013

to February 2014.
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Appendix 5.2 Computed wave-induced stresses and the used parameters

Appendix 5.2.1 Characteristics of surface samples and computed threshold stresses of

sediment
Sample ID Latitude (°) | Longitude (°) | Depth (m) ?\;/lrc?éz ?:ﬁ? c?&)c))s ;Zzzs‘irr]ﬁ;(rj]tsgzﬁgz
(N/m2)
YA D Ter
FAPI3 072 38.65538 -28.70825 85 0.001717 6.1 0.950
FAPI3 071 38.65175 -28.70820 65 0.001636 6.1 0.889
FAPI3 070 38.64660 -28.67942 73 0.002412 7.1 1.517
FAPI3 073 38.64517 -28.74408 65 0.000986 3.1 0.475
FAPI3 074 38.63728 -28.74165 40 0.000454 3.1 0.247
FAPI3 068 38.63472 -28.65470 60 0.000361 5.1 0.219
FAPI3 075 38.63215 -28.73740 18 0.000525 0.0 0.270
FAPI3 076 38.62823 -28.76147 58 0.000279 3.1 0.197
FAPI3 067 38.62713 -28.65437 21 0.000339 5.1 0.213
FAPI3 077 38.62203 -28.76075 40 0.000356 3.1 0.218
FAPI3 078 38.61693 -28.75952 19 0.000444 0.0 0.244
FAPI3 066 38.61668 -28.60758 81 0.001329 10.2 0.677
FAPI3_ P07 38.61272 -28.75002 20 0.000707 0.0 0.341
FAPI3_065 38.61032 -28.60885 60 0.00132 5.1 0.672
FAPI3_ P06 38.58877 -28.60386 20 0.000785 0.0 0.375
FAPI3 063 38.58810 -28.57970 61 0.001214 3.1 0.605
FAPI3 064 38.58760 -28.59660 20 0.000277 8.2 0.197
FAPI3 060 38.58008 -28.59900 20 0.000253 10.2 0.191
FAPI3 061 38.58005 -28.58977 39 0.000325 12.2 0.210
FAPI3_ 062 38.57952 -28.58145 59 0.00057 10.2 0.287
FAPI3 006 38.57178 -28.41695 79 0.002071 14.3 1.227
FAPI3 P04 38.56808 -28.60512 20 0.000779 0.0 0.372
FAPI3 007 38.56670 -28.39983 70 0.000959 6.1 0.460
FAPI3 058 38.56348 -28.59948 21 0.000279 5.1 0.197
FAPI3_059 38.56342 -28.59173 41 0.000415 22.4 0.235
FAPI3 079 38.56228 -28.77038 19 0.000415 0.0 0.235
FAPI3 008 38.55928 -28.36713 76 0.001385 4.1 0.714
FAPI3 080 38.55927 -28.77385 40 0.000747 0.0 0.358
FAPI3_ 002 38.55887 -28.53457 50.2 0.000551 59.2 0.280
FAPI3_ P05 38.55773 -28.61024 20 0.000629 4.1 0.309
FAPI3 009 38.55738 -28.35702 85 0.000314 4.1 0.207
FAPI3 P02 38.55571 -28.61000 20 0.0005 0.0 0.262
FAPI3 081 38.55473 -28.77432 57 0.00105 4.1 0.509
FAPI3 010 38.55220 -28.35137 68 0.000973 16.3 0.467
FAPI3 011 38.54788 -28.34225 63 0.000877 4.1 0.418
FAPI3 P03 38.54265 -28.61992 20 0.000454 3.1 0.247
FAPI3 012 38.54052 -28.33308 45 0.000328 6.1 0.210
FAPI3 083 38.53860 -28.75772 28 0.000441 3.1 0.243
FAPI3 094 38.53795 -28.61532 20 0.000264 4.1 0.193
FAPI3 082 38.53758 -28.76448 58 0.001266 4.1 0.637
FAPI3 093 38.53390 -28.60887 40 0.000354 22.4 0.217
FAPI3 004 38.52593 -28.56233 68.7 0.000457 57.1 0.248
FAPI3 P01 38.52518 -28.62600 20 0.000444 21.4 0.244
FAPI3 003 38.52463 -28.54867 25 0.000228 36.7 0.184
FAPI3 P08 38.52315 -28.67071 20 0.001959 0.0 1.137
FAPI3 092 38.52222 -28.61980 24 0.000287 10.2 0.199
FAPI3 005 38.52040 -28.60898 44 0.000529 29.0 0.272
FAPI3_ 090 38.52015 -28.64220 20 0.000299 8.2 0.203
FAPI3 015 38.51725 -28.28943 76 0.000221 8.2 0.182
FAPI3 087 38.51670 -28.69183 37 0.000379 12.2 0.224
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FAPI3_ 084
FAPI3_ 014
FAPI3 091
FAPI3_ 089
FAPI3 085
FAPI3 013
FAPI3 017
FAPI3 016
FAPI3 019
FAPI3_024
FAPI3 018
FAPI3 023
FAPI3 022
FAPI3 021
FAPI3_ 020
FAPI3_057
FAPI3_ 056
FAPI3 055
FAPI3_054
FAPI3 053
FAPI3_052
FAPI3 051
FAPI3_050
FAPI3 035
FAPI3 038
FAPI3 033
FAPI3 025
FAPI3 039
FAPI3_044
FAPI3_040
FAPI3_026
FAPI3_ 042
FAPI3 027
FAPI3_043
FAPI3_041
FAPI3_031
FAPI3 030
FAPI3_ 029

38.51622
38.51413
38.51357
38.51312
38.51085
38.50975
38.50548
38.50337
38.49567
38.49187
38.49125
38.48868
38.47075
38.46938
38.46597
38.45660
38.45552
38.45497
38.45388
38.45293
38.44952
38.43647
38.43353
38.40670
38.40645
38.40613
38.40540
38.40518
38.40258
38.40162
38.40117
38.40103
38.40077
38.39987
38.39943
38.39012
38.38727
38.38407

-28.74123
-28.29158
-28.64172
-28.67590
-28.72625
-28.29228
-28.26602
-28.26737
-28.23222
-28.21643
-28.23230
-28.21610
-28.18408
-28.18375
-28.18480
-28.13328
-28.13462
-28.11502
-28.10092
-28.07572
-28.07578
-28.03642
-28.03648
-28.16688
-28.14805
-28.18098
-28.26700
-28.16658
-28.05787
-28.11905
-28.26658
-28.10552
-28.26533
-28.10872
-28.10762
-28.20730
-28.20765
-28.22317

62
41.8
60
62
63
22
74
55
61
65
23
40
58
43
24
58
45
43
58
57
33
59
52
27
28
29
30
70
41
42
47
23
38
39
49
28
37
39

0.001569
0.000117
0.000363
0.000732
0.001366
0.000137
0.000363
0.000514
0.000129
0.000406
0.000152
0.000563
0.000332
0.000253
0.000154
0.000578
0.000727
0.000574
0.000356
0.000351
0.000342
0.000202
0.000189
0.001266
0.001558
0.000966
0.000164
0.000841
0.000323
0.000774
0.000678
0.001853
0.000664
0.000818
0.000369
0.000493
0.000497
0.000993

10.2
12.2
16.3
22.4
12.2
7.1
12.2
14.3
16.3
4.1
5.1
5.1
44.9
32.7
204
12.2
22.4
31
8.2
6.1
5.1
32.7
449
4.1
14.3
28.6
14.3
5.1
36.7
6.1
8.2
8.2
7.1
7.1
6.1
6.1
8.2
9.2

0.841
0.150
0.220
0.351
0.702
0.157
0.220
0.267
0.154
0.232
0.162
0.284
0.211
0.191
0.163
0.290
0.349
0.288
0.218
0.217
0.214
0.177
0.174
0.637
0.834
0.464
0.166
0.401
0.209
0.370
0.329
1.054
0.323
0.390
0.222
0.260
0.261
0.478

Appendix 5.2.2 Wave properties and computed wave-induced stresses on sediment

2001
2001 95t 2013-2014 2013-2014

peak | Gonificant | 2013-2014 g5t | 2001wave wave o001 | 2013

Sample ID wave wave peak wave | significant induced bed induced bed stress 2014

period - - shear stress - stress

) height period (s) wave (N/m?) shear stzress ratio ratio

(m) height (m) (N/m?)
T Hs T Hs Tw w

FAPI3_072 | 5.952 2.491 9.760 4.056 0.00002 0.11302 0.00002 | 0.11901
FAPI3 071 | 11.133 6.754 10.916 3.775 1.52827 0.59632 1.71822 0.67043
FAPI3_070 | 11.000 4.610 11.300 2.902 0.69409 0.39736 0.45763 | 0.26199
FAPI3_073 | 11.167 6.818 11.444 3.853 1.20538 0.56793 2.54025 | 1.19686
FAPI3_074 | 11.079 6.846 12.366 3.732 2.45968 1.16342 9.95877 | 4.71046
FAPI3_068 | 11.333 5.920 11.370 3.399 0.76391 0.33957 3.48240 | 1.54800
FAPI3_075 | 6.447 3.500 10.918 3.758 1.59432 3.32701 5.89439 | 12.30034
FAPI3_076 | 11.244 6.698 10.106 3.953 0.85466 0.26148 4.33136 | 1.32519
FAPI3_ 067 | 14.756 2.019 11.440 2.903 0.92107 1.53771 431811 7.20904
FAPI3_077 | 12.411 6.684 10.190 3.912 2.43905 0.80308 11.18977 | 3.68434
FAPI3_078 | 11.955 6.229 12.156 3.472 6.18194 2.60822 25.32994 | 10.68695
FAPI3_066 | 9.968 5.894 9.953 3.172 0.25964 0.10264 0.38325 | 0.15151
FAPI3_P07 | 7.514 4.814 10.520 3.369 3.41032 2.88414 10.01363 | 8.46864
FAPI3_065 | 9.984 5.816 11.567 1.812 0.87542 0.27702 1.30359 | 0.41251
FAPI3_P06 | 12.711 2.515 10.390 2.023 2.07000 1.42261 5.52555 | 3.79745
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FAPI3_063
FAPI3_064
FAPI3_060
FAPI3_061
FAPI3_062
FAPI3_006
FAPI3_P04
FAPI3_007
FAPI3_058
FAPI3_059
FAPI3_079
FAPI3_008
FAPI3_080
FAPI3_002
FAPI3_P05
FAPI3_ 009
FAPI3_P02
FAPI3_081
FAPI3 010
FAPI3 011
FAPI3 P03
FAPI3 012
FAPI3_083
FAPI3_094
FAPI3 082
FAPI3 093
FAPI3_004
FAPI3_PO1
FAPI3 003
FAPI3 P08
FAPI3 092
FAPI3_005
FAPI3_090
FAPI3 015
FAPI3 087
FAPI3_ 084
FAPI3 014
FAPI3_091
FAPI3 089
FAPI3 085
FAPI3 013
FAPI3 017
FAPI3 016
FAPI3 019
FAPI3_024
FAPI3 018
FAPI3 023
FAPI3_022
FAPI3_021
FAPI3_ 020
FAPI3_057
FAPI3_056
FAPI3_055
FAPI3_ 054
FAPI3 053
FAPI3_052
FAPI3_051
FAPI3_050
FAPI3 035
FAPI3 038
FAPI3 033
FAPI3_025
FAPI3_039
FAPI3_044

9.816
10.446
13.767

9.253

8.824
10.890
10.435
10.860

9.940

9.827

8.196
10.615

8.237

9.648

7.590
10.761

7.590

8.251
11.189
10.806
16.011
11.578

8.191

8.497

8.256

6.328

9.630

6.083

9.634

8.461
10.959

6.651

8.242
10.437

8.618

7.992
10.274

7.643

8.456

8.622
11.622
10.248
15.000
10.412
10.163
11.222
10.061

9.512

9.131
15.000

9.404
10.342
10.042

9.916
10.011
10.202

8.148

7.019

6.793

8.231

8.135

8.538

6.828

7.630

4.257
3.397
2.753
3.339
3.557
5.750
4.462
5.774
5.915
6.754
5.790
5.238
5.863
7.033
2.150
4912
2.150
5.903
4.394
5.012
0.993
3.724
5.771
1.660
5.871
2.530
7.030
1.185
7.041
2.654
1.261
2.887
3.051
4.238
1.881
5.353
3.829
4.200
5.080
5.049
3.521
4.116
2.250
4.291
4.361
3.093
3.870
3.762
2.738
1.200
4.090
3.525
3.869
3.993
3.725
3.560
3.072
2.280
2.999
3.100
1.900
2.715
3.102
3.917

8.804
8.701
10.631
10.548
8.344
9.627
10.628
9.610
8.264
7.558
9.882
9.496
8.467
8.866
10.534
9.573
10.534
8.382
10.950
10.931
13.733
11.166
9.613
8.695
8.457
6.452
7.778
13.970
7.885
7.176
8.630
6.388
8.848
9.523
10.165
10.712
9.596
6.707
6.790
7.762
11.023
9.924
10.951
9.101
8.972
10.746
9.013
8.726
8.404
15.200
10.082
9.981
10.053
9.972
9.714
9.684
7.300
6.350
7.545
6.683
6.583
8.933
8.603
7.889

2.795
2.189
2.051
2.039
2.503
3.477
2.045
3.537
1.926
2.056
2.487
3.224
2.569
2.991
1.017
3.406
1.017
3.046
2.803
2.990
1.056
2.684
2.444
1.198
3.201
1.881
2.519
0.856
2.419
2.014
1.360
2.092
2.070
2.659
1.578
2.634
2.418
2.625
2.637
3.282
1.999
2.489
2.367
2.534
2.672
1.733
2.361
2.186
1.380
0.892
2.085
1.753
2.366
2.438
2.197
2.276
2.120
1.788
1.005
2.215
1.706
2.336
1.311
1.472
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0.45668
1.78865
1.31811
0.49655
0.14173
0.63132
4.57899
0.65078
3.72423
1.68401
4.27611
0.44744
1.03944
1.12743
0.99215
0.12943
0.88088
0.29507
0.54946
0.69217
0.38850
0.73061
2.06539
0.51250
0.29746
0.03126
0.32076
0.18062
3.27978
2.89380
0.34228
0.04351
1.29431
0.11370
0.20847
0.15250
0.40342
0.03897
0.15644
0.23170
1.21515
0.14063
0.44170
0.19139
0.25540
0.99027
0.97301
0.19723
0.23787
0.24796
0.27965
0.79466
0.82905
0.27581
0.27355
0.99929
0.03604
0.01126
0.76479
1.60738
0.54098
0.38417
0.00286
0.22225

0.12430
0.81355
0.81518
0.33096
0.05561
0.12897
1.45515
0.15502
0.58345
0.09181
1.44087
0.10179
0.34758
0.21326
0.46102
0.03047
0.40932
0.12521
0.25732
0.33769
0.43209
0.42003
0.79830
0.32482
0.14612
0.02431
0.01044
0.31312
0.47585
1.44547
0.29830
0.01783
0.79323
0.03012
0.25307
0.36639
0.16942
0.00407
0.00539
0.04677
0.51508
0.05423
0.26558
0.04207
0.05618
0.41081
0.33860
0.05198
0.05992
0.15978
0.14655
0.25515
0.40159
0.13647
0.10864
0.47026
0.00710
0.00239
0.23040
0.44208
0.18907
0.34268
0.01375
0.06359

0.75441
9.08800
6.91617
2.36973
0.49442
0.51432
12.30377
1.41397
18.87415
7.16753
18.20015
0.62624
2.90362
4.03168
3.21505
0.62660
3.36183
0.57955
1.17583
1.65494
1.57297
3.47660
8.49601
2.65012
0.46673
0.14387
1.29345
0.74006
17.82071
2.54515
1.71675
0.16011
6.38870
0.62478
0.92877
0.18126
2.69234
0.17709
0.44537
0.33012
7.72153
0.63904
1.65570
1.23946
1.09898
6.09914
3.42854
0.93298
1.24813
1.52089
0.96573
2.27651
2.87761
1.26536
1.26288
4.67064
0.20375
0.06488
1.20000
1.92817
1.16653
2.31289
0.00714
1.06372

0.20535
4.13358
4.27729
1.57946
0.19400
0.10507
3.90999
0.33683
2.95691
0.39077
6.13268
0.14247
0.97094
0.76263
1.49393
0.14753
1.56213
0.24592
0.55066
0.80739
1.74943
1.99871
3.28380
1.67966
0.22926
0.11186
0.04209
1.28296
2.58551
1.27132
1.49615
0.06560
3.91538
0.16548
1.12744
0.43548
1.13066
0.01850
0.01535
0.06663
3.27301
0.24641
0.99552
0.27246
0.24175
2.53021
1.19310
0.24591
0.31441
0.98005
0.50609
0.73095
1.39392
0.62610
0.50156
2.19797
0.04016
0.01375
0.36151
0.53030
0.40770
2.06309
0.03429
0.30434



FAPI3_ 040
FAPI3_ 026
FAPI3 042
FAPI3 027
FAPI3 043
FAPI3 041
FAPI3 031
FAPI3 030
FAPI3_ 029

7.382
8.342
6.828
9.165
8.432
8.370
13.040
6.702
6.897

3.591
4.564
3.102
4.162
3.621
3.669
1.000
2.419
2.380

6.822
7.478
8.354
7.488
6.870
6.437
7.765
6.595
6.250

2.222
2.733
2.055
2.630
2.449
2.459
1.436
1.780
2.028
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0.22301
0.40555
1.63355
1.03430
0.64412
0.18465
0.28816
0.08767
0.11855

0.05909
0.08987
1.48392
0.21723
0.10848
0.00994
0.23887
0.04906
0.03966

0.60319
1.23437
1.55048
3.20369
1.65146
0.83361
1.10944
0.33605
0.24792

0.15981
0.27355
1.40846
0.67287
0.27814
0.04486
0.91969
0.18806
0.08294



Appendix 6.1 Geochemical composition of full glass data for core 1230 at depth 180-250 cm.
(The file of generated geochemical data is to be freely obtained from the supplementary

information in the future open-access article)

Sample

positions-1D Na2O | K20 | FeO SiO2 | TiO2 | MgO | CaO | MnO | AlO3 | P20s TAS | Total
Cmbsh | ) | 0 ) ) ) ) | 0 | ) | ) 0 6 ()
1230
178-180-3 725 | 500 | 476 | 6597 | 054 H 035 | 065 | 0.25 | 1516 | 0.07 12.24 100
178-180-4 726 | 505 | 464 | 6619 | 053 | 031 | 063 | 0.20 | 1515 0.04 12.31 100
178-180-5 6.72 | 498 | 470 | 6661 | 063 | 035 | 0.60 | 0.23 | 1513 0.06 11.70 100
178-180-6 703 | 513 | 432 | 6567 | 069 § 046 | 079 | 023 | 1559 | 0.09 12.16 100
178-180-7 6.85 | 497 | 454 | 66.76 | 052 H 036 | 061 | 022 | 1510 | 0.08 11.82 100
178-180-12 | 723 | 512 | 464 | 6590 | 062 @ 041 | 065 | 0.19 | 1516 | 0.07 12.36 100
178-180-13 | 7.27 | 490 | 463 | 66.10 | 056 | 037 | 063 | 0.30 | 1523 | 0.01 12.17 100
178-180-14 | 7.46 | 489 | 455 | 6643 | 061 H 035 | 058 | 0.18 | 14.86 | 0.09 12.36 100
178-180-15 727 | 494 | 470 | 6625 | 051 | 0.33 | 059 | 031 | 15.06 0.05 12.21 100
185-186-1 717 | 491 | 488 | 66.26 | 057 H 034 | 061 | 0.19 | 15.04 | 0.02 12.08 100
185-186-2 732 | 486 | 462 | 66.16 | 0.70 A 033 | 0.62 | 0.22 | 15.07 | 0.09 12.18 100
185-186-5 748 | 498 | 454 | 6589 | 063 | 035 | 063 | 0.18 | 1523 | 0.07 12.46 100
185-186-6 725 | 5.00 | 437 | 6596 | 056 | 036 | 0.71 | 0.25 | 1547 | 0.07 12.25 100
185-186-7 751 | 500 | 419 | 6497 | 069 H 050 | 084 | 020 | 1596 | 0.13 12.51 100
185-186-8 712 | 479 | 506 | 6553 | 060 # 032 | 089 | 020 | 1540 | 0.10 11.90 100
185-186-9 691 | 494 | 475 | 6664 | 057 034 | 063 | 0.18 | 1500 | 0.04 11.86 100
185-186-10 748 | 490 | 454 | 66.07 | 072 | 034 | 0.64 | 0.20 | 1512 0.00 12.37 100
185-186-12 | 6.59 | 4.78 | 466 | 6702 | 063 H 033 | 058 | 024 | 1511 | 0.07 11.36 100
185-186-14 692 | 484 | 494 | 66.71 | 056 | 031 | 0.61 & 0.23 | 14.87 0.00 1177 100
185-186-15 742 | 498 | 455 | 6592 | 064 | 034 | 057 | 030 | 15.23 0.04 12.41 100
198-200-1 698 | 491 | 473 | 66.44 | 053 | 040 | 060 | 0.22 | 15.08 | 0.11 11.89 100
198-200-2 720 | 493 | 469 | 6639 | 051 | 038 | 0.61 | 0.25 | 14.96 0.09 12.13 100
198-200-3 731 | 490 | 495 | 6593 | 059 | 035 | 0.63 | 0.24 | 15.05 0.05 12.21 100
198-200-5 740 | 485 | 477 | 6479 | 082 | 056 | 0.80 | 0.27 | 1556 | 0.17 12.25 100
198-200-7 714 | 502 | 419 @ 6566 | 063 | 044 | 080 | 0.17 | 1584 0.11 12.17 100
198-200-8 6.79 | 495 | 489 | 6685 | 057 H 030 | 060 | 0.19 | 1482 | 0.04 11.74 100
198-200-9 711 | 505 | 428 | 6552 | 069 A 043 | 076 | 0.18 | 1586 | 0.13 12.16 100
198-200-11 717 | 498 | 465 H 6642 | 056 | 031 | 059 | 021 | 15.04 0.05 12.16 100
198-200-12 | 7.29 | 499 | 471 | 66.14 | 058 # 038 | 068 | 0.19 | 15.03 | 0.01 12.28 100
198-200-14 708 | 497 | 472 | 6634 | 063 | 038 | 0.65 | 0.22 | 1495 0.06 12.06 100
198-200-15 732 | 498 | 470 | 6585 | 056 | 036 | 058 | 0.23 | 1541 0.02 12.29 100
198-200-4 3.66 | 1.14 | 1053 | 49.00 | 353 | 6.00 | 10.73 | 0.14 | 1476 | 051 4.80 100
238-240-2 716 | 486 | 475 | 66.08 | 062 | 032 | 0.61 | 0.22 | 1531 0.06 12.02 100
238-240-3 7.08 | 492 | 466 | 6645 | 059 | 034 | 056 | 0.29 | 15.03 | 0.07 12.00 100
238-240-4 704 | 493 | 534 H 6687 | 042 021 | 061 | 022 | 1434 0.01 11.97 100
238-240-5 739 | 496 | 462 | 66.15 | 058 | 030 | 0.66 | 0.27 | 15.03 0.03 12.35 100
238-240-6 728 | 495 | 474 | 6630 | 056 | 033 | 056 | 0.24 | 1495 | 0.09 12.23 100
238-240-7 706 | 498 | 479 | 66.16 | 057 | 033 | 062 | 0.22 | 1520 0.06 12.04 100
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238-240-8
238-240-9
238-240-10
238-240-11
238-240-14
218-220-1
238-240-13
218-220-1
218-220-2
218-220-3
218-220-4
218-220-6
218-220-7
218-220-8
218-220-9
218-220-10
218-220-11
218-220-12
218-220-13
218-220-14
248-250-1
248-250-3
248-250-4
248-250-5
248-250-6
248-250-7
248-250-8
248-250-9
248-250-10
248-250-11
248-250-12
248-250-13
248-250-14
248-250-15
248-250-2

7.27
7.14
6.80
7.22
7.16
4.47
4.18
7.21
7.03
7.30
7.13
7.02
7.17
7.37
7.25
7.23
7.39
7.15
7.46
6.95
7.39
7.06
6.98
7.06
7.42
7.56
6.87
7.17
6.99
7.22
7.19
7.70
7.12
7.72
4.36

5.00
4.98
4.84
4.85
4.84
1.61
1.56
4.90
5.03
4.95
4.96
4.90
5.06
4.99
4.98
5.10
4.88
4.96
4.69
4.96
4.90
5.09
4.92
5.13
4.85
4.94
5.11
4.94
5.04
4.96
4.94
4.79
5.03
4.77
1.52

4.67
4.62
4.76
4.66
471
10.40
10.46
4.73
4.71
4.56
4.48
4.76
4.73
4.36
471
4.73
4.78
4.76
6.81
4.28
4.84
4.74
4.79
4.14
4.66
4.61
4.44
4.79
4.80
4.63
4.24
5.87
441
5.52
12.33

66.35
66.50
66.26
66.44
65.88
50.42
50.44
66.30
66.16
66.14
66.24
66.37
66.15
65.39
65.72
65.81
65.96
66.27
66.60
65.15
66.07
66.01
66.47
65.42
66.73
65.85
65.42
65.83
66.00
66.41
65.12
65.59
65.62
66.48
48.84

0.53
0.61
0.66
0.51
0.51
3.11
3.17
0.60
0.51
0.57
0.56
0.55
0.50
0.57
0.62
0.54
0.58
0.54
0.59
0.70
0.56
0.57
0.64
0.63
0.46
0.55
0.55
0.56
0.57
0.62
0.69
0.50
0.70
0.50
4.34
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0.33
0.34
0.40
0.31
0.35
4.63
4.44
0.29
0.31
0.35
0.37
0.29
0.38
0.44
0.33
0.31
0.35
0.29
0.31
0.51
0.33
0.35
0.31
0.42
0.25
0.29
0.42
0.31
0.29
0.30
0.39
0.28
0.39
0.27
4.46

0.59
0.65
0.64
0.68
0.96
8.68
9.05
0.60
0.61
0.61
0.59
0.58
0.61
0.68
0.63
0.66
0.63
0.60
0.48
0.88
0.55
0.64
0.54
0.84
0.47
0.56
0.77
0.63
0.61
0.65
0.78
0.53
0.72
0.47
8.90

0.20
0.23
0.26
0.25
0.21
0.29
0.19
0.20
0.28
0.23
0.25
0.25
0.28
0.14
0.21
0.25
0.29
0.25
0.30
0.19
0.20
0.32
0.21
0.21
0.27
0.23
0.19
0.27
0.18
0.23
0.24
0.26
0.16
0.34
0.22

15.05
14.86
15.33
15.05
15.31
1557
15.71
15.14
1531
15.18
15.33
15.19
15.07
15.99
15.47
1531
15.09
15.11
12.64
16.29
15.11
15.16
15.09
16.01
14.88
15.34
16.11
15.41
15.48
14.87
16.29
14.42
15.74
13.89
13.89

0.02
0.06
0.06
0.02
0.06
0.81
0.80
0.03
0.05
0.10
0.08
0.10
0.05
0.06
0.07
0.07
0.06
0.07
0.11
0.09
0.05
0.06
0.05
0.14
0.02
0.06
0.13
0.08
0.04
0.11
0.11
0.06
0.11
0.04
1.12

12.27
12.12
11.64
12.08
12.01
6.08
5.74
12.11
12.06
12.25
12.08
11.92
12.23
12.36
12.23
12.33
12.27
12.11
12.15
11.92
12.29
12.15
11.90
12.19
12.26
12.50
11.97
12.11
12.02
12.17
12.13
12.49
12.14
12.49
5.89

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



