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Abstract

Predicting the geometry and continuity of clastic units within lava-dominated
sequences in volcanic margin settings is problematic as they are typically laterally
discontinuous, relatively thin and often poorly imaged in the subsurface. Although
such sequences are well known, detailed studies of their lithofacies architecture
are rare and poorly constrained, which can result in major challenges to
hydrocarbon exploration in these settings. As the demand for hydrocarbons
increases, exploration is being focussed on more challenging stratigraphic and
tectonic settings, such as volcanic margins. Consequently, it is necessary we
enhance our understanding of how petroleum systems interact with volcanic-
prone sequences, in order to maximise recovery of hydrocarbons. Using a field
analogue in conjunction with remote sensing datasets is fundamental to
understanding these complicated systems. This study utilises the Hreppar
Formation (HF) in SW Iceland as an analogue to understand elements of petroleum
systems to reduce the challenges and risk associated with hydrocarbon exploration

within volcanic-dominated basins.

The HF at Fludir, comprises basaltic lavas and interbasaltic sedimentary rocks of
Plio-Pleistocene age (3.3-0.7Ma) and provides excellent 3D exposure. This study
provides a comprehensive evaluation of the geology in this area and its relevance

and importance to hydrocarbon exploration.

Detailed field mapping and graphic logging have been combined with field
panoramas and photogrammetry to characterise the sequence in detail and to
identify the lateral (dis)connectivity of the clastic units, the main lithofacies, the
different facies architectures, structural elements and drainage pathways within
the HF.

The detailed field data presented here are generally all below seismic resolution.
In an offshore setting, with currently available technology, it is highly unlikely this
level of detail can be captured using remote sensing tools alone. The advantage
of using a field analogue such as that of the HF is the level of detail which can be
captured. This enables the gap in scale, between field-scale and seismic/well-
scale to be bridged. It allows models to be ground truthed, which reduces

uncertainty and risk, essential to hydrocarbon exploration.
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This research identifies complex interaction between volcanic, glacial and fluvial
systems, underpinned by a strong tectonic influence. >60% of the HF is dominated
by sub-aerial basaltic lavas and predicting where lithofacies occur in these types
of environments is challenging, however through initial quantitative analysis of
volcanic and sedimentary units in the HF, basic prediction in similar settings is

possible.

The field data collected in the HF can inform every stage of the development of
a hydrocarbon field in a volcanic margin, from determining the architecture of a
potential reservoir to defining the main structures and potential fluid pathways as
well as deciding how to produce the field.

Jonathan Dietz October 2018
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Chapter 1 Introduction 1

1 Introduction

Hydrocarbon exploration within volcanic dominated basins can present humerous
challenges as well as opportunities compared to conventional sedimentary basins.
Volcanically dominated basins are generally poorly understood due to the
heterogeneity involved in volcanic systems and their relationship with
sedimentation. This project uses the Hreppar Formation (HF) in Iceland as a field
analogue to better understand how elements of petroleum systems are affected

by volcanism.

This project is part of the Volcanic Margins Research Consortium (VMRC), an
industry funded consortium consisting of five oil and gas companies (Statoil, Dong,
JX Nippon, ENI and Siccar Point Energy) and four universities (Universities of
Glasgow, Aberdeen, Durham and Leicester) as well as CASP. The consortium is now
at the end of the 2" phase and has funded three other projects. The consortium
is a collaboration between industry and academia to better understand the effects
and processes of volcanism on petroleum systems and hydrocarbon exploration.
This particular study aims to provide a more detailed understanding of the
lithofacies architecture of interbedded volcanic, volcaniclastic and sedimentary

rocks and their role in potential volcano-sedimentary petroleum systems.

1.1 Research Rationale

Large volumes of volcanic rocks are often associated with rifted margins and
continental breakup and are found all over the world (Figure 1-1) (e.g. northern,
central and southern Atlantic Ocean, southern Red Sea, East Africa, east and west
coasts of Australia and India, as well as Antarctica; Menzies et al, 2002). As a
result of their association with rifted margins and continental breakup, volcanic
rocks are commonly found within sedimentary basins. They can comprise a
significant volume of them (Menzies et al, 2002; Geoffroy, 2005). This can present

numerous challenges to hydrocarbon exploration in these offshore basins.

Hydrocarbon exploration within frontier basins, dominated by volcanic rocks, such

as that of the Faroe-Shetland Basin of the NE Atlantic Margin can be problematic
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due to the significant extent of subaerial lava impeding seismic imaging (Poppit
et al, 2016).
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Figure 1-1 Map of the world, indicating large igneous provinces in pink and black dots signify
the presence of hydrocarbons associated with igneous rocks. (After Jerram and Widdowson,
2005;Bryan and Ferrari, 2013; Wright, 2013).

The FSB and other volcanic dominated basins have proven, large oil and gas
discoveries (e.g. the Rosebank, Schiehallion, Clare and Cambo fields are all
significant fields in the FSB; Schofield and Jolley, 2013; Muirhead et al, 2017).
Within the Rosebank Field, the main reservoir intervals are fluvial clastic
sequences which are interbedded with basaltic lavas, hyaloclastites and
volcaniclastic sedimentary units (Schofield and Jolley, 2013; Poppit et al, 2016).
These types of sequences record the complex interaction of competing volcanic
and sedimentary systems; however, even with continued exploration,

development and production, these systems remain poorly understood.

Predicting the continuity and lateral extent of clastic units in lava-dominated
settings is difficult due to the typically, laterally discontinuous nature of the units.
Additionally these units are generally relatively thin and are often poorly imaged
in the subsurface due to the overlying lava cover (Woodburn et al, 2014). Although
these types of sequences are well known, detailed studies of their lithofacies
architecture are rare and poorly constrained, which can result in numerous

challenges to hydrocarbon exploration.
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Historically, hydrocarbon exploration has targeted petroleum systems in
siliciclastic and carbonate rocks, as generally these systems have been easier to
explore and produce. However, with the demand for hydrocarbons remaining high,
dwindling reserves, and an increasing world population, hydrocarbon exploration
has had to focus on more challenging areas (Deloitte, 2015; Biscardini et al, 2017)
in order to maintain and increase reserves. These include exploration in to
unconventionals (coal bed methane, shale gas, shale oil) and in to more complex
geology such as sub-salt and sub-basalt exploration. The latter is the primary

driver of this project.

Understanding of challenging geological areas such as those affected by volcanism
in terms of hydrocarbon exploration are relatively limited as evidenced by the
Rosebank Field in the FSB (Poppit et al, 2016). It was discovered in 2004, yet due
to the challenges associated with the volcanic cover (e.g. seismic imaging within
and beneath the basalt cover, interpretation of petrophysical data), the field is
still within the appraisal phase, with no definitive date for coming on stream
(Poppit et al, 2016). The timeline of the Rosebank Field highlights the complexity
of exploring for hydrocarbons within volcanic dominated margins. Some of the
biggest issues surrounding exploration in these types of areas is predicting where
reservoir units may occur and the connectivity between these units. Typically,
within  volcanically dominated environments, reservoir intervals are
discontinuous, mostly due to volcanic and sedimentary systems competing for the
same available accommodation space and structural controls on deposition,
resulting in inter-fingering relationships (Schofield and Jolley, 2013). The term
accommodation space, within this project, is defined as the space available for
units to accumulate within. To better understand these challenging geological
areas, it is important to understand them from a field perspective. In doing so,
detailed information can be obtained which can be used to populate models where
data is lacking, e.g in offshore hydrocarbon exploration. Fieldwork has been a
necessary, large component of this project in order to improve understanding of

these areas.

1.2 Research aims and objectives

The interaction of volcanic and sedimentary systems can produce very

heterogeneous deposits and very little is actually known about these systems. It
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is particularly useful therefore to understand how these differing systems compete
for accommodation space and evolve with time in terms of being able to better

understand hydrocarbon exploration in volcanic dominated settings.

The project aims to advance the current understanding of volcano-sedimentary
settings in order to target similar offshore sequences for hydrocarbon exploration
by utilising the Hreppar Formation (HF) as an analogue that has similar
characteristics to the offshore fields mentioned previously. As with any analogue
study, there needs to be some caution in directly comparing onshore analogue
data with offshore field data, as it is likely there will be discrepancies between
the two, the HF is no different. There is no “perfect analogue” for any offshore
field; however, continued work on onshore analogues allows us to develop “end

member” models, which may be used to inform future appraisal and exploration.

The main objectives of this project are;

e To develop a detailed understanding of lithofacies architecture of
interbedded volcanic, volcaniclastic and sedimentary rocks in the HF and

apply this to potential volcano-sedimentary systems.

e To create detailed maps and logs of representative sections of lavas,
volcaniclastic and sedimentary rocks from the HF.

e To generate a detailed facies scheme and to develop general facies models
of the HF, which may also be applicable to other volcano-sedimentary
settings.

e To combine all these datasets (maps, lithological logs, photogrammetry
models, facies models and conceptual models) in to a coherent case study
of how volcanic and sedimentary rocks interact in the HF and how these

data may be applied offshore.

e Tocompare the collected data with modelled remote sensing data, in order

to better understand how these systems may appear in the sub-surface.
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It is important to note that this is predominantly a field based study in order to
understand the detailed nature of volcano-sedimentary settings and is not an
exhaustive comparison with offshore remote sensing data. This is beyond the
scope of this project, however a study of offshore data compared with HF data

would be complimentary to this work.

1.3 Project outline

Chapters 2-10 are summarised below. The chapters follow a logical order of
analysis of the HF from large scale features to detailed descriptions and the
implications of the work. Individual chapters build on the previous chapters main
points and are not meant to be stand-alone pieces of work. Much of the work

focusses around the geological map of the HF which is referred to throughout.

Chapter 2: An introduction to the regional geological history of Iceland and the
HF. It focusses on the timing of events in Iceland that led to the formation of the

HF and gives a brief description of the units found in the HF.

Chapter 3: A description of the terminology used throughout the project, with

images of key examples.

Chapter 4: Focusses on the main methods used within the project and an

introduction to the various maps that were created of the HF.

Chapter 5: A detailed description of the main lithofacies found within the HF at
FLUdir, including field examples. This chapter also describes the environments of
deposition of the main lithofacies. 7 main lithofacies have been identified, with
15 further sub-facies in the HF area. This is not an exhaustive lithofacies
description, but instead the lithofacies have been genetically grouped in order to

make identification simple.

Chapter 6: A detailed investigation of the main lithofacies successions in the HF,
which builds upon the main lithofacies in chapter 5. It focusses on using log data
and interpreted panoramas to determine the most common associations. These
are often genetic, however in areas where volcanics and sediments interact, the

associations are frequently non-genetic.
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Chapter 7: A case study from the Stora Laxa river section within the HF at Fludir.
It is the largest continually exposed section within the HF at FlUdir making it an
ideal section to examine lateral and vertical facies changes as well as gaining an
insight in to the underlying structure of the area. This chapter utilises,
photogrammetry, panoramas and logs to determine the nature of the relationships

between the various units.

Chapter 8: A detailed investigation in to the underlying structure of the HF at
FLUdir and how this controls deposition of volcanic rocks and sediments. The
structural relationships between key outcrops are investigated, as well as

different models for the overall complex structure of the HF.

Chapter 9: Focusses on the positive and negative general aspects of volcano-
sedimentary systems on hydrocarbon exploration. It uses examples from the HF as

well as forward modelling and published data.

Chapter 10: Provides a tentative step towards understanding geospatial
relationships within the volcano-sedimentary settings. It also provides
comprehensive discussion and conclusions of the main findings from the field
studies, highlighting the main characteristics of volcano-sedimentary settings and

their importance in hydrocarbon exploration.
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2 Regional setting

2.1 Introduction

The following chapter provides an overview of the geological history of Iceland
and in particular, that of the HF. This is intended to be a brief description of the
regional context of the project and not an in-depth review, which is outside the
scope of the project. For a detailed geological history of Iceland, see Thordarson

and Hoskuldsson (2014) and references therein.

2.2 Iceland

Iceland is situated in the North Atlantic Ocean between Greenland to the west
and Norway to the east and covers an area of ~350,000 km? (Thordarson and
Hoskuldsson, 2014). It lies on the junction between the Reykjanes and Kolbeinsey
Ridge (Mid Atlantic Ridge) and the Greenland-lceland-Faroes Ridge (Ellis and
Stoker, 2004; Thordarson and Héskuldsson, 2014) (Figure 2-1).

7.‘1’3;

" Mid ocean rift axis

FALN
. -
Q Offsore flood basalt sequence 2
Xl ™

G

Greenland

Figure 2-1 Location map of Iceland after (Thordarson et al, 2014). Iceland is situated in the
middle of the North Atlantic at the junction between the Reykjanes and Kolbeinsey Ridges
and the Greenland-Iceland-Faroe Ridge.
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The Icelandic land mass is part of the oceanic crust which forms the floor of the
Atlantic Ocean and there is an approximately 50-200 km wide shelf around Iceland,
with water depths of up to 400 m (Thordarson and Héskuldsson, 2014). Iceland is
the only place on Earth where a mid-ocean ridge rises above sea level. Iceland
began to form ~ 24 Ma however the oldest exposed rocks in Iceland are ~14-16 Ma

which are predominantly found in the east and west (Figure 2-2) (Thordarson and

Hoskuldsson, 2014).
Kolbeinsey Ridge
Oxarfioréur B

TFZ i

North Volcanic Zone

Ly

West Volcanic Zone

.
-
o

Reykjavik

D Holocene sandur plains (<11.7 Ky)
[T Upper Pleistocene (<0.7 Ma)

East Volcanic Zone

[] Piio-Pleistocene (3.3-0.7 Ma)

Reykjanes Ridge Hreppar Formation I Miocene/Pliocene (16-3.3 Ma)

50 km £™ Volcanic Zone
{

.', Rift

“ Fracture Zone

Figure 2-2 Simplified geological map of Iceland. The main ages of the rocks found within
Iceland and their distribution are highlighted. East, West and North Volcanic Zones are
indicated by black dashed lines. General location of the Hreppar Formation is highlighted.
After Thordarson and Hoskuldsson (2014).

There is some debate as to how Iceland has developed in the last 60Ma, with some
authors suggesting that Iceland is the result of interaction between a spreading
ridge and a mantle plume (an upwelling of lower mantle material) (Thordarson
and Larsen, 2007; Mjelde et al, 2008; Thordarson and Héskuldsson, 2014;
Smallwood and White, 2014), whilst others propose a non-plume, plate tectonic

origin for the formation of Iceland (Lundin and Doré, 2005; Ellis and Stoker, 2014).
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2.2.1 Plume or non-plume origin for Iceland

Plume protagonists suggest that the most obvious feature of the presence of a
plume underneath Iceland is the elevation of Iceland over the surrounding sea
floor (Thordarson and Larsen, 2007; Mjelde et al 2008; Thordarson and
Hoskuldsson, 2014). The mantle plume provides the material for the volcanic
zones observed in Iceland (Thordarson 2012). According to Mjelde et al (2008) a
large plume developed west of Greenland and coincided with NE-SW extension,
which allowed dykes to develop from Greenland to Britain. The plume moved
beneath central Greenland at 55 Ma and hot material flowed beneath the thinnest
parts of the lithosphere, which generated extensive margin magmatism,
coinciding with rifting (Mjelde et al, 2008). The plume head and associated magma
had become exhausted and much reduced in size. At 23 Ma there was increased
activity at the Kolbeinsey Ridge, which is presumed to be a result of direct
interaction between plume and ridge (Mjelde et al 2008) and resulted in the

beginning of the formation of Iceland.

Non-plume protagonists suggest that Iceland formed as a result of opposing rifts-
propagating in different directions; a SW propagating rift from the North Atlantic
and the other a NE propagating rift from the central Atlantic, which began ~48 Ma
(Lundin and Doré, 2005; Ellis and Stoker 2014). Non-plume protagonists dispute
the spherical nature of the positive geoid centred beneath Iceland, and instead
they identify a linear shape not centred beneath Iceland, which poses problems
for the plume model. The Greenland-lceland Faroe-Ridge is proposed to have
formed as a result of linear rifting, lithospheric thinning and decompressive
melting to create this anomalously thick area of oceanic crust (Ellis and Stoker,
2014) (Figure 2-1) which is symmetrical in age about Iceland (disputing it as a
hotspot track) (Lundin and Doré, 2005). Non-plume protagonists suggest that the
two opposing rifts and simple plate tectonics are enough to justify the

development of the North Atlantic.

2.2.2 Onshore Iceland

Narrow belts of active volcanism and faulting define the Kolbeinsey and Reykjanes
ridges in onshore Iceland. These are seen from Reykjanes in the southwest to

Oxarfjordur bay in the north (Figure 2-2). The North American and Eurasian Plates
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are spreading at a rate of ~18 mm per year at a trend of N105°E and 285'W
(Thordarson and Hoskuldsson, 2014). Generally speaking, the eastern side of
Iceland sits on the Eurasian Plate, whereas the western side of Iceland sits on the

North American Plate (Einarsson, 2008).

In the subsurface, associated with the continued spreading at the ridges, large
vertical dykes form. The surface expression of these dykes is swarms of linear
volcanic fissures that are confined to narrow belts. These narrow belts are
referred to as volcanic zones and they are connected by large transform faults
(Thordarson 2012). There are three main volcanic zones within Iceland each of
which are ~20-50 km in width (Figure 2-2): they are the North Volcanic Zone (NVZ);
East Volcanic Zone (EVZ); and the West Volcanic Zone (WVZ). Connecting these
different rift zones are two major transform zones: the Tjornes Fracture Zone
(TFZ) in the north of Iceland and the South Iceland Seismic Zone (SISZ) in the south
of Iceland. These fracture zones accommodate the uneven movement generated
by the eastwards shift of the spreading zone which results in a complex fracture
network (Clifton and Kattenhorn, 2006; Einarsson, 1991). The SISZ is ~15-20 km
wide (N-S) and 70 km long (E-W) (Bergerat and Angelier, 2000; Einarsson, 1991).

Magma produced within the volcanic zones generally accumulates in the centre of
the zone, rather than at the margins (Figure 2-3). As a result the volcanic units
formed in the centre of the rifts tend to experience rapid burial and follow a steep
burial curve as they move away from the rift (Thordarson and Héskuldsson, 2014).
Units found at the margins of the rift zones are buried much more slowly and
undergo shallower burial. As a result of volcanic activity and spreading, a low
angle (5-10°) syncline forms (Figure 2-3), with beds dipping towards the spreading
centre (Thordarson and H6skuldsson, 2014).
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Figure 2-3 General structure of the Icelandic crust (after, Thordarson and Héskuldsson, 2014).

2.3 Glaciation in Iceland

Modern day Iceland is classed as having a cold, temperate/maritime climate in
the lowlands and a low arctic climate in the highlands (Syvitski et al, 1999). There
are currently 6 main glaciers in Iceland, the largest being Vatnajokull. Prior to and
during the Plio-Pleistocene and the formation of the HF, there were significant
glacial/interglacial periods which affected the sedimentary units deposited within
the HF (chapter 5) (Figure 2-4). In Plio-Pleistocene sequences such as that of the
HF, there are repetitions of glaciated and ice-free deposits ((Eiriksson and
Geirsdottir, 1991). During the Plio-Pleistocene there were approximately 9
glacial/interglacial cycles with each one lasting between 100,000-200,000 years
(Thordarson and Ho6skuldsson, 2014). As a result of these glacial/interglacial
cycles, there are significantly more volcaniclastic and clastic sedimentary rocks
higher up in the stratigraphy of the Plio-Pleistocene sequences (Thordarson and
Hoskuldsson, 2014).
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Figure 2-4 Glacial ice extent in Iceland. Glacial ice reached a maximum during the
Weichselian, as did much of North America and Europe at this time. During these glacial
cycles, there were also interglacial periods also. Up to nine glacial/interglacial periods
occurred during the Plio-Pleistocene. After (Eiriksson and Geirsdottir, 1991).

In the last 0.7 Ma, there have been 5 glacial/interglacial cycles with the greatest
extent of ice in Iceland occurring during the Weichselian stage (Figure 2-4) at its
maximum extent between 30Kyr to 25 Kyr, which coincided with extensive
glaciation in North America and Europe (Thordarson and Héskuldsson, 2014).

During the Holocene the climate in Iceland became like it is today.

2.4 South Iceland and the Hreppar Formation

The HF is situated in between the WVZ and the EVZ, just north of the SISZ (Figure
2-2). This area is neither part of the North American Plate or the Eurasian Plate,
but is instead a separate plate, called the Hreppar Microplate (Clifton and
Kattenhorn, 2006; Einarsson, 2008).

The HF is Pleistocene in age (2.5 Ma-10 Kyr) with the majority of lavas in the HF
forming between 0.2 Ma and 2.2 Ma (Kristjansson et al, 1998). In the eastern HF,
west of the pjorsa river, the formation has an age of 2.4 Ma (Figure 2-5). The

bjorsardalur (Thjorsardalur) and Gljufurleit areas in the north part of the HF are
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thought to be 1.5 Ma (Kristjansson et al 1998). The youngest units are to be found
in Burfel and BUdarhals (Figure 2-5). The HF forms an anticline with the axis
striking NE-SW due to the surrounding east and west volcanic zones. The large
load created in the centre of the volcanic zones causes subsidence of the crust.
This occurs on both sides of the main Hreppar Formation (south west Iceland) and

therefore results in an anticlinal structure in the centre (Thordarson 2012).

FlUBir Budarhals -
Burfel pjorsardalur =

mountain)* pjorsa river
R

e

-

Fludir

Figure 2-5 Location of the Hreppar Formation. Key localities that have previously been
studied in the Hreppar Formation have been highlighted with red dots. Inset map is of the
Hreppar Formation just outside Fludir (the area of study) which is ~16 km? and is situated
within the red outlined area on the map.

The majority of previous work on the HF has been carried out in the east around
bjorsardalur and Pjorsa (Figure 2-5) and generally focusses on broad scale mapping
and age dating (Kristjansson et al 1998). Furthermore, much of the work on the
HF has been published in Icelandic, making it difficult to obtain. Previous studies
document interbedded lavas and sedimentary rocks, with the sedimentary rocks
generally having a glacial and volcanic origin. Individual units exhibit considerable

lateral variations in thickness and extent due to the topography of the area and

Jonathan Dietz October 2018



Chapter 2 Regional setting 14

various periods of glaciation. The total thickness of the area is estimated to be
~500 m (Kristjansson et al 1998). Individual units vary in thickness from 1-50 m
thick. In the area around FlUdir (focus of this study), there has been little to no
work carried out in the HF. The HF at Fludir is very similar geologically to the east
of Iceland and is predominantly composed of interbedded basaltic lavas,

volcaniclastic and fluvial/glacial sedimentary rocks.
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3 Geological terms and nomenclature

3.1 Introduction

The interaction between sedimentary and volcanic systems can produce a vast
range of rock types, which is a key challenge in fully understanding volcano-
sedimentary settings. These settings are well known, however, their lithofacies
architectures are poorly understood. Understanding all elements of these systems
is key to exploiting volcano-sedimentary environments for hydrocarbon
exploration. It is important to therefore understand some of the key geological

terminology and nomenclature associated with these systems.

This chapter introduces the main basaltic lava types and their mode of
emplacement as well as the nomenclature surrounding volcaniclastic rocks. This
chapter aims to provide a brief description of these terms and is not intended to
be an exhaustive source, with subsequent chapters building upon these basic

concepts.

3.2 Lava types

There are two main types of lava morphologies; compound lava flows and simple
lava flows, which are both found within flood basalt provinces (Walker 1971).
Basalt lavas can be further divided in to two main structural types; ‘a‘a and
pahoehoe lavas (Walker, 1993). Lavas are comprised of flow units (smaller
divisible lava bodies), which consist of the top of the flow, which has cooled and

solidified before another flow unit is formed (Nichols 1936).

The term compound applies to lavas, which are divisible in to flow units, and
simple applies to lavas, which are non-divisible (Figure 3-1) (Walker 1971).
Compound lavas typically have a shield-like morphology and tend to form when
lava extrusion rates are low (Walker 1971), whereas simple lavas typically tend to
form when the extrusion rate of the lava is relatively high (Walker 1971). Passey
and Bell (2007) proposed that simple lavas they examined within the Faroe Island
Basalt Group are the result of a continuous supply of lava; however, they suggest
that the supply rate would not have been constant (waxes and wanes). The main

difference between the two lava morphologies is the supply of magma, with
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simple lavas being relatively constantly fed, and compound lavas being more

punctuated.

The terms compound and simple can be difficult to apply in the field (Self et al,
1997) as it can appear as if one outcrop is a simple lava flow, but when it is traced
out over its length, it is often the case that it has a contact with another flow lobe

of the same lava flow (Figure 3-1).

Compound lava flows Simple lava flows

Figure 3-1 Sketch diagram of compound and simple lava flows (after Jerram et al, 2016).

3.2.1 ‘A‘a lava flows

‘A‘a lavas typically have a compound morphology, however, unlike pahoehoe lava,
it is often difficult to determine the individual flow units (Walker 1971). ‘A‘a lavas
are characterised by a rough flow top autobreccia, composed of clinker, a dense

interior and often a rough, basal autobreccia composed of clinker (

Figure 3-2). Clinker is formed as a resulting of internal shearing and twisting as
the lava flows. The individual flow units are on average 1-10 m, and typically
demonstrate a more tabular shape in cross section. Determining the boundary
between the top of one flow unit and the base of another is particularly difficult,
if not impossible (Walker 1971).
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3.2.2 Pahoehoe lava flows

Pahoehoe lava flows typically have a compound morphology (Walker 1971).
Pahoehoe lavas are characterised by a very smooth surface, in contrast to an ‘a‘a

autobreccia (

Figure 3-2). Commonly, rope structures are also observed within pahoehoe lava
flows and other small-scale features such as vesicle banding (Self et al, 1998). The
individual flow units range from 5cm->10m thick and in cross-section can be
tabular to bun-like. They typically demonstrate a large concentration of vesicles
in the upper third of the flow unit and pipe vesicles along the bottom of the flow
unit. There can be a significant difference in phenocryst content between
differing flow units and even individual flow units, reflecting the lower viscosity
of pahoehoe compared to ‘a’a (Walker 1971). Pahoehoe lavas typically advance

through a series of individual lava tubes (Rowland and Walker, 1990).
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['a’a autobreccial
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B W A

Pahoehoe rope structure 5= SS=S

Figure 3-2 Summary figure of lava types. a) Large ‘a‘a lava flow with distinctive upper
autobreccia formed as a result of high effusion rates, Anak Krakatau, Indonesia. b)
Channelised ‘a‘a lava flow with clear levees on either side. This is the typical way in which
and ‘a‘a lava flow rapidly advances, Tongariro National Park, New Zealand. c) Preserved rope
structures on the surface of a pahoehoe lava flow in Pingvellir national park, Iceland. d)
Preserved pahoehoe rope structures and pahoehoe lobes, Tenerife. e) Coherent pillow
structures, with very little disarticulation, bingvellir national park, Iceland.

3.2.3 Effusion rates and emplacement mechanisms

The difference between ‘a‘a and pahoehoe is largely down to effusion rates and
whether or not a certain viscosity threshold has been reached. Generally, if
effusion rates are high, typically ‘a‘a lavas form and if effusion rates are low (< 5-
10 m3/s) then pahoehoe lavas form (Rowland and Walker, 1990). The differences

between ‘a‘a and pahoehoe can also be complicated by composition, temperature,
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crystallinity, volatile content and vesicularity, which all affect the viscosity
(Peterson and Tilling, 1980; Hon et al, 1993). Peterson and tilling (1980) also
identified that shear stress and the rate of shear strain will also affect the

transition from ‘a‘a to pahoehoe.

‘A‘a lava flows tend to advance rapidly in open channels, surrounded by levees of
cooled lava either side due to high emplacement rates. This generates a narrow
channel in which the lava can advance rapidly at rates of between 0.08-10 km/h
(Rowland and Walker, 1990; Kesztheyli and Self, 1998; Hon et al, 2003). As the
lavas travel at such great velocities, a carapace over the advancing lava will not
form; this leads to a huge loss in heat via radiation and air cooling, causing the
lava to become significantly more viscous (Rowland and Walker, 1990). When clots
begin to develop in the advancing lava as it cools, this leads to the development
of the typical ‘a‘a autobreccia. ‘A‘a lava flows are typically short lived (Self et al,
1998).

Pahoehoe lavas tend to advance much slower than ‘a‘a lava flows. They typically
advance in a series of individual flow units (lobes). As they advance much slower
they develop a carapace which insulates the flow from air cooling. Individual flow
lobes can advance at a rate of ~0.12 km/h whereas the lava flow front advances
at a rate of ~0.01 km/h (Rowland and Walker, 1990). The insulated nature of
advancing pahoehoe lava flow allows them to travel large distances >100 km whilst
remaining at a similar temperature (Rowland and Walker, 1990; Self et al, 1998).
These lava flows can continue to inflate and flow for months (Self et al, 1997; Self
et al, 1998).

Pahoehoe lavas were originally thought to form rather small accumulations of
lava, but through the work of Hon et al (1994) and Self et al (1996) it was
demonstrated that large flood basalt provinces such as that of the Colombia River

Flood Basalts (CRFBs), are formed predominantly of pahoehoe lava flows.

Hon et al (1994) developed a model for the emplacement of sheet lava flows
(Figure 3-3). The model is based upon the supply of lava in to the centre of lobes.
Inflated pahoehoe sheet flows are initially emplaced as thin sheets of lava, but
with sustained input of fresh lava they become thick inflated flows, which develop

as a series of lobes (Hon et al 1994). Pahoehoe toes (0.2-0.3 m thick) inflate and
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coalesce in to 3-5m thick sheets with lateral dimensions of hundreds of metres
over a period of days to weeks. The upper crust of the lava flow rises, as fresh
lava is continuously fed in to the molten core of the flow, mainly through tube fed

pahoehoe lava flows (Self et al 1996).

( A hours B days C weeks D months E solidified sheet Iobé‘

brittle crust
viscous crust
liquid lava

segregation
Position of section
in lava flow field

Figure 3-3 Development of a pahoehoe lava flow over time. With continued input of fresh
lava, lobes grow through inflation, eventually coalescing and creating thick lateral sheets.
The diagram at the base of the figure indicates how the lava flow advances. The lava flow can
continue to grow over a period of months (after Thordarson and Self, 1998; Self et al, 2014).

J

Initially, individual lobes originate from outbreaks at the front of an already
inflated sheet, and then rapidly move away from this point (Figure 3-3). As they
move away from the point, they spread out radially and lose velocity, which allows
cooling to occur, and this promotes rapid crustal growth of a thin viscoelastic skin
(Hon et al 1994, Self et al 1997). The thin skin acts like a balloon, where it contains
incoming lava, creating toes at the front of the flow (Hon et al, 1994, Self et al
1997). A brittle crust will develop over the top of the viscoelastic skin, which will
become extensively fractured due to contraction during cooling. These fractures
grow larger, allowing for the movement of the viscoelastic skin (Self et al 1997).
The skin behaves plastically, allowing the toe to contain the incoming lava, which
causes the toe to inflate (Hon et al 1994). The core of pahoehoe lava flows only
cool and crystallise once the sheet has stagnated (Self et al 1997). If the inflation
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rates are too quick, the toes will burst creating new lobes (Hon et al 1994, Self et
al 1997). As the flow front moves the crust develops and becomes thicker behind
it, which provides an insulating cover for the continued supply of lava moving
beneath it and an increase in the hydrostatic head at the flow front (Hon et al
1994). With the continued supply of lava, the hydrostatic pressure increases
evenly throughout the core of the lava flow, producing uniform uplift (Hon et al
1994). The inflation process for pahoehoe lava bodies is the same, regardless of
the size of the body (Self et al, 1997).
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3.3 Volcaniclastic rocks

In simplest terms, a volcaniclastic rock is a clastic rock that contains a significant
volume of clasts of volcanic origin. The British Geological Survey (BGS) use the
definition of 10% by volume to determine if a rock is volcaniclastic (British
Geological Survey, 1999) whereas the International Ocean Drilling Programme
(IODP) use a figure of >60% of volcaniclastic grains to be called volcaniclastic. In
this project, a common-sense approach has been adopted to determine if the
deposits are volcaniclastic: in the HF (an obviously volcanic setting) volcanic
rocks, and specifically basalt is the dominant rock type and clearly dominates the
environment. The approach taken in this project has been to describe
volcaniclastic rocks in the HF using aspects of Cas and Wright (1987) and White
and Houghton (2006).

Volcaniclastic rocks are found in most geological settings. There have been various
attempts to classify volcaniclastic rocks, from an initial descriptive classification
in the field, with later genetic identification, to genetic identification in the field.
Currently there is no, agreed upon classification scheme for volcaniclastic rocks,
but rather a series of classification schemes by numerous authors (Fisher, 1961;
Cas and Wright, 1987; McPhie et al, 1993; White and Houghton, 2006).
Additionally, there is a lot of debate surrounding each of these schemes, (e.g.
Waitt, 2007; and White and Houghton, 2007).

Volcaniclastic rocks can be separated in to two main categories; rocks that are
formed by the direct action of volcanic eruptions (primary volcaniclastic) and
those that form through the process of reworking of eroded volcanic material
(becoming sedimentary rock) (White and Houghton, 2006).

Within the HF, there are a significant number of different types of volcaniclastic
rocks, therefore it is important to fully understand the different nomenclature
schemes and which elements of these have been incorporated in to this project.

Brief overviews of each scheme follow and are summarised in Figure 3-4.
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3.3.1 Fisher (1961)

Fisher (1961) created the first scheme to describe volcaniclastic rocks as existing
schemes were woefully inadequate. Three categories of volcaniclastic rock were
determined by Fisher. These were autoclastic, pyroclastic and epiclastic and were
primarily divided based upon the origin of their particles (Fisher, 1961). Fisher
also included a purely descriptive term for volcaniclastic materials, which have an
unknown origin, based entirely on the presence of volcanic particles and their
respective sizes. It is important to differentiate between instantly formed
fragments and longer developed ones, due to the fundamental differences in
energy required to form them. Fisher’s 1961 scheme has now been built upon by
numerous volcaniclastic nomenclature schemes, (e.g. Cas and Wright, 1987;
McPhie et al, 1993; White and Houghton, 2006).

3.3.2 Cas and Wright (1987)

Cas and Wright’s scheme primarily focusses on the depositional mode of the rock
to differentiate between volcaniclastic rocks, unlike Fisher’s scheme which
focussed on the origin of particles in the rock. Cas and Wright’s scheme describes
primary volcaniclastic rocks well and uses clastic sedimentology terms for all other
volcaniclastic rocks. However, all rocks that are formed by normal sedimentary
processes are defined as being non-primary volcaniclastic. The scheme does not
differentiate between syn-eruptive and post eruptive processes. The scheme can
be useful, when describing rocks where the genesis is difficult to determine. For
example, Cas and Wright use clastic sedimentary terms with a volcanic modifier,

(e.g. basaltic sandstone) to name these deposits.
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Figure 3-4 Summary of the main volcaniclastic nomenclature schemes described in this
project. These schemes are generally quite similar with a few key differences. See text for
detailed descriptions.
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3.3.3 McPhie et al (1993)

McPhie et al’s scheme focusses on using clast origin, transport and deposition
mechanisms to classify volcaniclastic rocks, but they also made the decision to
separate deposits based on post emplacement/ syn-volcanic processes. The
scheme identifies four main volcaniclastic rock types; autoclastic, pyroclastic,
resedimented syn-eruptive volcaniclastic and volcanogenic sedimentary. The term
resedimented syn-eruptive volcaniclastic, refers to deposits that formed as a
result of the primary eruption, yet were modified by external agents, such as
wind, water or gravity. Both Cas and Wright (1987) and McPhie et al (1993)
proposed using lithological and lithofacies terms to describe volcanic and
volcaniclastic rocks, before applying terms that have genetic implications. A
difficulty with the McPhie et al, 1993 scheme is that it is extremely complicated

and uses awkward terminology which may be difficult to apply.

3.3.4 White and Houghton (2006)

White and Houghton’s nomenclature scheme builds upon the previous schemes
mentioned and employs different elements of each. For instance, White and
Houghton use clastic sedimentary nomenclature for rocks that have been produced
as a result of weathering of primary volcaniclastic units or lavas. The scheme
focusses on the primary transport and deposition of particles and identifies, four
primary volcaniclastic end members. These are; pyroclastic, autoclastic,
hyaloclastite and peperite. Initial depositional mechanism is used to describe the
deposits and then further detail comes from observation of the grain size classes.
When using White and Houghton’s scheme, it is useful to have young, fresh
deposits that are easily characterised. If exposure is poor and deposits are difficult

to determine, it can be challenging to use this scheme.

3.3.5 Sub-divisions of volcaniclastic rocks
3.3.5.1 Pyroclastic

A pyroclastic deposit is composed of discrete particles from a volcanic vent
(Fisher, 1961) although this is not always the case. They typically form as a result

of volcanic plumes, jets or pyroclastic density currents (White and Houghton,
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2006). The resultant deposits include ignimbrites, scoria and spatter and pumice
(Fisher, 1966; Cas and Wright, 1987) (Figure 3-5).

3.3.5.2 Autoclastic

Formed from the contact with air, for example during effusive volcanism when a
dome or lava flow cools and fragments in contact with air, it produces an
autobreccia (Figure 3-5). The fragments are deposited under continued lava or
dome flowage (White and Houghton, 2006).

3.3.5.3 Hyaloclastite

Hyaloclastite forms as a result of extruding magma or flowing lava cooling and
fragmenting as it comes in to contact with water or ice. The resultant fragments
are deposited with continued lava emplacement (White and Houghton, 2006). The
deposits mainly consist of angular lava fragments, basalt/sideromelane glass
shards, zeolites, clay and calcite (Smellie and Skilling, 1994; Walton and
Schiffman, 2003) (Figure 3-5). In the HF, hyaloclastite is the most abundant
volcaniclastic rock. The term hyaloclastite has been used here in the same way as
Watton (2013) used it; it represents a passive fragmentation process with a limited
active component. The term reworked hyaloclastite has been used to describe

deposits that have seen a second phase of deposition.

3.3.5.4 Peperite

Peperite is formed when magma fragments and interacts with a generally wet,
unconsolidated sediment component (Skilling et al, 2002; White and Houghton,
2006), which could be at the base of lava flows or at the margins of intrusions
(Figure 3-5). Peperite can be useful in field studies to understand the relative

chronology of that area (Skilling et al, 2002).

3.3.5.5 Epiclastic/sedimentary

Epiclastic processes are normal surface processes involving weathering and
erosion. Epiclastic deposits therefore are rocks that were produced by normal
surface fragmentation processes and contain material from previous volcanic

modes of fragmentation (Cas and Wright, 1987) (Figure 3-5). White and Houghton
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(2006) would prefer the use of sedimentary to describe these deposits. In this

project, sedimentary has been used instead of the term epiclastic.

3.3.5.6 Pillow lavas

Underwater eruptions can be effusive or explosive and this is determined by depth
of the water column, composition of magma, and the interaction between water
column and magma (Fisher, 1984). Pillow lavas and compound pahoehoe lavas can
be easily confused, but in reality, pillow lava is actually a type of compound lava

flow (

Figure 3-2, Figure 3-5), with pillows representing individual flow units (Walker
1971). In the HF, the pillows are typically disarticulated and form hyaloclastite-
pillow breccias. The lavas would have fragmented in contact with water producing
pillow clasts and interstitial hyaloclastite material (Figure 3-5). In this format and
within the context of this project, pillow lavas have been classed as primary

volcaniclastic rocks as they typically form pillow breccias.
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Canon

Figure 3-5 Summary figure of volcaniclastic rocks. a) Welded ignimbrites, with weathered out
fiamme, Glencoe, Scotland. b) Autobreccia on an ‘a‘a lava flow from Anak Krakatau,
Indonesia. c) Hyaloclastite with angular shards of basalt and glass, clay and calcite, Hreppar
Formation, Iceland. d) Peperite formed from the interaction of a lava flow with wet,
unconsolidated sediment, Tenerife. e) Reworked, cross bedded, volcaniclastic material. In
this project, this is referred to as sedimentary after White and Houghton (2006). From the
Hreppar Formation, Iceland. f) Disarticulated pillows in a hyaloclastite matrix. This is typical
of the HF.

3.3.6 Volcaniclastic deposits in the Hreppar Formation

As each nomenclature scheme has positive and negative aspects to it, the
approach that has been employed within the HF is to use different elements of
Cas and Wright 1987 (descriptive terminology) and White and Houghton (2006).
This has primarily been done as the exposure within the HF can be poor in places,

leading to ambiguous units, making it very difficult to apply genetic terminology
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without further detailed analysis (Passey, 2009). The focus of the project was to
understand the architectures of different units, so genetic histories were not the
primary focus, and therefore initial descriptive volcaniclastic terminology was
used in the field, similar to Cas and Wright, 1987 (Figure 3-6). Where primary
volcaniclastic units could be identified within the field, White and Houghton’s
genetic terminology was employed. Clastic sedimentary nomenclature has been
applied to deposits that have been weathered/reworked, after White and
Houghton (2006), with one exception; reworked hyaloclastite. The term reworked
hyaloclastite has been employed as it is difficult to determine to what degree the
hyaloclastite has been reworked in the HF and the term basaltic

breccia/conglomerate is not favourable.

In order to fully describe and compare and contrast different volcaniclastic rock
types in different parts of the world, a simpler, widely applicable nomenclature
scheme has to be developed. This will help in hydrocarbon exploration in these
areas, as often petroleum geoscientists have not experienced

volcanic/volcaniclastic rocks and the difficulties of the associated nomenclature.
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Determine grain
size

Descriptive term:
VOLCANICLASTIC
> (breccia/sandstone etc)
(e.g. basaltic sandstone)

|

Determine transportation

Ambiguous deposits < l and deposition
Deposited directly by explosive Weathering, reworking of
or effusive eruption (and lavas or pyroclastic rocks
re-sedimented syn-eruptive) (post eruption)

ORDINARY SEDIMENTARY
(siltstone, sandstone,
conglomerate etc)

PRIMARY VOLCANICLASTIC
(tuff, lapilli-tuff, breccia etc)

|

Pyroclastic

Autoclastic Volcanic modifier

Hyaloclastic (e.g. basaltic sandstone)
Peperite

l

Use ternary diagram
(tuff-breccia etc)

Figure 3-6 Approach to volcaniclastic nomenclature in the HF. This is primarily based upon
the schemes of Cas and Wright (1987) and White and Houghton (2006). The differences
between Cas and Wright and the approach that has been employed here is that ambiguous
deposits are given descriptive volcaniclastic terms opposed to genetic primary volcaniclastic
terms. Additionally, weathered and reworked rocks are referred to as sedimentary opposed
to epiclastic, used by Cas and Wright (1987).
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4 Methodology and maps

4.1 Introduction

This project is based primarily on detailed field mapping and logging of volcanic,
volcaniclastic and sedimentary units. The HF around FlUdir has previously been
mapped at a very large scale (1:600,000), and no detailed relationships of units in
the HF were available from this. The ~16 km? study area is geologically, very
diverse with clear evidence of numerous geological systems (volcanic, fluvial,
glacial) having interacted throughout its history, leading to complex relationships
between units. Detailed field mapping and logging was required to capture these
relationships effectively. The project was primarily field based, however, in
addition to the mapped and logged field data, samples were collected for
petrographical and XRF analysis to support interpretations made based on field
mapping and logging.

To gain an understanding of what some of the outcrops may look like in the
subsurface, IKON’s RokDoc programme was used to create synthetic seismic

images.

4.2 Field methods

4.2.1 Field mapping

The main purpose of the field mapping and logging was:

e to establish how the different units in the HF at FLUAir fit with the regional
geology

e to determine the relationships between different units in the HF and their

overall architectures

e to understand the intricate details of how different geological systems

interact through time, with a specific focus on the HF

e To develop palaeogeographies and facies models of specific areas in the

HF based on the detailed relationships between units
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Geological field mapping was conducted using a combination of topographic maps
from Landmaelingar Islands in Iceland (1: 50,000) and aerial imagery from
www.map.is (Figure 4-1). The resultant base maps were then digitised using Adobe
Illustrator (Figure 4-2).

The mapped area is ~2.5 km ENE of FlUdir and covers an area of ~16 km? between
two rivers- the Stora Laxa in the east of the area and the Litla Laxa in the west
(Figure 4-2). Overlying the map is a grid, split in to 1 km? with letters and numbers
for easy location identification. Localities are referred to in the following chapters
using this grid system. This chapter features the A3 geological map for reference,
there is also an A0 map (map insert) that should be used in conjunction with the

following chapters for detailed locality information.

The geological map that has been produced for this project is primarily an outcrop
based map (Figure 4-2). Where it is possible to predict the subsurface geology,
this has been done, however this is only possible in limited locations in the HF at
FLUdir. An outcrop map has been employed in the HF at FlUdir as there is an
abundance of vertical exposure (cliffs), however the exposure between these
cliffs is typically poor, and predicting the geology between is very challenging.
The only place where the entire stratigraphy of the HF at Fludir can be observed
is within the Stora Laxa river section (map insert), however predicting the geology
away from this locality in to the interior of the study area is near impossible, due
to the underlying complex structure of the HF. In addition to the geological map,
there is a part 1 and part 2 key (Figure 4-3, Figure 4-4) which is also applicable to
all maps, logs and digitised images. A larger version of the key is found on the A0

geological map insert.
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Figure 4-1 Selection of maps, that were used in combination to create the final geological outcrop map. The aerial images used from www.map.is provide a much higher resolution than other products
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4.2.2 Logging

Field logging was employed to understand the relationships between different
outcrops and to determine the lateral facies changes associated with volcano-
sedimentary settings (e.g. the transition from sub-aerial lava in to lacustrine
sediments, hyaloclastite and reworked hyaloclastite) (Figure 4-5). Approximately
60 logs at various scales (0.05m-0.5 m) and various heights (-2m-141m), were
completed throughout the HF, with grain sizes based on the Udden-Wentworth
scale (Figure 4-5). As well as determining relationships between different
outcrops, logging allowed detailed information to be collected about the contacts

between individual units (e.g. lava-sediment, lava-lava, lava-volcaniclastic etc).
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Figure 4-5 Example log section. An example of a logged section consisting of 7 logs that
have been correlated, to understand the interaction between different units and the
palaeogeography of the section. The second image shows the logging scale that was used in
the field.
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4.3 Laboratory methods

4.3.1 Samples and petrography

Samples were collected of the main lithofacies in the field for petrographical
analysis. Each lithofacies was sampled to understand on a microscopic level and
to determine differences/similarities that may not be apparent in the field. The
thin sections are a mixture of large and standard format, 30 pm thick unpolished
sections, and were prepared by John Gilleece (University of Glasgow). The thin
sections were analysed using a polarizing microscope and photomicrographs were

taken with an Olympus DP25 camera.

4.3.2 Photogrammetry

Agisoft’s PhotoScan was used to create 3D photogrammetry models of difficult to
reach cliff sections, utilising images collected by a DJI Phantom 2 drone and GoPro
Hero 4 camera (Figure 4-6). These models allow the reader to fully understand

the complexity and intricacies of the more challenging sections.

To create the models, the drone had to be flown next to the outcrops to take
photos and video. The drone was flown along the section being analysed by the
author and field assistants. It was flown ~20-30 m away from the cliff, so the
modelling software could recognise features to correlate. If the drone was flown
too close the photos would be very detailed and prevent an accurate correlation
in the modelling software. The drone was flown at various altitudes, so that the
entire section would be covered (Figure 4-6). The GoPro camera was programmed
to take a photo at 5 second intervals and to take continuous video. Continuous
video was useful for analysis away from the field as it allowed, for example, lateral
continuity of units to be determined more easily, especially when correlating logs.
This method of image collection produces between 150-250 photos per section

being analysed.

Away from the field, the images were selected for the modelling software. This
involved ensuring that there was ~50% overlap between each image, no duplicate
images, and if any images were not suitable (e.g. the drone’s propellers were in
the image) they were deleted. The aim was to have ~50-80 images per model. The

images were then loaded to Agisoft PhotoScan to create the model. This involved
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aligning the images, building a point cloud, building a polygon mesh, and
generating a texture for the model. For an in-depth review of this process, see
Tavani et al (2014).

4.3.3 Synthetic seismic

To understand how some of the sections in the HF may appear in the subsurface,
synthetic seismic images were created at the University of Aberdeen. The images
were created using IKON’s RokDoc programme. This involved digitising the
sections and assigning different subsurface properties to each unit. Chapter 9

provides a detailed description of this process.
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DJI Phantom 2 drone

Flight path of the drone, ensuring that every aspect of the section is covered. Flown at a distance of
approximately 20-30 m from the cliff.

Resultant 3D photogrammetry model compiled in
Agisoft PhtoScan. This is a 2D image of the 3D model,
which allows the viewer to gain a better understand-
ing of the intricacies and geomorphology of the
section.

Author and field assistant flying drone

Figure 4-6 Example workflow and how the drone is flown in the field. The photos are then collated and processed using Agisoft PhotoScan to create a 3D photogrammetry model
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5 Lithofacies and descriptions

5.1 Introduction

This chapter defines the main lithofacies within the HF (Figure 5-1). Systematic
field documentation of; grain size, bedding and sedimentary structures forms the
basis for lithofacies description (Eyles et al 1983) and has been employed here to

characterise the geology of the HF in a quick and logical manner in the field.

The exposure within the HF is generally very good with units often continually
being exposed for up to ~2 km. Detailed field mapping and logging has identified
seven main lithofacies based upon the main characteristics of each unit, including
grain size, structure, genetic origin and clast lithology. Whilst this is a
simplification of the geology in the HF, this was essential, otherwise a different
lithofacies could have been created for almost every outcrop. The seven main
lithofacies are sub-divided in to fifteen sub-facies. These sub-facies further
characterise the main lithofacies and allow subtleties within the units to be
identified easily. The logged lithofacies within the HF have also been
quantitatively analysed to determine the most dominant lithofacies (Table 5-1),
as expected, sub-aerial lavas dominate the HF (60.3%). The average thickness of
sub-aerial lavas within the HF is 6.7 m (Figure 5-2). Sandstones and hyaloclastites
are potentially underrepresented within Table 5-1 (in comparison with the map)
due to inaccessibility with logging these particular lithofacies within certain areas
of the HF. It is clear from the quantitative data (Table 5-1) that volcanic systems
and conglomerates (fluvial, glacial and mass) are the biggest competitors of

accommodation space within the HF.

The lithofacies codes and colour (Figure 5-1) correspond to the geological map of
the study area and should be used together. The lithofacies and sub-facies follow
a simple layout. They have been given purely field based descriptions as far as
possible, and based upon these descriptions, an interpretation of the unit has been

determined.
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Lithofacies and sub-facies
Ignimbrite Sub-LeriaI Primarylyalodas— Reworked Conglo|merate Sand|stone Sandlstone
(A) lava (B) t"; r:’;::'('é‘)’w hyal(:cDI;lstite 3] F and s(ig)stone
Al —{ B1 1 D1 — E1 t F1 t G1
A2 | B2 2 D2 — E2
| g3 L E3
| | B4

Figure 5-1 The main lithofacies of the Hreppar Formation and their associated sub-facies.
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Lithofacies % in logged data Grouped %
Bl 226% Sub-aerial lavas
B2 18.6 % (B)
B3 12.8%
B4 6.3 % S0
c1 6.2% Primary hyaloclastite

and pillow breccia

(C)

C2 2.6 %
8.8%
D1 2.1% Reworked Hyaloclastite
(D)
D2 0.7% 2.8%
El 33% Conglomerate
E2 1.2% (E)
E3 11.1% 15.6%
Sandstone
(F)
F1 8.1%
8.1%
Sandstone and siltstone
(G)
G1 4.4 %
4.4%

Table 5-1 Quantitative lithofacies data within the HF and the relative % of each in the field
area. Sub-aerial lavas dominate the environment within the HF. No ignimbrite lithofacies were
logged and therefore don’t feature within the data. Additionally, sandstone is under
represented here due to accessibility issues with logging sandstone.
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Figure 5-2 Graph demonstrating the frequency of certain thicknesses of lavas within the HF
logged data. The overall average thickness of a lava within the field area is 6.7 m.
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5.2 Ignimbrites

Ignimbrite (A)

Lava-like ignimbrite
(A1)

Massive lapilli tuff
(A2)

Lithofacies

Description (Field based)

Interpretation

Ignimbrite

A

Lithology:

Dark grey/ black, with dark and
light flow bands. Extremely fine
that
determination of lithology is very
difficult. Towards the base of the
lithic (5-15 mm),

pumice lapilli and weathered out

grain size means

unit, lapilli
pumice are present and became

increasingly rare towards the top.

Structure:

At the base of this unit, there is an
obvious eutaxitic texture, which is
observed for roughly 1-2 m. At the
base of the unit, spherulites up to
5 mm in diameter are present
(Figure 5-3). They are particularly
abundant within the bottom 0.4 m

of the unit. Above the spherulites

The transition from a
eutaxitic texture at the
base of the unit in to well-
developed curvilinear
folds is indicative that
occurred.
folds

are

welding has
The

within

curvilinear
the

indicative of

unit
lava-like
ignimbrite, as there is

clear evidence of
agglutination/coalescenc
e and ductile flow in
addition to almost no
original clast outlines
being present (Andrews

and Branney, 2011).

Initially the eruption

would have been more

explosive (Plinian) with
slightly lower
temperatures and
numerous lithics
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and eutaxitic texture, obvious
fold

observed within the unit and these

curvilinear structures are
range in size from mm scale to m
scale (Figure 5-3).

highlighted by the

difference in colour between dark

They are

obvious

and light flow bands.

Geometry:

Laterally extensive, however only
observed within one valley in the
field area. Continues for ~1 km and

where exposed is ~5-10 m thick.

incorporated, before
transitioning into a low
fountaining boil-over
eruption where
temperatures would have
been

hotter, allowing

coalescence and

agglutination to occur.

The spherulites towards
the base of the unit are
most likely the result of
devitrification of original
glass (Breitkreutz, 2013)
and typically occur in
large super-cooling
events where liquids are
quenched to crystalline
solids (Granasy et al,

2005).

The difference in colour
between dark and light
bands the

curvilinear folds is most

within

likely the result of
compositional and
textural differences
within the unit
(Breitkreutz, 2013),
exacerbated by
weathering and
alteration.
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5.2.1 Lava-like ignimbrite (A1)

Lithofacies

Description

Interpretation

A1

Lithology:

Dark grey/black and very
fine grained/glassy.
Obvious bands of lighter
material are present but
are also glassy

5-4).

(Figure

Structure:

Eutaxitic texture at the
the

in to the

base of unit,
transitioning
obvious curvilinear folded
texture. Small spherulites
(<5 mm) are abundant
and found at the contact
with the underlying strata
3-3),
disappearing after 0.4 m.

At this height the obvious

(Figure before

curvilinear fold texture
becomes
Within the

section of the unit there

apparent.
curvilinear
is a lack of obvious

fiamme.

Fold structures on mm to
m scale. Evidence of

symmetrical,

Silicic eruptive event that was very
explosive in comparison with the
more effusive basaltic eruptions in
the surrounding area. There are

numerous volcanic centres nearby

that have documented silicic
events.
Initially an explosive Plinian

eruption occurred, depositing the
eutaxitic ignimbrite observed at
the base of the unit. This likely
transitioned in to a boil-over type
eruption producing a pyroclastic
(PDC)
deposited this high-grade, lava-like

density current which
ignimbrite (Branney and Kokelaar,
1992).

incredibly hot;

These  eruptions
within the PDC

is extreme welding and

are

there

ductile flow occurs, before
cooling, causing mm-m scale folds
to develop within the unit (Figure
5-3) (Schminke and Swanson, 1967;
1992).

During deposition of the unit,

Branney and Kokelaar,

agglutination and coalescence
(Figure 5-4),

clasts to become streaked out and

occurred causing

difficult to identify (Branney and
Kokelaar, 2002).
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asymmetrical, isoclinal

and recumbent folds.

Geometry:

Laterally discontinuous.
The unit is found at 3
Each

individual outcrop is <100

main  localities.
m in length and stands out

from the surrounding

landscape. These
outcrops cover a distance

of ~ 1 km and appear to

demonstrate a linear
trend (Figure 4-2).
Petrography:

Well defined flow
banding, partial
coalescence of lithic
fragments and ‘swallow
tails’ are defining

characteristics of A1
(Figure 5-4).

The absence of upper and lower
autobreccias indicates that the

unit is not a lava.

The linear trend of the outcrops
suggests that the eruption was
directed down a palaeo valley. The
ignimbrites being much more

resistant to weathering than the

surrounding strata, have been
preserved as upstanding
topography. Laterally

discontinuous most likely due to a
combination of faulting/erosion
and the nature of deposition (the
unit thins).

48
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Figure 5-3 Lava-like ignimbrites of the Hreppar Formation. a) Isoclinal and asymmetrical
folds, with little evidence of clasts, due to agglutination and coalescence (hammer is 150 mm
across). b) Large scale (>1 m) symmetrical folding. c) mm scale spherulites at the base of A1
(Lens cap is 67mm across). d) Chaotic recumbent and isoclinal folds on a mm scale.
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Figure 5-4 Petrography of A1. a,b) PPL and XPL view of the overall texture of A1, with clearly
defined flow banding present, formed as the result of compositional differences. c,d) PPL and
XPL of a basalt lithic that has gone through partial coalescence (white dashed line). e/f) PPL
and XPL images of flow banding. The flow banding occurs at different scales within the

section.
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5.2.2 Massive lapilli tuff (A2)

Lithofacies

Description

Interpretation

A2

Lithology:

Blue/grey, fine grained tuff

matrix. Non-welded, poorly

sorted. Lithic fragments are
composed of pumice, lapilli tuff
They

sub-angular,

and basalt. are
predominantly
although locally, sub-rounded
clasts are present, ranging in
size from 1-40 mm (Figure 5-5).
Generally matrix supported, but

locally clast supported.

Structure:

The unit is massive with no

obvious structure.

Geometry:

Poorly exposed along the
entirety of the outcrop.
Laterally discontinuous unit.
Petrography:

Sub-angular, predominantly
altered basalt clasts, found

within an ash rich matrix. A2,

Silicic eruptive event
generating an explosive
Plinian eruption. This
caused lithics to be

incorporated in to the unit

due to explosive
fragmentation processes
within the eruption
(Branney and Kokelaar,
2002).

The wunit is very poorly
sorted and lacks any
structure, indicating that

the unit was deposited in a
fluid escape-dominated flow
boundary zone (Branney and
Kokelaar, 2002).

There is very little evidence
(Figure 5-6)
within the unit, suggesting

of welding

that no rheomorphism took
place during this eruptive

event.
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shows no evidence of welding
(Figure 5-6)

S R S A FLEENS o o DA S
Figure 5-5: Massive lapilli tuff. a) Matrix supported, poorly sorted lapilli of predominantly
pumice. These are sub-angular to angular and are <2 mm. Some larger pumice lapilli are sub-
rounded, most likely due to transport within the PDC. Lithic country rock lapilli are also
present, dominantly basalt (10 ISK coin is 27.5 mm across). b) The unit is very poorly exposed,
with only 2-3 in-situ outcrops of A2, and typically appears as weathered scree.

Figure 5-6 Petrography of A2. a/b) PPL and XPL photomicrographs highlighting the overall
texture of A2. Clasts are angular and predominantly composed of altered basalt, within an
ash rich matrix. c/d) Lower left of image highlights altered vesicular basalt clasts.
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5.3 Sub-aerial basaltic lavas

Sub-aerial basaltic lavas

(8)

B

field.
(0.125mm);

medium grained (up to 0.5 mm).

Generally fine grained

however, occasionally

Typically aphyric although where

coarser grained, pyroxene and

plagioclase are distinguishable.

Structure:

Typically demonstrate three

divisions; lower crust, core and

upper crust. Colonnade can be

observed in the core and entablature

Pahoehoe basalt lava Pahoehoe basalt lava; Péhoehoe; basalt lava; Pahoehoe lava with
with clinker top large columnar jointing poorly defined tops and colonnade and
) (82) bottoms entablature
( (B3) (B4)
Correlatable pahoehoe
(stippled pattern)
(B3)

Lithofacies | Description Interpretation
Sub-aerial Lithology: These lavas are likely to
basaltic be fissure-fed with
lavas Dark grey, brown, grey/pink in the | |gcalised central vents.

The
began along the length

lavas may have
of the fissure, however
they become localised
to a few point sources
(Cas and Wright, 1987).

The fissure fed
eruptions can initially
begin with fire

fountaining of a gas-rich
magma, before giving
way to an eruption of
gas-poor lava, although

these can also happen

) . concurrently (Cas and
in the upper crust. The thickness of
. . Wright, 1987). Fissure
each of these varies and occasionally
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the lower crust is not
distinguishable. Where lower crust is
distinguishable it is
characteristically vesicle rich, with
vesicles <1mm. The core is often
structureless with sparsely
populated vesicles up to 5mm. Chisel
marks are very common on the
colonnade within the core of the
lava. These are horizontal and
generally up to 20 mm apart. Where
a colonnade is present, columns
range in size from 0.5-2 m wide. The
upper crust is commonly dominated
by vesicles <1 mm in size. The upper
crust, locally grades from highly
vesicular in to brecciated lava. This
commonly occurs over a scale of
~1m. It can often be very hackly in

nature. The vesicles within the

upper
discrete banding on a ~50mm scale.

crust often demonstrate
The upper crust is also frequently
dominated by an irregular clinker
top/flow-top breccia which locally
inter-fingers, comprising irregular

shaped clasts (some  appear
relatively rounded), up to 400 mm
that are vesicle rich, with the
vesicles generally being rounded.
This clinker top is usually filled with
overlying sediment, which is often
have

observed to sedimentary

structures within.

fed eruptions have been
well documented,
famously in relation to
the 1783-1784  Laki
eruption (Thordarson
and Self, 1991) however
the lavas observed in
the Hreppar Formation
are on a smaller scale
than that of the Laki
eruption. The Laki vents
typically consist  of
scoria cones, spatter
cones and tuff cones
(Thordarson and Self,
1991). No

features of the fissures

obvious

in the Hreppar
Formation appear to
have been preserved
due to subsequent

eruptions covering any
evidence (Walker 1993).

Pahoehoe lavas are
dominant in the HF.
Pahoehoe lavas are

characterised by smooth
billowy surfaces, with
rope structures
occasionally
‘Aa

characterised by having

present.

lavas are

very rough, fragmented

surfaces (Cas and
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Geometry:

Thickness of individual lavas varies
from 2-3 m up to 15-20 m. They
typically extend laterally for >100
m. Commonly demonstrate sheet-
like geometries although they do fill
underlying topography, resulting in

an irregular nature to the lavas.

Wright, 1987). These
are end member lavas
and within the HF there
is evidence for lavas
transitioning between
the two (Figure 5-7,
Figure 5-9, Figure 5-11,

Figure 5-13).

5.3.1 Pahoehoe basalt lava with clinker top (B1)

Lithofacies

Description

Interpretation

B1

Represents
22.6% of the

lithofacies

within the
HF (Table
5-1).

Lithology:
Dark grey, fine
grained (0.125 mm)

(Figure 5-8), aphyric.
Very vesicular
towards the top of
each  flow, with
vesicles up to 20 mm

in diameter.

Structure:

The base of these

units are not

commonly observed,

although where
visible, it is rarely
brecciated (rubbly?)

and highly vesicular.

This is on a relatively

Pahoehoe and ‘a'a commonly form in
the same lava flow, with pahoehoe lava
changing to ‘a’a as a result of the
critical relationship between viscosity
and the rate of shear strain being
(Cas and Wright, 1987;
Peterson and Tilling, 1980).

reached

The presence of a rubbly base at the
bottom of the unit is uncommon in the
HF. This suggests that only very locally
has pahoehoe transitioned to an ‘a‘a
lava, and a rubbly top is commonly

observed (Figure 5-7)

The rubbly top to the lava is not an in-
situ weathering product as the highly
vesicular clasts which compose the
clinker top, do not fit together in a

jigsaw fit as described by Passey and
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small scale (<1 m).
this

transitions in to a very

Typically,

hackly core to the

lava flow, with very

poorly developed
colonnade rarely
present. These

columns are typically
0.5-1 m wide. Hackly
core of the lava
typically transitions in
to a rubbly top, with
an increase in vesicles
upwards. The rubbly
top is highly irregular
and often it is not
present, but where it
is, it can be up to -6
m thick, although
typically ~1-2 m
thick. The rubbly top,
where present, is
filled with

sediment,
the

appearance of matrix

always
overlying
which gives

supported clinker.

Clinkers clasts
highly

their shape and size,

are

irregular in

and range from 10-
400 mm. They are

vesicular and often

Bell (2007). The sedimentary infill also
demonstrates sedimentary structures
within. The roundness of the vesicles
within the clinkers are typical of
pahoehoe lava (Macdonald 1953; Cas
and Wright, 1987). Typical pahoehoe
inflation features such as vesicle
banding are rarely present within the
lava, (Duraiswami et al 2008; Self et al,

1998).

Pahoehoe lavas that have a rubbly
top/flow top breccia are referred to as
rubbly pahoehoe and
Thordarson, 2001; Bondre et al, 2004;
Guilbaud et al, 2005). The rubbly

pahoehoe forms as a result of a sudden

(Keszthelyi

increase in effusion rate, potentially
from a pulse at the vent (Harris et al,
2017). An inflating pahoehoe sheet
flow is subjected to a flux in lava which
overpowers the strength of the crust
and causes it to rupture, break and
brecciate. Continued flux of lava
transports the brecciated material and
repeating cycles of inflation and
surface crust brecciation cause the
rubbly thicker
(Keszthelyi et al 2004; Guilbaud et al,
2005; Duraiswami et al 2008, Marshall

et al, 2016).

top to become

These lavas have a smooth basal crust
but have varying degrees of disruption

within their upper crusts, which locally
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found within lows
within the lava
surface.

Geometry:

Units are laterally

extensive for up to
300 m. Typically it is
5-10 m thick.

Petrography:

Thin
dominated by basalt

section is

alteration to
palagonite, with
clearly defined
palagonite  banding

present (Figure 5-8).

grade in to a flow top breccia (Guilbaud
et al, 2005; Duraiswami et al 2008,
Marshall et al, 2016). They are thought
to occur in various continental flood
basalt provinces such as Deccan
Volcanic Province, Faroe Islands and

the Etendeka (Bondre et al, 2004).

The grading of highly vesicular core
into flow top breccia is typical of
rubbly pahoehoe flows (Guilbaud et al,
2005; Duraiswami et al 2008). Marshall
et al, 2016 document a similar
transition from a massive core to
matrix supported rubble and finally
clast supported rubble. In addition, the
roundness of some of the clasts within
the flow top breccia are suggestive of
syn-emplacement shearing, rotation
and grinding of fragments (Duraiswami

et al 2008).

Where the flow top breccia is irregular
the

underlying coherent lava, the rubbly

and found to inter-finger
material is thought to have formed and
piggybacked on top of the flow. This
material fills in cracks and depressions
within the (Figure 5-7)
(Guilbaud et al, 2005; Duraiswami et
al, 2008).

lava flow

The

structures and sediments within the

presence  of  sedimentary

clinker tops in the HF are indicative of

57
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a sedimentary  system having
developed after the deposition of the
lava. This sediment has been
transported over the clinker top, filling
in the cracks and the majority of void
space between the clinkers (Figure
5-7). Similarly, Marshall et al, 2016
document well sorted, sub-rounded
quartz sand grains occupying the
matrix between basaltic clasts within
rubbly pahoehoe in Antrim Plateau

Volcanics of Northern Australia.

“Clinker top T
FiTha oo

Figure 5-7 Typical large and small scale features of B1. a) The transition from coherent, sub-
aerial lava in to a clinker top, sediment package and then another lava. The sediment package
is relatively small, but there has been enough quiescence in volcanic activity for it to develop.
b) Clinker top of the underlying sub-aerial lava is highly irregular, in places it is not present.
It appears to be preserved in “lows” within the upper surface of the lava flow. The unit seen
here is overlain by E3 conglomerate. c) Detailed view of a clinker top. Clinker appears to be
supported by a sandstone matrix. This matrix is laminated on a mm scale, indicating that
there must have been a lot of water present to wash sediment in the clinker top and deposit
it there. Clinker is highly vesicular. d) Clinker base to sub-aerial lava flows are very irregular
in their nature too. The lava appears to be much more coherent towards the left of the figure.
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Figure 5-8 Petrography of B1. a/b) PPL and XPL photomicrographs highlight the replacement
of original basalt, texture (arrow). The sample is dominated by palagonite alteration,
indicating that this sample represents a relatively weathered section of B1, this could be close
to clinker unit. c/d) PPL and XPL photomicrographs of fine, concentric palagonite banding
(arrow).

5.3.2 Pahoehoe basalt lava; large columnar jointing (B2)

Lithofacies | Description Interpretation
B2 Lithology: Well defined chisel marks are an
obvious feature of this unit. These
Dark  grey/pink,  fine | form as the result of an upwards
Represents | grained  (0.125  mm), | propagating cooling front in the
18.6% of the | aphyric (Figure 5-10). colonnade and therefore
lithofacies represent the thermal gradient
within  the | Structure: and cooling rate and successive
growth (DeGraff and Aydin, 1987;
very  well  developed || 0 2000; Phillips et al, 2013).

colonnade, with wide

Jonathan Dietz

October 2018




Chapter 5 Lithofacies and descriptions
HF (Table | (-1.5-2.5 m) columnar | The spacing of these chisel marks,
5-1). jointing, is the defining | remains relatively consistent

characteristic of this unit.
Entablature is  rarely
present. Commonly, 20-40
mm spaced chisel marks

are present.

Geometry:

Units are laterally
continuous for up to ~150
m. Individual lavas are
relatively thick at up to
~20 m and they often
appear to fill lows. In areas
where lavas have filled

lows, columnar jointing
appears to be wider at ~2-

3m.

Petrography:

B2 demonstrates a well
defined ophitic texture
with clear replacement of

pyroxene (Figure 5-10).

within the columns, indicating a
constant cooling rate (Phillips et
al, 2013).

Evidence presented from Hawaii
suggests that ancient lava flows
have a lack of entablature, even
though there may be significant
volumes of rainfall (>250 cm/yr).
This implies that there has to be
more water than average heavy
rainfall totals to generate an
entablature
1986).

rarely

(Long and Wood,
In these units there is
evidence of

any an

entablature.

The entablature of a lava flow
forms as a result of the lava flow
being subjected to large volumes
of water (Long and Wood, 1986).
Long and Wood (1986) suggest
that the entablature has formed
through quenching, whereas the
colonnade has experienced a
much slower cooling rate. Often
lavas demonstrate multiple sets of
colonnade and entablature, which
can be attributed to different
flooding events. The lack of an
entablature in this unit (Figure
5-9) can therefore be attributed

to the fact that the lava has not

60
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been subjected to extensive
flooding and therefore rapid
cooling as a result of it disrupting
pre-existing drainage (Long and
Wood, 1986: DeGraf and Aydin,
1987; DeGraf et al, 1989; Lyle and
Preston, 1998).

The unit appears to fill lows
within the palaeotopography,
potentially where water would
dam. The lack of an entablature in
these lavas and no obvious water
interaction facies suggests that
the existing drainage networks
would have been diverted
elsewhere, meaning no water
could inundate the cooling lava

flow.
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g 'La})a; occupying depression ‘
withify the palago-landscape -

Figure 5-9 Typical features of B2 lavas a) B2 filling a low within the topography, at this point,
columnar joints appear to be more widely spaced indicating that the lava has ponded within
alow. b) Close up view of one of the individual columns, highlighting how thick these columns
are. Chisel marks are well defined on a 20-40 mm scale. c) Laterally extensive nature of B3. d)
Highlights the massive nature of B3, with widely spaced columns, phone line pole for scale
(~9 m).

Jonathan Dietz October 2018



Chapter 5 Lithofacies and descriptions 63

Figure 5-10 Petrography of B2. a/b) PPL and XPL photomicrographs highlighting the fine
grained, ophitic texture within B2. c/d) PPL and XPL photomicrographs of detailed ophitic
texture, with pyroxenes being replaced (brown mineral). Fe-Ti oxides are common within B2,
highlighted (yellow dashed lines).
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5.3.3 Pahoehoe basalt lava; poorly defined tops and bottoms (B3)

Lithofacies

Description

Interpretation

B3

Represents
12.8% of the
lithofacies
within the HF
(Table 5-1).

B

b Certain
units of B3

appear to be
correlatable

across the
field

Typically

area.

transitions
from

hyaloclastite.

Lithology:

Dark grey/pink, fine grained (0.125
mm), aphyric (Figure 5-12).

Vesicle and amygdale rich

Structure:

Vesicles dominate the lower crust
of this unit, they are largest and
most abundant towards the base of
the unit. At the base the vesicles
are up to 20 mm in diameter,
becoming finer upwards to ~1 mm.
The unit has a well-defined core,
where a colonnade is frequently
present. Columns are much smaller
than in B2, and vary from ~1-2 m in
width. An entablature is rarely
present. The upper crust of the
unit is dominated by vesicles,
becoming larger towards the top,
(up to 20 mm). Differentiating
between flows can be difficult as
the lower and upper crusts have
very similar characteristics and
rarely have a weathering profile

between.

This unit is commonly found to

stratigraphically overly sub-

This

characterised

unit is
by
sheet-like architecture.
This type
architecture
that the

its

of
indicates
lava was
erupted with a
relatively continual
supply of magma over a
long period (Passey and

Bell, 2007).

The lack of sedimentary

units (boles, soils or
weathering profiles)
between lava flows

indicates that volcanism

was relatively
continuous throughout
this period and a
sedimentary system

could not establish.

The presence of vesicle
(Figure 5-12)

and the transition from

banding

pillow lavas (see Figure
5-11) indicates that this
unit is composed of
inflated pahoehoe lobes
and has resulted in a

compound sheet flow
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aqueous facies, such as C1 and C2 | (Figure 5-11) (Hon et al,
(Figure 5-15, Figure 5-17). 1994; Self et al, 1997).

Geometry: Prevalent columnar

jointing, suggests that
Unit is laterally continuous for up | the environment was

to 0.7 km, more commonly it is | particularly wet at the

200-300 m. Lavas appear to form | time of emplacement of

sheets. the lavas (Lyle, 200).
Petrography:

B3 is very fine grained with
prevalent fractures throughout.
Chlorite amygdales with palagonite
banding are common (Figure 5-12).

Figure 5-11 Typical large and small scale features of B3 hammer head is (150 mm across). a)
7 to 8 individual lavas are found on top of one another. Cores of the lavas are what makes
them stand out. b) Close up image of A, demonstrating the contrast between the lower crust
and core of the lava flow. c) Upper crust of lower lava and lower crust of upper lava. These
lavas are separated by a red weathering horizon, indicating that there has been a period of
time between these individual lava flows. Often no weathering horizon is present, making
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differentiation between lavas much more difficult. d) Diffusely aligned vesicles within the

upper crust of a lava flow, are indicative of. Inflation of pahoehoe lobes. Some vesicles are

half filled with calcite, indicating that they are the correct way up.
‘{’J\ Py o Mo w ¢ ',‘_ , - 77

. o 7 . '
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Figure 5-12 Petrography of B3 . a/b) PPL and XPL photomicrographs highlight the fine grained
nature of B3. Throughout B3, there are prevalent fractures, that have been filled with a later
fluid. c/d) PPL and XPL photomicrographs of chlorite amygdales with concentric palagonite
banding on the interior.

5.3.4 Pahoehoe lava with colonnade and entablature (B4)

Lithofacies | Description Interpretation
Lithology: This unit is
B4 . .
characterised by its

Dark grey/black, fine to medium | well-developed

Represents | grained (0.125- 0.250 mm), aphyric | colonnade and
6.3% of the | (Figure 5-14). entablature. The
lithofacies presence of an

within the | Structure: entablature (Figure
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HF  (Table | The lower crust is characterised by a | 5-13) indicates that the
5-1). chilled margin, with pseudo pillow | unit was subjected to

and peperite development (Figure
5-13). The unit has a well-defined
colonnade is

core, where a

frequently present. Columns are
much smaller than in B2 and vary
from ~1-2 m in width. Entablature is
common with well developed
curvilinear jointing present (Figure
5-13). This unit is found to transition
laterally and vertically in to
hyaloclastite facies (C1 and C2) and
typically overlies lacustrine
sedimentary units (G1). Where there
is a contact with G2, there is

occasionally  limited, peperite

development (Figure 5-13).

Geometry:

Unit is laterally continuous for up to
200-300 m. Lavas appear to form

sheets.

Petrography:

Well developed ophitic texture with
prevalent replacement of pyroxene
(Figure 5-14).

large volumes of water
during cooling (Long and
Wood, 1986). Other
lavas at a similar

stratigraphic height do

not have an
entablature, indicating
that they were not

subjected to this water

ingress.

The transition from sub-
aerial lava in to
hyaloclastite facies
suggests that this unit
was emplaced in a
topographical low
where water collected.
Evidence of  blocky
clasts with a jigsaw fit
at the interface
between the two units
that

fragmentation occurred

suggests

in situ and by quenching
stress
2002;
Rawcliffe and Brown,
2014).

or mechanical
(Skilling et al,
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Eﬁiablétur’e

I

Figure 5-13 Typical features of B4 lavas a) Well developed colonnade and entablature
present, with evidence of some of the entablature having been removed through erosion. b)
Gradual transition of colonnade in to entablature, columns have well defined chisel marks.
Columns within the entablature curve to a specific point indicating this is where water ingress
occurred. c) Contact between B4 and underlying G1 unit. Little interaction between the two
units is recorded. d) Detailed interaction of B4 with G1 indicates on a cm scale, some
interaction has occurred with the generation of small <150 mm pseudo pillow structures and
jigsaw-fit peperite development. There is a well-defined chilled margin present on the lower
crust of the lava.
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Figure 5-14 Petrography of B4. a/b) PPL and XPL photomicrographs displaying a well
developed ophitic texture with areas of the section having clearly undergone replacement
(brown areas in A). c/d) PPL and XPL photomicrographs of detailed ophitic texture.
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5.4 Primary hyaloclastite and pillow breccia

Hyaloclastite (C)

Primary hyaloclastite
(C1)

Primary hyaloclastite
and pillow fragments

(C2)

Lithofacies

Description

Interpretation

Primary
hyaloclastite
and pillow

breccia

C

Lithology:

Dark grey on fresh surfaces,
whereas weathered surfaces are
distinctively brown/orange. Where
brown/-orange suggests that the
volcanic glass has been converted
to palagonite. Poorly sorted, basalt
clasts are angular to sub angular
and range in grain size from fine
sand (0.125 mm) to pebble (64
mm). Generally the unit is matrix
supported. The matrix is composed
(<0.125 mm)

hyaloclastite material and glassy

of finer grained

shards.

Structure:

Generally massive, however locally
patches up to 1-4 m dominated by

The

hyaloclastite

presence of a
matrix
surrounding pillows
that

processes,

confirms non
explosive
quenching and thermal
granulation, have
occurred (Fisher 1984;
White et al, 2000; Gill
2010). Hyaloclastite can
be generated by the
flow of sub-aerial lava in
to a water body and the
subsequent interaction
(Schminke et al, 1997).
The

hyaloclastite in to sub-

transition from
aerial lava is indicative
of this process

occurring.
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fine-grained hyaloclastite and

fragmented pillows.

Often the hyaloclastite is found
occupying space between pillow
This

just

lavas and broken pillows.
typically becomes
hyaloclastite towards the top of
each individual unit. Fragmented
pillow structures are often present
within the hyaloclastite, and are
identifiable from their obvious
glassy in to

rim, transitioning

coarser grained basalt. These
fragments can be up to 0.2-0.3 m,
although are generally smaller (-
20-50 mm). Where fragments of
pillows are present, typically these
are matrix supported, however
dense clast supported areas are

also present.

Distinct pillow morphologies are
common. These are either isolated
or are found in clusters; however,
pillows are often fragmented and
broken. Where the pillows are
coherent they are up to 0.7 m in
diameter. The pillows typically
demonstrate a distinct structure.
Within

(including pipe vesicles) have been

some pillows, vesicles

filled with hydrothermal minerals;

Where pillow clumps are
isolated it suggests that
kinetic processes, such

as tumbling and
slumping, have
occurred. These

processes would have
taken place on steep
slopes and led to the
further breakdown of
hyaloclastite clasts

(White et al, 2000).

Where pillows lava are
densely clustered, this is
most likely, a relatively
proximal location to
where the sub-aerial
lavas entered the sub-

aqueous environment.

The presence of a cusp
or teardrop at the base
of individual pillows
that the

sequence is the correct

confirms

way and up and has not
folded. This

morphology occurs when

been

new pillows settle in to
underlying pillows (Gill,
2010).
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Geometry:

Thickness of units is typically up to
~10-15 m. Towards the top of an
individual unit, the pillow density
is generally a lot lower and pillows
are isolated. These units typically

extend laterally for ~50-100 m.

associated with
weathered areas
indicate that

sideromelane has been
converted to palagonite
due to the unstable
nature of this volcanic
glass (Gill, 2010).

Where basalt slivers are
present, it has been
suggested by Bergh and
Sigvaldason (1991) that
the lava was erupted
from a sub-aqueous
fissure at high extrusion
rates. This created a
large, heterogeneous
mass, which would flow
downslope as a result of
gravitational instability.
Further fragmentation
would occur with
increasing distance from
the vent, whilst the
heterogeneous mass of
hyaloclastite would
enclose the lava. As a
result, slivers of lava
would align to the
direction of transport
(Bergh and Sigvaldason,
1991).

72
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5.4.1 Primary hyaloclastite and pillows (C1)

Lithofacies

Description

Interpretation

C1

Represents
6.2% of the

lithofacies

within the
HF (Table
5-1).

Lithology:

Dark grey/black on fresh surfaces,

brown/orange on weathered
surfaces. The unit is poorly sorted,
with angular to sub-angular clasts of
basaltic hyaloclastite that range
from fine sand (0.125 mm) to pebble
(64 Matrix

hyaloclastite is typically fine grained

mm). surrounding
(<0.125 mm). Areas within the unit
are commonly dominated by pillow
structures. Pillows are typically up
to 0.7 m in diameter and have
obvious pillow morphologies. They
have an outer glassy rim (Figure
5-15), which is generally up to 5 mm
in thickness. This passes in to a
vesicle rich zone (Figure 5-15), in
which the vesicles are typically <1
mm. Towards the core of the pillow,
large pipe vesicles up to 50 mm
radiate from the core of the pillow.
Within the core of the pillow vesicles
are often present and are up to 10
mm. Each pillow often demonstrates
teardrop or cusp morphology at its
base, where it has formed with the
surrounding pillows. Where pillows

are isolated, they are generally in a

be

generated in numerous

Hyaloclastite can

environments such as

submarine volcano
growth, Surtseyan
eruptions, lacustrine,

fluvial and sub-glacial
settings (White et al,
2000; Watton et al,
2013). This

occurs when sub-aerial

typically

lavas encounter these

differing water bodies.

The presence of pillows
the

observation that

and general
sub-
aerial lavas transition in
to pillow lavas laterally,
is indicative of sub-
lavas

aerial basaltic

entering a relatively
shallow sub-aqueous
(Fisher

1984). The presence of

environment

in this
the

entered the water body

pillows unit,

indicates lavas
had relatively low flow
rates (White et

2000).

al,
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matrix of hyaloclastite and have no

obvious tear drop morphology.

Structure:

Typically the unit is found in massive
patches up to 4 m thick, frequently
Often

laterally, the unit is found to grade

intercalated with C2.

in to pillow rich areas and coherent,
sub-aerial lavas. The unit has highly
with  the
underlying and overlying strata.
Often at the base of the unit,

irregular  contacts

clusters of pillows are common,

which typically transition to isolated

pillows within a primary
hyaloclastite matrix, before
becoming solely primary

hyaloclastite.

Geometry:

The units can be up to 15 m thick and
0.5 km),
laterally

laterally extensive (>
although they can be
confined (<20 m). Commonly they
are 100-200 m in lateral extent,
thickness is highly variable over this

distance.

Petrography:

Dominated by palagonite, amygdales
and vesicles, with a palagonite and

clay matrix. Some vesicles are

Where  pillows are
densely clustered
(Figure 5-15), this is

most likely, a relatively
proximal location to
where the sub-aerial
lavas entered the sub-
aqueous environment.
Where pillows are found
this

these

in isolation,
that

have travelled further

indicates

down the hyaloclastite
delta (Cas and Wright,
1987), which can form
as a result of sub-aerial
lavas entering a water
body.

Where

contacts are observed

irregular

with underlying strata
this is interpreted as the
result of sub-aerial lava
interacting with small
bodies of standing
water. These standing
bodies of water are most
the

fluvial drainage systems

likely result of
being disrupted by lava
flows, causing water to
accumulate (Jones and
1970). This

would generate small

Nelson,
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partially filled and therefore act as
geopetal indicators. Basaltic clasts
typically have a well developed

palagonite rim (Figure 5-16).

areas of the wunit
apparently surrounded

by a sub-aerial lava.

Figure 5-15 Features of C1 primary hyaloclastite a) Irregular contact between sub-aerial lava
and C1. Vertical scale of the image is ~10 m. b) Clasts of hyaloclastite up to 80 mm, clustered
together, clast supported. Vesicle banding within the sub-aerial lava, indicating inflation has
occurred. c) Cluster of pillows up to ~1 m across. The density of these pillows is relatively
high. d) Smaller clasts of hyaloclastite within a glassy, basaltic matrix. Hammer is ~300 mm.
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Figure 5-16 Petrography of C1 . a/b) PPL and XPL photomicrographs of basalt clasts,
palagonite, amygdales, vesicles and partially filled vesicles (the section has been stained with
blue dye). The partially filled vesicles (indicated with pink arrows) are geopetal indicators and
highlight the unit is the correct way up. c/d) PPL and XPL photomicrographs of amygdales
with concentric palagonite banding (pink arrows). Basalt clasts (B) have a well developed
palagonite rind. e/f) PPL and XPL photomicrograph of detailed matrix, primarily composed of
palagonite and clay.
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5.4.2 Primary hyaloclastite and pillow fragments (C2)

Lithofacies

Description

Interpretation

C2

Represents
2.6% of the

lithofacies

within the
HF (Table
5-1).

Lithology:
Dark grey/black on fresh
surfaces, brown/orange  on

weathered surfaces. The unit is
poorly sorted, with angular to
sub-angular clasts of basaltic
hyaloclastite, lava fragments and
pillow fragments, which range
from fine sand (0.125 mm) to
(64 mm).
typically fine grained
5-18).
fragments are easy to identify

their distinct

Matrix is
(<0.125

Pillow

pebble

mm)  (Figure

due to
morphologies; glassy rims, pipe
vesicles and distribution of
regular vesicles. The unit is often

found in close proximity to C1.

Structure:

The unit is typically massive and
is frequently found intercalated
with C1. Often laterally, the unit
is found to grade in to pillow rich
areas, coherent sub-aerial lavas
and re-worked hyaloclastite. The

unit has highly irregular contacts

As in C1, irregular contacts
with under and overlying
strata indicate that sub-
lavas came in to

with

aerial
contact standing

bodies of water, such as

dammed fluvial systems
and lake bodies. This
interaction generated

hyaloclastite and pillows
(Fisher, 1984; White et al,
2000; Watton et al, 2013).

The presence of broken
pillow fragments
5-17)

lavas have encountered a

(Figure
suggests that the
sub-aqueous slope and
have started to prograde
down it. The fragmentation
of the
quenching and deformation

brittle

lavas is through

of lava crusts.
Continued breakage occurs
through movement down

slope (White et al, 2000).

Isolated pillows (Figure
5-17) within a fine matrix

indicate that they have
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with the under and overlying | encountered syn-
strata. sedimentary movement
down a slope, such as the
Geometry: hyaloclastite delta front
(Cas and Wright, 1987).

The unit can be up to 15 m thick This movement occurs as a

and laterally extensive (> 0.5 sub-aqueous debris flow

km), although it can be laterally resulting in pillows and

confined (<20 m). Commonly it is glassy matrix material,

found to be 1-200 m in lateral moving together (Watton
extent, thickness is highly | . 2013)

variable over this distance.
Petrography:

Dominated by palagonite, the
sections display a large degree of

alteration (Figure 5-18).

Figure 5-17 Features of C2 primary hyaloclastite a) Matrix supported clasts of hyaloclastite
within a fine/medium, glass rich matrix. b) Clast supported hyaloclastite and small pillow
fragments within a fine/medium, glassy matrix. c) Isolated pillows within a glass rich matrix,
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indicating they have moved down a slope in a debris rich, flow. d) Densely grouped clasts of
hyaloclastite and pillow fragments with obvious features such as pipe vesicles present.

Figure 5-18 Petrography of C2. a/b) PPL and XPL photomicrographs highlighting the altered
fine grained texture of the unit. The unit is dominated by palagonite. c/d) PPL and XPL images
highlighting fractures within the unit, these act as pathways for fluids to move through.
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5.5 Reworked hyaloclastite

Reworked
hyaloclastite (D)

D

Dark grey/black on fresh surfaces,
distinctively brown/orange
Where

brown/orange this suggests that

on
weathered surfaces.

the volcanic glass has been
converted to palagonite. Clasts are
of basalt and range from fine sand
(0.125 mm) to pebble (64 mm).
Individual clasts are glassy/ very
fine grained. Clasts are sub angular
to sub-rounded, however they are
dominantly sub-rounded. Generally
the unit is matrix supported and
monomict. The matrix is composed
(<0.125mm)

hyaloclastite material and glassy

of finer grained

shards.

Structure:

Grading is absent, however,

locally, reverse grading is present.

Massive reworked Stratified reworked
hyaloclastite hyaloclastite
(D1) (D2)
Lithofacies | Description Interpretation
Lithology: Reversely graded

hyaloclastite beds are

characteristic of grain

flow deposits (McPhie et
al, 1993), which are
common within

prograding deltaic facies
(Williamson and Bell
2012). Together in
combination with the
large foresets this
indicates that the

hyaloclastite could have
been prograding down a
hyaloclastite delta front/
slope (Watton et al 2013).
Clasts move downslope
due to gravity and are
independent the
interstitial fluid (McPhie
et al, 1993). Where cross
bedding is present within
the unit this is likely the

of
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Metre scale foresets are observed
to have a steep angle of ~35-40°
and cross-bedding is present on ~m

scale.

Geometry:

Individual beds are up to 2 m thick,
units are up to 10 m thick. Units
typically and

pass laterally

vertically in to primary
hyaloclastite units and coherent
sub-aerial basalt lavas. Where it
passes from primary hyaloclastite
this

hyaloclastite/pillow

comprises very  broken
material.

Laterally continuous for ~20-40 m.

result of the hyaloclastite
being reworked by strong
currents within the water
body (Reading, 2002).

The

roundness

range of clast
implies that
reworking was an active
process where
hyaloclastite formed and
the

slope. As a result of these

prograded down
processes older material
is subsequently more
rounded

with

in comparison
fresh,  younger
hyaloclastite, as the older
material has been present
longer and has
experienced considerable
movement and
reworking,- rounding the
clasts further

2011).

(Tucker,

The

sedimentary

presence of
structures
and other cross-bedding
structures, indicates
reworking by tractional
currents within the water

body the lavas entered.
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5.5.1 Massive reworked hyaloclastite (D1)

Lithofacies

Description

Interpretation

D1

Represents
2.1% of the

lithofacies

within the
HF (Table
5-1).

Lithology:

Dark grey/black on fresh surfaces.

Brown/orange on weathered
surfaces. Poorly sorted, angular to
5-20),

dominantly sub-rounded clasts of

sub-rounded (Figure
basalt ranging from fine (0.125 mm)

to pebble (64 mm). Monomict.

Units are matrix supported, matrix is
fine grained (<0.125 mm) (Figure
5-20).

Structure:

The units are typically massive and
structureless. Often found to grade

laterally in to D2.

Geometry:

The units are usually ~10 m thick,
although this is highly variable along
outcrops. Laterally continuous for
~20-40 m.

Petrography:

The unit is dominated by altered

basaltic clasts and volcanic glass set

Rounding of fragments
indicates that they have
undergone mechanical
abrasion (Figure 5-19,
Figure 5-20)
and Schmincke, 1999).
This

suggests that mass flow

(Werner

rounding process

or current action have

re-worked primary
hyaloclastite  deposits
down slope, causing
them to become
rounded (Bergh and

Sigvaldson, 1991). The
massive nature of the

unit indicates that these

processes were very
common as they
produce a lot of

material. Additionally a
lack of structure within
the unit could indicate
that there were very
little tractional
processes, or bottom

currents occurring.
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within a palagonite matrix (Figure
5-20).

Massive reworked
hyaloclastite

Figure 5-19 Features of D1 re-worked hyaloclastite a) Transition from massive reworked
hyaloclastite in to stratified reworked hyaloclastite (D2). b) Massive reworked hyaloclastite
transitions in to sub-aerial lava (out of shot). c) Detail of the unit, highlighting the rounding of
clasts and matrix. d) Some clasts can be ~64 mm, yet still sub-rounded. Hammer is ~300 mm.
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Figure 5-20 Petrography of D1. a/b) PPL and XPL photomicrograph highlighting the chaotic
nature of the unit. The unit is dominated by basalt clasts within a palagonite matrix. The clasts
are typically sub-rounded and composed of basaltic glass (pink arrows). Large basalt clasts
with palagonite rind (B and dashed pink line). c/d) PPL and XPL photomicrographs
highlighting a large basalt clast (b) with palagonite rind and palagonite matrix (pink arrows).

5.5.2 Stratified reworked hyaloclastite (D2)

Lithofacies | Description Interpretation
D2 Lithology: Reworking by strong
currents within a water

Dark grey/black on fresh surfaces. | hody and various other
Represents | Brown/orange on weathered | processes such as grain
0.7% of the | surfaces. Poorly sorted, angular to | flow result in large
lithofacies | sub-rounded,  dominantly  sub- | foresets, inverse graded
within  the | rounded clasts of basalt range from | ypits and large cross-

fine (0.125 mm) to pebble (64 mm). bedding. These are very
Monomict.  Units are  matrix

Jonathan Dietz October 2018



Chapter 5 Lithofacies and descriptions 85
HF  (Table | supported, matrix is fine grained | distal to the edge of the
5-1). (<0.125 mm) water body.

Structure: Metre scale Cross

Reversely graded, normally graded
and massive beds are all present.
Metre scale foresets and cross-

bedding present

Geometry:

Individual beds are up to 2 m thick,
units ~10 m thick and laterally

continuous for ~20-40 m.

bedding observed within
the bedded
hyaloclastites  (Figure
5-21) that

reworking  and re-

indicates

deposition has occurred
by
(Bergh and Sigvaldason,
1991). Watton et al
(2013) state that high

angle cross bedding in

traction currents

the unit could represent
Gilbert delta

deposition. They form as

style

a result of flank collapse

within the deposited
hyaloclastite pile.
Stratification of the

hyaloclastites indicates
that

processes and bottom

mass flow
currents have reworked
and sorted the primary
hyaloclastite (Fisher,
1984: Reading, 2002).
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Stratified, reworked hyaloclatsite

Figure 5-21 Features of D2 re-worked hyaloclastite a) Transition from sub-aerial lava and
massive reworked hyaloclastite in to stratified reworked hyaloclastite. Notice the large
structures within the unit. b) Similar transition from sub-aerial lava in to primary hyaloclastite
and stratified reworked hyaloclastite. This represents the lava transitioning in to the water
body and becoming reworked due to mass flow processes or bottom current reworking. c)
Reversely graded beds of reworked stratified hyaloclastite. d) Normal and inverse graded
beds of stratified reworked hyaloclastite. Hammer is ~300 mm.
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5.6 Conglomerate

Conglomerate (E)

Fluvial derived
conglomerate

Glacial derived
conglomerate

Mass flow
conglomerate

Clasts range in size from ~2 mm to
>256 mm. Clasts are dominated by
basalt, vesicular basalt,
amygdaloidal basalt, rhyolite and
volcaniclastic sandstone. They are
rounded to sub-angular, but
predominantly sub-rounded. Clasts
are generally supported by a
matrix, ranging in grain size from
silt (0.0625 mm) to coarse sand
(0.5 mm). Locally units are clast
Units from

supported. range

monomict to polymict.

Structure:

Units are normally graded,

inversely graded, well stratified,
diffusely stratified and massive,

(E1) (E2) (E3)
Lithofacies Description Interpretation
Lithology: In the HF there is
E considerable variation
Typically ~ the  units  are|iy the conglomerate
grey/brown/orange in  colour. | [ithofacies. This has

been categorised in to

three main sub-facies.

Fluvial systems, glaciers

and gravity all play a

large role in the
formation of
conglomerates  within
the HF. E1

conglomerates are most
abundant, whereas E2
are least abundant. This
suggests that the HF was
dominated by fluvial
systems and ice played a

minor role in the area.
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depending on the genetic origin of

each unit.

Geometry:

Unit thickness is highly variable
although generally >2 m to ~25 m
thick.

continuous for up to 0.5 km,

Laterally units are

although locally, 10-50 m.

5.6.1 Fluvial derived conglomerate (E1)

Lithofacies

Description

Interpretation

E1

Represents
3.3% of the
lithofacies
within the HF
(Table 5-1).

Lithology:

Typically brown/orange

with lighter and darker

areas present.
Dominated by
moderately sorted and
relatively immature
clasts of basalt,
volcaniclastic

sandstone, vesicular
basalt, amygdaloidal

basalt and rhyolite with
the dominant clast type
being basalt. The unit

varies between matrix

and clast supported.
Where matrix
supported, generally

medium (0.25-0.5 mm)

Channel features, gravel lags,
gravel and the relatively immature
nature of the deposit (Figure 5-22)
are all suggestive of being formed
in a braided fluvial environment
(Collinson, 1996). The environment
would have been very similar to
modern day Iceland, with large
volumes of gravel, sand and
suspended load being transported

by high energy fluvial systems.

Gravel bar bedforms are common
within the HF and these represent
deposition within a braided fluvial
system. As in modern day Iceland,
braided fluvial systems develop as
the result of having a heavy load of
sediment and

coarse rapid

discharge fluctuations. This rapid
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to coarse (0.5-1 mm)
grained sand. Clasts are
typically sub-angular to
sub-rounded and range

from 5-600 mm.

Structure:

Beds demonstrate
normal and reverse
grading on a metre
scale. Some horizons
within beds
demonstrate

imbrication of basalt
pebbles, although this is
relatively uncommon.
Small gravel lags are
present at the base of
coarser beds, and these
are dominated by basalt

pebbles (up to 64mm).

Individual beds can
appear very
heterogeneous with
very little structure
apparent.

Geometry:

Beds are typically
between 1-3 m in

thickness and commonly
laterally discontinuous.

These units tend to pass

discharge is associated with
seasonal melt water (the reduction
in flow causes the sediment to
deposit, this could be a result of
lower  gradient  downstream,
shallowing of the water depth and
lateral  expansion)  (Collinson,
1996). The largest clasts are only
transported during peak flooding,
typically in the spring when melt
water is greatest (Collinson, 1996).
During peak flow rates, imbrication
occurs, effectively indicating the

palaeoflow direction (Bluck, 1974).

Bar forms grow during high water
and sediment discharge, they are
typically normally graded, as seen
in the HF (Figure 5-22). Sand is
deposited during falling flow rates,
as it settles out of suspension
(Ashley et al, 1985). This sand
typically infills pore spaces and
accumulates on the bar surface
(Figure  5-22)  (Miall,  1985;
Collinson, 1996).

These systems would have been
heavily influenced by glaciers and
the emplacement of lavas. This
would potentially alter the course
of the rivers and with time the
rivers would have become less

confined to valleys and pre-

89
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in to sandstone facies.
Within units, channel
features are found with
width  of
between 1-2 m and a
depth of ~0.3-0.5 m.

Typically these channel

an axis

features tend to cut in
to the underlying and
adjacent channels.
Gravel bar bedforms are
also common tabular
features, these vary in
size depending on which
axis is being observed.
These are typically clast
often

with

supported and
interbedded

sandstone (Figure 5-22).

existing networks

(Schofield and Jolley, 2013).

drainage

Where basalt pebbles are present
in a definable horizon, this is likely
a result of an erosional surface at
the base of a channel, bar or dune
(Ebinghaus et al 2013). There are a
lot of entrained pebbles within the
cross bedding, suggesting that this
was a very dynamic environment
formed and

where channels

frequently had large inputs of
sediment in to them, resulting in
an abundance of basalt pebbles

within.

The change in angularity of clasts
from sub-angular to sub-rounded
and the presence of numerous
lithologies indicates that there
have been multiple sources of
sediment input in to the system.
Imbrication of the clasts infer the
direction of palaeoflow, which has
been measured and is generally

from the NE to the SW.
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Figure 5-22 Features of E1 conglomerate a) Heterogeneous nature of the unit in places. Clast
sizes can be ~600 mm in diameter, indicating these were deposited within a very high energy
environment. b) Matrix supported conglomerate (bar) (E1) overlain by small foresets,
indicating palaeo-flow direction to the right of the image. Another bar deposit overlies this
sequence. c) Repeating bars, demonstrating normal grading. Imbrication of clasts can be
observed. d) Normally graded bar deposits, represent the waxing and waning of water level
within the river system- associated with spring snow melt. Discrete imbrication of clasts can
be observed. Hammer is ~300 mm.
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5.6.2 Glacial derived conglomerate (E2)

Lithofacies

Description

Interpretation

E2

Represents
1.2% of the
lithofacies
within the
HF (Table
5-1).

Lithology:

Typically very chaotic

with a large range of clast

sizes supported by a
predominantly fine
grained sand matrix.
Clasts are typically

basaltic, sub angular to
sub rounded, and range in
size from fine sand (0.125
(>256

individual

mm) to boulder

mm). Some
demonstrate

their

clasts

striations on
surfaces. The matrix can
vary in colour and grain
size from grey/ white to
orange/ brown and clay
(0.0039mm) to fine sand
(0.125mm). Clasts

comprise ~ 70% of the

unit.

Structure:

Diffuse  bedding and
lenticular beds are

occasionally present and
often reverse grading is
beds.

is present,

observed within
Where this

The poorly sorted, chaotic nature
of the unit combined with the unit
being matrix supported, indicates
that it was deposited by a high
energy event (Figure 5-23).

Rounded basaltic clasts with
striations indicate that these have
been affected by glacial action.
The presence of striated clasts and
predominantly = mature clasts
indicates that the clast population
was previously affected by glacial
action before/after

transportation.

Debris flow deposits commonly
display extremely poor sorting,
lack of internal stratification,
reverse to normal grading and the

largest clasts being supported by a

matrix  (Smith, 1986). They
typically form as a result of high
rainfall, floods and snowfall,

(Innes, 1983; Costa, 1984; Sassa
and Wang, 2005) although it is also
possible to generate debris flows
from glacial lake outbursts (Costa,
1984).

The dominance of clasts derived

from glacial action within the unit
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typically the unit is clast

supported. Individual
beds, frequently
demonstrate small
horizons (0.2-0.3 m),

which are dominated by
pebbles (64 mm) of sub-
angular basalt. Within the
matrix, small mm scale
cross bedding is locally

observed.

Geometry:

Occurs as beds, which are
generally massive, up to

15-20 m thick as a

package and laterally
extend for 30-40 m.
Individual beds are
difficult to identify,
although where possible
are between ~1-3 m.
Typically only locally
present and laterally
discontinuous, and thus

difficult to correlate.

indicate that the source area was a

relatively glacial proximal,

environment.

It is likely that a debris flow
occurred as the result of a glacial
lake outburst (jokulhlaup). This
could have occurred as the result
of rising spring temperatures,
leading to excess glacial and snow
2008). G1

indicate that there

melt (Breien et al,
lithofacies
were glacial lakes within the HF
environment making this scenario a

possibility. The debris flow would

have followed pre-existing
drainage pathways for up to
several kilometres before

depositing the sediment within a
structurally (?) confined area.
Breien et al (2008) document a
debris flow resulting from a glacial
outburst flood in Norway, which

incorporated primarily glacial till.

E2 has been deposited by a debris
flow, composed of glacially derived
material. The process is the same
between E2 and E3

however, the provenance of clasts

lithofacies

is different between the two units.
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Figure 5-23 Characteristics of E2 conglomerates a) Large scale outcrop of conglomerate,
with diffuse bedding structures present. b) Chaotic nature of the unit, with large > 1 m clasts
of sub-rounded basalt and <10 mm clasts of basalt indicating the very poorly sorted nature
of the unit, all within a grey, fine sand to clay matrix. c) Highlights the poorly sorted nature of
the matrix. There is an apparent reverse grading structure, however this is uncommon within
the unit. d) Some of the smaller, cobble to boulder sized clasts within the unit. At the base of
the outcrop, there is a lens of fine-grained sandstone demonstrating small cross bedding.
Hammer is 300 mm.
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5.6.3 Mass flow derived conglomerate (E3)

Lithofacies

Description

Interpretation

E3

Represents
11.1% of the

lithofacies

within the
HF (Table
5-1).

Lithology:

Frequently dark brown/

dark grey. Clasts are

typically sparsely
distributed and set in a
(0.25-0.5
mm) sand, locally silt grade

Clasts

medium/coarse
matrix. are
predominantly sub-angular
to sub-rounded and range
in size from 4mm - 150 mm.
The unit is relatively poorly
sorted. Clast types consist
of basalt, vesicular basalt,
amygdaloidal basalt,
hyaloclastite and altered
basalt. Basalt clasts are
dominant and tend to be
largest (~150 mm although

locally >500 mm).

Structure:

Generally massive with
occasional mm  scale
laminae. Discontinuous
0.4-0.5 m scale cross
bedding is occasionally

present within the matrix.
Locally clasts demonstrate

diffuse bedding. Reverse

The poorly sorted and matrix
supported nature of the unit
with  the

common transition in to sand rich

combined often,
units such as F1, indicate that the
unit formed as a result of
periodically high energy events
5-24).  Debris

commonly

(Figure flow

deposits display
extremely poor sorting, lack of
internal stratification, reverse to
normal grading and the largest
clasts being supported by a matrix

(Smith, 1986).

The presence of sub-rounded and
sub-angular clasts (Figure 5-24)
indicate that there is potentially
two populations of clast types
within the unit that have seen
different histories. Brown and
Bell (2006, 2007) observe similar

populations within deposits from

Palaeogene lava fields in
Ardnamurchan, Scotland. They
attribute the difference in

rounding of clasts to the fact that
one population (sub-rounded) has
already gone through a
weathering and transport cycle

before becoming incorporated in
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grading is common within

the unit.

Geometry:

Generally observed to be
between ~ >5-20 m thick
beds. Laterally continuous

>100 m tabular bodies.

to the deposit. This is highly likely
in the HF as there is abundant
evidence for widespread fluvial

systems (F1).

Normal faulting, uplift and
intrusions are all possible
candidates for generating debris
flows in LIP’s (Reubi et al, 2005).
Additionally, high rainfall, floods
and snowfall, all contribute to the
development of debris flows
(Innes, 1983; Costa, 1984; Sassa
and Wang, 2005). The presence of
a strong tectonic control in the HF
would have generated faulting
and uplift, creating a possible
mechanism for the generation of

debris flows.

The transition from sand rich beds
in to conglomerate rich beds and
back, suggests that a sudden,
high-energy event produced the
deposit (Figure 5-24).

96
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Figure 5-24 Features of E3 conglomerates a) Transition from poorly sorted conglomerate in
to sand rich unit and back in to conglomerate. This transition indicates that these deposits
are the result of sudden, high-energy events such as faulting. Notice the reverse grading to
the unit. b) Close up transition of the two units. The transition is very small, again indicating
that this was a sudden event. c) The unit is dominated by basaltic clasts set within a sandy
matrix. d) Clasts are typically sub-rounded and sub-angular, suggesting that there is two clast
populations to this unit. Hammer is 300 mm.
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5.7 Sandstone

Sandstone (F)

Stratified sandstone

(F1)
5.7.1 Stratified sandstone (F1)

Lithofacies Description Interpretation
Lithology: Cross bedded sand primarily
F composed of sub-angular to
Typically,  brown/orange | syb-rounded medium sand
with lighter and darker | grain sized, basalt clasts,
F1 areas present. Generally | suggest reworking of older lava

Represents
8.1% of the
lithofacies
within the HF
(Table 5-1).

medium (0.25-0.5 mm) to
coarse (0.5-1 mm) grained
sand, which is dominated by
basalt grains (Figure 5-26).
Glass grains are typically
sub-angular, whereas
vesicular basalt grains are
sub-rounded. Composition

of the clasts is variable and

includes; basalt,
volcaniclastic  sandstone,
vesicular basalt,
amygdaloidal basalt and
rhyolite. The units are

typically moderately sorted

and relatively immature.

flows has occurred to produce
the deposit (McPhie et al,
1993).
Glass

fragments (<1

appear to be sub-angular in

mm)

comparison with sub-rounded
basalt clasts, suggesting these
did not come from the same
source. Potentially the basaltic
clasts have come from a

relatively more distal source.

Where basalt
present within

pebbles are

larger cross
beds, this is likely a result of an

erosional surface at the base of

Jonathan Dietz

October 2018




Chapter 5

Lithofacies and descriptions

Structure:

Beds demonstrate normal
and reverse grading on a 1
m scale. Cross bedding is
present on a 1-1.5 m scale
and smaller scale (0.3-0.5
m) trough cross bedding is
also present. Some horizons
demonstrate
basalt

within beds
imbrication of
pebbles, although this is not
widespread. Small gravel
lags are present at the base
of coarser beds, and these
are dominated by basalt

pebbles (up to 64mm).
Geometry:
Beds are typically between

1-3 m

generally

in thickness and

are laterally
discontinuous. These units
tend to pass in to E1 (Figure
5-25). Within the unit, bars
are found with an axis of
between 1-2 m and a depth
of ~0.3-0.5 m. Typically
these bars tend to cut in to

the underlying and adjacent

a channel, bar or dune
(Ebinghaus et al 2011). There
are numerous entrained
pebbles within the cross beds,
suggesting that this was a very
dynamic environment where
channels formed and
frequently had large inputs of
sediment in to them, resulting
in an abundance of basalt

pebbles within.

Bars, gravel lags, large scale
cross bedding, gravel and the
relatively immature nature of
the deposit are all suggestive of
being formed in a braided
fluvial environment
5-25) (Reading, 2002). The unit
commonly transitions in to E1

(Figure 5-25) indicating that

(Figure

the two are intrinsically linked
with F1 being the deposit from
the waning braided fluvial

system.

The environment in which this
unit was deposited would have
been very similar to modern
day Iceland, with large volumes

of gravel, sand and suspended

99

channels. load being transported by these
high-energy fluvial systems.
Petrography: Glaciers and the presence of
lavas would have heavily
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Dominated by basaltic and
sandstone clasts within a
clay/palagonite matrix. The
section has been blue dyed,
indicating a lack of porosity
within the unit (Figure
5-26).

influenced these systems,
potentially altering the course
of the rivers. With time the
rivers would have become less
confined to valleys and pre-
existing drainage networks
(Schofield and Jolley, 2013).

Overlying-bar

- =

Overlying bat

S e

Figure 5-25 Characteristics of F1 sandstones a) Large package of F1 and E1. On close
inspection, E1 typically cuts in to underlying F1 and commonly there is a transition from E1
to F1, representing the waning of fluvial energy. b) Close up image of what is described in (a).
The overlying bar (E1) has an erosive contact with the underlying sandstone. c) Cross
bedded, medium grained sandstone highlighting varying palaeoflow directions. d) Cross
bedded sandstone with a gravel lag at its base, indicating an erosional surface.
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Figure 5-26 Petrography of F1. a/b) PPL and XPL photomicrographs highlighting the range of
clast types within F1 and the lack of porosity (the section has been stained with blue dye).
Basalt clasts are sub-rounded (B) and the unit contains clasts of sandstone (S). Matrix is
composed of clays and palagonite (pink arrows). c/d) PPL and XPL photomicrographs of
basalt clasts (B), highlighting the sub-rounded nature of each.
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5.8 Sandstone and siltstone

Sandstone and
siltstone deposits (G)

Alternating siltstone
and sandstone units

(G1)

5.8.1 Alternating siltstone and sandstone units (G1)

Lithofacies

Description

Interpretation

G

G1

Represents
4.4% of the

lithofacies

within the
HF (Table
5-1).

Lithology:

Alternating brown/beige fine
grained (up to 0.25mm) sand and
laminated siltstone layers with
obvious recessed dark brown

siltstone layers. Clasts within

sandstone are predominantly

basaltic, sub-rounded and are
small pebble size (64mm). These
clasts are often aligned. Some
larger clasts are observed within
the sandstone, and these are
predominantly basaltic, sub-
rounded to rounded and are small

cobble in size (65 - 100 mm).

Small, white/grey horizons of
claystone up to 50 mm are

present within the unit, locally

silt and

with

Interbedded
sandstone larger

clasts and faint bedding is

indicative of being
deposited within a
glaciolacustrine setting

(Figure 5-27) (Livingstone
et al, 2015). The cyclical

nature of the inter-bedding

could possibly represent
seasonal variations in
sediment input. Where

siltstone is present this is
most likely to be formed
of

during a  period

quiescence  in  winter
months when meltwater
and therefore sediment, is
less available (Bennett and

Glasser, 2009).
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the siltstone and

sandstone layers.

between

Small, concordant and discordant
horizons of medium grained,

orange/brown sandstone are
present within the unit. These are
obvious due to the difference in
with  the

sandstone and siltsone.

colour surrounding

Structure:

Parallel bedded layers. Typically
sandstone layers are ~0.5-1 m
thick and these are punctuated
by much thinner layers, ~0.1-0.2
Within the

siltstone, mm scale laminations

m, of siltstone.
are present and are occasionally
observed to be deformed around
clasts, which have  been
entrained in the layer. Within the
sandstone layers, larger clasts are
present. Faint bedding is present
on a ~50-100mm scale within the
sandstone layers due to the rough

alignment of clasts.

Geometry:

Parallel tabular bodies, laterally
continuous and extending for up
to ~40m. Typically passes in to

hyaloclastite and pillow material.

The presence of larger
clasts (Figure 5-28) within
the sandstone layers and
deformation of siltstone
layers around clasts could
potentially be the result of

rain out from rafted ice

with a low clast
concentration, that have
calved within a lake

(Livingstone et al, 2015;
Bennett and Glasser, 2009;
Ashley et al, 1985).

The

discordant

concordant and
sandstone
structures within the unit
are interpreted as sand
injectites 5-27

based on the fact that the

(Figure

structures appear to be
connected and traceable
downwards until there is no
exposure. Above the units,
there are only lavas and
hyaloclastite, indicating
that the sand must have
come from depth. Sand
injectites form due to the
elevation of pore pressure,
the

fluidisation

hydrofracture of
sealing unit,
and injection of sand (Hurst
2011).

mechanisms

et al, Numerous

trigger are
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White/grey claystone horizons

are laterally continuous for 3-4
m.
Concordant and discordant

sandstone horizons are laterally
continuous for up to 30 m. Over
that distance they demonstrate a
complex relationship with the
sandstone and siltstone.

Petrography:

The unit is dominated by small,
sub-rounded basaltic clasts within
a silt/clay grade matrix (Figure
5-28). Where the tuff horizons are
present, cuspate glass shards
5-29).Sand

are dominated by

dominate  (Figure
injectites
small, sub rounded, altered clasts

of basalt (Figure 5-29).

suggested for the
formation for sand
injectites- seismicity,
thermal pressurisation,

overpressuring caused by
fluid

igneous

rapid loading,

migration and
intrusion (Hurst et al, 2011
and references therein). In

the HF the most likely

trigger mechanism is
overpressure caused by
rapid loading by lavas

above the unit.

Analysis of the white/grey

horizons has revealed
vesicle structures within
the claystone (Figure 5-29).
This is most likely to be an
fall The

preservation of this horizon

ash deposit.
is in keeping with the unit
representing a quiescent
lacustrine setting.

Jonathan Dietz

October 2018




Chapter 5 Lithofacies and descriptions 105

2 ¥
"4+ “Basaltlava

Ash horizon

Figure 5-27 Characteristics of G1 sedimentary rocks a) Alternating beds of siltstone and
sandstone, with dropstones present. Alternating beds highlights the seasonal input of
sediment in to the lacustrine body. b) Lava overlying the alternating siltstone and sandstone
unit. c) Sand injectites that most likely formed as a result of the emplacement of the overlying
lava. d) White/grey ash horizon preserved within the unit, indicating that the environment was
relatively quiescent.
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Figure 5-28 Petrography of G1. a/b) PPL and XPL photomicrographs of the texture of unit G1.
The unit has sub-rounded basalt clasts (dashed pink line) and basaltic glass (pink arrows).
The matrix is composed of silt grade sediment. c/d) PPL and XPL photomicrographs of the
matrix, highlighting the fine grained nature.
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Figure 5-29 Petrography of tuff/sand injectite horizon. a/b) PPL and XPL photomicrograph
highlighting the general texture of the tuff horizon. Cuspate glass shards dominate this area
of the section (pink arrows). c/d) PPL and XPL photomicrographs of the sand injectite area of
the thin section. This is dominated by altered, sub-rounded, vesicular basalt clasts (pink
arrows). e/f) This area of the thin section represents the interaction of the sand injectite (top
right) and the tuff (bottom right).

Jonathan Dietz October 2018



Chapter 5 Lithofacies and descriptions 108

5.9 Conclusions

e Seven main lithofacies have been identified within the HF. These have been

subdivided in to 15 sub-lithofacies.

e The dominant lithofacies within the HF is B1. Sub-aerial lavas dominate the
HF, with >60% of lithofacies being sub-aerial lava, this is unsurprising given
the location of the HF in SW Iceland.

e Based on the lithofacies data from the HF, the most dominant system is the
volcanic system. The most dominant sedimentary unit in the HF is mass
flow units. These indicate there was frequent, high energy events
associated with high rainfall and loose regolith, these would typically wane
to normal fluvial processes. The volcanic and sedimentary systems in the

HF have interacted to produce complex outcrops throughout the HF.

e The lithofacies presented here are end members and often within the field
it is difficult to apply a specific lithofacies to an outcrop as there is often
overlap between different lithofacies. This is particularly the case with E1,
E2 and E3 as well as C1,C2, D1 and D2.
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6 Lithofacies successions

6.1 Introduction

This chapter focuses on understanding some of the key lithofacies successions
within the Hreppar Formation. The HF comprises a variety of palaeo-
environments, highlighted by the complex relationships between the main
lithofacies. Example lithofacies successions are described in detail here, enabling

the environments of deposition to be fully understood.

The lithofacies successions are depicted through the use of annotated logs and
field panoramas. The field location of each panorama can be identified through
the use of the grid system on the main geological map (Figure 6-1, map insert)
and each lithofacies association description has an inset map, highlighting the
location and geology in detail. The lithofacies successions build on the descriptions
of the lithofacies in the previous chapter. Lithofacies successions in volcano
sedimentary settings demonstrate genetic associations as well as non-genetic

associations.

The environment in which these lithofacies were formed was heterogeneous, with
evidence for competing volcanic, glacial and fluvial systems, controlled by
tectonics, volcanism and climate with tectonics being the primary driver. These
different systems can be observed actively competing for available
accommodation space in modern day Iceland and provide helpful analogues for
the HF.
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Figure 6-1 Geological map of the Hreppar Formation at Fludir. The area has been divided in to a grid system, to easily identify where the panoramas are located.
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A Ignimbrite

A Lava-like ignimbrite with well-developed fold structures on mm-m scale. Folds are highlighted by alternating dark and light
bands. Very fine-grained (<0.125 mm) and rarely glassy. Spherulites at the base of the unit is common. Laterally extensive >0.5-
1 km and ~5-10 m thick.

A2 Massive lapilli tuff. Lithic lapilli range from 5-15 mm, pumice lapilli and weathered-out pumice commonly present. Typically
grades in to C1. Laterally continuous >0.5-1 km, to, 1-3 m thick.

B Sub-aerial, basaltic lava

B Local development of ‘a’a, commonly with a clinker top facies. Typically the clinker top is irregular in its lateral extent and filled
with sediment. These lavas are ~5-10m thick and laterally continuous. Often the entablature facies not always present.

B2 Pahoehoe with obvious, well-developed colonnade. Laterally extensive dark grey/ pink and fine-grained (0.125 mm). Commonly
the entablature is absent. Columnar joint spacing 1.5-2.5m with well defined chisel marks spaced 20-40 mm.

B3 Pahoehoe with obvious core, poorly distinguishable top and bottom. Tops and bottoms vesicle-rich. Generally 5-10 individual
units stacked together, with individual units ~1-3m in thick. Locally, thin columnar-jointed units transition in to, and have irregular
boundaries with, hyaloclastite. Dark grey/ black, generally medium-grained (0.25 mm), locally fine (0.125 mm) and coarse (0.5
mm). Where laterally and vertically discontinuous, indicated by B3*.

Correlatable pahoehoe with obvious core poorly distinguishable top and bottom. Weathers pink/orange. Individual units 1-3 m
thick and laterally extensive. Typically fine-grained (0.125 mm). Commonly found to transition with hyaloclastite.

C Primary hyaloclastite and pillow breccia

C1 Typically this unit has irregular contacts and has variable thickness, laterally can be quite extensive, up to 0.5 km. Dark grey/-
black on fresh surfaces, brown/orange on weathered surfaces. Massive, poorly sorted, glassy juvenile clasts range from fine
(0.125 mm) to coarse (64 mm); angular/sub-angular clasts; fine-grained (<0.125 mm) matrix, dominated by glassy shards.

2 Typically this unit has irregular contacts and has variable thickness, laterally can be quite extensive, up to 0.5 km. Dark grey/-
black on fresh surfaces, brown/orange on weathered surfaces. Massive, poorly sorted, glassy juvenile clasts range from fine
(0.125 mm) to coarse (64 mm); angular/sub-angular clasts; fine-grained (<0.125 mm) matrix, dominated by glassy shards. Addi-
tionally pillow fragments up to pebble size (64 mm) with an obvious glassy outer crust and pipe vesicles are present.

D Reworked hyaloclastite

D1 Unit is typically up to ~10 m thick and laterally discontinuous. Poor to moderately sorted, typically sub-rounded, rarely sub-angu-
lar, glassy juvenile clasts up to pebble (64 mm) in a fine grained (<0.125 mm) matrix dominated by glassy shards. Grey/ black
on fresh surfaces, brown/ orange on weathered surfaces. Unit is massive, with no apparent structure.

D2 Unit is typically up to ~10 m thick and laterally discontinuous. Poor to moderately sorted typically sub-rounded, rarely sub-angu-
lar, glassy juvenile clasts up to pebble (64 mm) in a fine grained (<0.125 mm) matrix dominated by glassy shards. Grey/ black
on fresh surfaces, brown/ orange on weathered surfaces. Normal and reversely graded beds up to 2 m thick are characteristic of
this unit.

Figure 6-2 Lithofacies codes of the Hreppar Formation. Lithofacies codes, descriptions and
colours to be used in conjunction with the geological map.
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E

Conglomerate

E1

E2

E3

Typically 10m thick and laterally restricted brown/orange/grey. Clasts are typically sub-angular to sub-rounded and predomi-
nantly basalt, vesicular basalt, rhyolite and volcaniclastic sandstone (5-600 mm). Fine (0.125 mm) to medium (0.25 mm)
grained sand grade matrix; locally clast supported, channel geometries range from 1-5 m. Unit is ~10 m thick and not lateral-
ly extensive.

Laterally restricted, 2-3m thick units. Grey/light grey. Clasts are typically sub-angular to rounded and are dominated by
basalt, vesicular basalt and amygdaloidal basalt. Poorly sorted with clasts range from ~5 mm to >1 m. Silt (0.0625 mm)
matrix; commonly clast supported.

The unit is generally relatively thick, up to 30 m and laterally extensive, commonly beds are between 1-5 m. Typically brown/
grey in colour. Poorly sorted, clasts are typically sub-angular to sub-rounded and predominantly comprised of basalt, sand-
stone and vesicular basalt. Clasts range from 5 mm- 1 m. Fine (0.125 mm) to medium (0.25 mm) grained sandstone matrix.
The unit is often reversely graded.

Sandstone

F1

Laterally discontinuous and often grades in to conglomerate. Typically brown/orange, medium (0.25 mm) to coarse (0.5mm-1
mm) grained sand dominated by basalt grains. Normal and reversely graded beds up to 3 m thick. Cross bedding common
on decimetre to metre scale.

Sandstone and siltstone

G1

Typically10-12 m thick, laterally continuous for up to ~0.5 km. Alternating medium/coarse (0.25-0.5 mm) sandstone units and
fine-grained (0.125 mm) siltstone. Sandstone beds are up to 0.5 m with anomalous boulders up to 0.4 m, siltstone beds are
much thinner, ~0.2 m. Common throughout are medium grained (0.5 mm) sand injectites, up to 40 mm in diameter.

. Log position

- Controlling oblique fault

— Minor fault

/ i

Figure 6-3 Lithofacies codes of the Hreppar Formation Lithofacies codes, descriptions and
colours to be used in conjunction with the geological map.
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6.2 Sub-aerial lava, hyaloclastite and re-worked
hyaloclastite

A typical transition from sub-aerial lava in to hyaloclastite and re-worked
hyaloclastite within the HF. Panorama 1 depicts the relationships between each

of these lithofacies.

Figure 6-4 Location of panorama 1. Indicated by the dashed yellow line.
6.2.1 Description of panorama 1

Panorama 1 is situated in grid square F6 (Figure 6-1,Figure 6-4) in the centre of
the field area. Lithofacies B3, D2 and C2 are represented in this panorama (Figure
6-5). The base of the outcrop consists of stratified reworked hyaloclastite (D2),
primarily consisting of beds of sub-angular to sub-rounded hyaloclastite. These

beds are ~1 m thick and display inverse grading. Laterally, D2 is not exposed.

Overlying D2 there is a lateral transition from left-right, of pahoehoe basalt lava
(B3) in to primary hyaloclastite and pillow fragments (C2). Two outcrops of B3 are
observed with one having a direct contact with C2. At the contact, there is a
transition over 0.5 m from coherent basalt in to hyaloclastite. Here, there is a

mingling of the two lithofacies (Figure 6-5).
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A sequence of B3, C2 and D2 is found at the top of the outcrop. B3 transitions
laterally and vertically in to C2, which also transitions laterally and vertically in

to D2. C2 is relatively thin in comparison with D3, which is >7 m.
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Figure 6-5 Details of panorama, highlighting the relationships between D2, C2 and B3. The panorama documents the transition from sub-aerial volcanism to sub-aqueous volcanism and the subsequent reworking of

hyaloclastite.
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6.2.2 Interpretation of panorama 1

The transition from B3 in to C2 and D3 is of sub-aerial lava entering a water body,
(most likely a lake) which generated primary hyaloclastite and pillows (Fisher
1984; White et al, 2000; Gill 2010), before becoming re-worked by lake bottom
currents and grain flow (Fisher, 1984: Reading, 2002). The water body in this
example, is at least 6m deep based on the hyaloclastite and pillow thicknesses, in
other areas within the study area the lacustrine facies indicate water depths of
up to 16m, suggesting that lake bottom currents would have played an active role
in reworking these deposits. Watton et al (2013) suggest that high angle cross
bedding could represent Gilbert style delta deposition as the lavas entered the
water body. The repetition of lithofacies B3, C2 and D2 indicate that this process
has occurred repeatedly. The outcrop demonstrates evidence of this process
having occurred at least three times. The lowest exposure of D2 in the outcrop
has no associated exposure of sub-aerial lava or primary hyaloclastite exposed;
however, it represents the first instance of sub-aerial lava entering a water body

at this locality.

The second occurrence is only partially represented as there is no associated D2,
exposed. During the first and second sequence, the position of the water body
moved more basin-ward (right) due to a possible reduction in the volume of water
in the lake. This is highlighted by C2, directly overlying D2, as C2 typically forms

in shallower water.

The full sequence (B3-C2-D2) (Figure 6-5) exposed at the top highlights the whole
process described by McPhie et al (1993)(inset diagram on Figure 6-5), of sub-
aerial lava entering a water body, producing in-situ primary hyaloclastite and
pillows before being reworked. The position/depth of the lake changed between

sequence two and three, indicated by B3 directly overlying C2.

This sequence of lithofacies indicates that the volcanism was dominant at this
point in time, with no development of sedimentary interbeds between sequences
indicating that there was insufficient quiescence for the sediments to develop or
there was a lack of preservation of sediments (?). The presence of sub-aqueous
facies C2 and D2 demonstrate that there was an abundance of water in this

depositional environment. This water could have potentially come from
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volcanically dammed fluvial systems, producing lake bodies within the upstream
confined valleys (Costa and Schuster, 1988; Schofield and Jolley, 2013; van Gorp
et al, 2013). These dams could also have been produced as a result of landslides,

glaciers and alluvial fans (Costa and Schuster, 1988) blocking fluvial systems.

6.3 Sub-aerial lava, conglomerate and fluvial sandstone

A typical transition from a sub-aerial lava in to debris flow conglomerates and
fluvial sediments. Panorama 2 highlights the relationships between these different

lithofacies.

Figure 6-6 Location of panorama 2, Indicated by the dashed yellow line
6.3.1 Description of panorama 2

Panorama 2 is situated in grid square C9 (Figure 6-1,Figure 6-6) of the field area.
Three lithofacies are represented in this panorama; ‘a‘a basalt lava with clinker
top (B1), debris flow conglomerates (E3) and fluvial sandstones (F1) (Figure 6-7).

At the base of the outcrop ~6 m of B1 is present, but the base of lithofacies B1 is
not exposed. The upper 2 m of B1 is highly irregular, with pockets of rubbly top
preserved in depressions within the lava. The depressions are irregular and inter
finger with the coherent core of the lava. Where these pockets of rubbly top are
preserved, a matrix of fine/ medium sandstone surrounds the clinker that

comprises the rubbly top.
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B1 grades in to lithofacies E3 over ~1.5 m. Contacts of coherent basalt with E3 are
present as are contacts of rubbly top and E3. Within the first metre of E3, isolated
clinker clasts are present, but these become rarer higher in the unit. The unit is
approximately ~7 m thick with the top 1.5 m being dominated by large boulders
of up to ~1 m. The unit is inversely graded. E3 transitions over ~1 min to F1, with
the very top of E3 comprising medium sand. F1 is ~3 m thick and is dominated by

small cross bedded horizons.
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At the top of the sub-aerial basalt, there are areas
of clinker top that have been filled with silt and
sand from the overlying conglomerate unit.
There are also areas where the underlying basalt
is in direct contact with the basalt, suggesting
that some of the clinker top was eroded/washed
away before deposition of the conglomerate or

the lava only developed small areas of clinker top.

F1

B1

Sandstone

=35 . Conglomerate

Sub-aerial, basaltic lava

There is no evidence of clinker top in this photo-
graph, suggesting it was not formed. There is
also a distinct lack of vesicular clasts within the
overlying conglomerate, whereas only a few
metres away there is gradation of lava, clinker
top and conglomerate. This suggests that the
conglomerate was deposited relatively quickly

after the lava formed.
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Figure 6-7 Panorama 2 highlights the main relationship between lithofacies B1, E3 and F1. The panorama documents the role of tectonics in the HF and the deposits associated with faulting
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6.3.2 Interpretation of panorama 2

The lithofacies association represents a change in the dominant system at that
time (Figure 6-7). B1 dominates before there is volcanic quiescence, allowing
sedimentary systems to fully develop. A rubbly top has formed on the surface of
B1 as a result of increased effusion rate from the fissure. Kestzthelyi et al (2000)
suggest surging and autobrecciation as mechanisms of emplacement that can
generate rubbly flow tops with smooth, pahoehoe like bases. The rubbly top has
only been preserved within lows of the lava surface (Figure 6-7), as it is very
susceptible to weathering and erosion; this is why it is not observed along the

entire length of the contact with E3.

The transition between B1 and E3 highlights a hiatus in volcanic activity. In the
area there was active faulting occurring at the time of deposition. This, combined
with heavy rainfall, saturated ground and loose debris from erosion, are likely
triggers for generating debris flows (Costa,1984; Hungr et al, 2001). The area
would have been very wet with an abundance of rain and snowmelt. Furthermore,
there would have been a lack of vegetation cover and an abundance of loose
eroded material, primarily from fluvial systems and weathering. All these factors
could have combined to generate a debris flow such as E3. It most likely stopped
within a low in the palaeo-topography. The debris flow would have likely been
confined to a channel, allowing a relatively large flow depth to be maintained
(Hungr et al, 2001). This would have been utilised more than once by debris flows.
Areas of much coarser grained clasts within the unit evidence this. Reverse grading

is typical of these deposits (Costa, 1984).

The gradation from E3 to F1 represents a change from high-energy, debris flow
events associated with faulting, heavy rainfall and loose material, to a lower
energy fluvial system. Development of a fluvial system indicates that erosion rates
were high and there was a lack of volcanic activity at the time of deposition. The
fluvial system would have taken advantage of lows in the palaeo-topography,
much like B1 and E3.
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6.4 Sub-aerial lavas, hyaloclastite, conglomerate and
fluvial sandstone

Panorama 3 depicts the transition from conglomerate in to fluvial sediment, sub-
aerial lava and hyaloclastite and highlights the main relationships between the

differing lithofacies.

Figure 6-8 Location of panorama 3 indicated by the dashed yellow line
6.4.1 Description of panorama 3

Panorama 3 is situated in grid square D9 (Figure 6-1, Figure 6-8). Four lithofacies
are represented in the panorama; glacial derived conglomerate (E2), fluvial
sandstones (F1), pahoehoe basalt lava with poorly defined tops and bottoms (B3)

and primary hyaloclastite and pillow breccia (C2) (Figure 6-9).

At the bottom of the panorama, E2 is exposed for ~3-4 m, although the contact
with the underlying unit is not observed. E2 is dominated by boulders >1 m of
basalt, with small (cm) sedimentary structures such as cross bedding observed

within the clay/silt matrix. Diffuse bedding within E2 is present on a metre scale.

The contact between E2 and F1 is not observed due to lack of exposure. It is
assumed that there is a gradation between the two lithofacies, over the zone of

No exposure.
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F1 is a small coarsening upwards sequence of sandstone with occasional pebbles
of basalt. Cross bedding is observed within the unit on a 0.5 m scale. There is a

relatively well defined, regular contact between F1 and B3.

B3 is a small unit with poorly developed columnar jointing up to 0.3 m wide, the

top surface is not exposed. The lava weathers orange/brown.

There is no exposure between lithofacies B3 and C2. Log 5 begins higher in the
stratigraphy due to the lack of exposure above B3. Areas of C2 are dominated by
clusters of well-developed pillows up to 1 m in diameter. These are typically more
common at the base of the unit. Towards the contact with B3, the unit is
predominantly primary hyaloclastite with occasional pillow fragments. The total

thickness of the unitis ~ 7 m.

The contact with B3 is irregular and varies laterally. There is no transition between
the two different lithofacies, and the contact is sharp. Within B3 there are at least

5 lava flows present with a thickness of ~13 m.
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Figure 6-9 Details of panorama 3. Panorama 3 highlights the main relationships between lithofacies E2, F1, B3 and C2. It documents the interaction of fluvial, glacial, volcanic and tectonic systems and how these are

related
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6.4.2 Interpretation of panorama 3

The panorama highlights the relationship between various competing systems
(Figure 6-9). E2 represents a debris flow deposit that contains glacially derived
material. As the unit is not fully exposed it is difficult to understand fully. The
transition from E2 to F1 most likely represents a glacial outburst event which
deposited E2 and subsequent fluvial output from a glacier as the flood event
waned. This would have been a very wet environment with a lot of fluvial output

from the glacier in addition to frequent rainfall, much like modern day Iceland.

B3 and C2 represent a change in the system where volcanic activity dramatically
increased. The increase in volcanism produced the lavas exposed in the lower
outcrop of B3. C2 indicates that the sub-aerial lavas of B3 entered a water body,
demonstrating that a fluvial system was still active during the increase in
volcanism. This fluvial system was most likely dammed or had its course altered
by sub-aerial lavas, generating a water body (Costa and Schuster, 1988; Schofield
and Jolley, 2013; van Gorp et al, 2013). Subsequent lava flows entered this water
body generating lithofacies C2. Lithofacies B3 above C2 indicates that the water
body was no longer present when the last lavas were erupted as they mark a return

to being sub-aerial as opposed to sub-aqueous.
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6.5 Conglomerate, hyaloclastite and sub-aerial lava

A typical transition from debris flow conglomerate in to hyaloclastite and sub-
aerial lava within the HF. Panorama 4 depicts the relationships between each of

these lithofacies.

Figure 6-10 Location of panorama 5 indicated by the dashed yellow line.

6.5.1 Description of panorama 4

Panorama 4 is situated in grid square D9 (Figure 6-1,Figure 6-10). Three lithofacies
are represented in this panorama; glacial derived conglomerate (E2), primary
hyaloclastite and pillow breccia (C2) and pahoehoe lava with poorly defined tops
and bottoms (B3) (Figure 6-11).

A small exposure of E2 is found at the base of the section. This is ~7 m thick and
is dominated by rounded basaltic boulders set within a clay/silt matrix. It is
assumed that this unit is laterally continuous, although not exposed, based on the

presence of the unit, along strike.

There is ~8 m of no exposure between E2 and C2, so it is difficult to determine
where the contact would likely be. A ~10 m exposure of C2 is found overlying the
area of no exposure. The lowest 4 m of the unit is dominated by pillow structures,

typically 0.5 m in diameter with obvious tear drops between, confirming the
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sequence is the correct way up. Moving up through the remainder of the unit, the
pillow density decreases, with more pillow fragments and isolated pillows present

within a hyaloclastite matrix.

C2 grades upwards in to B3, however this contact is highly irregular laterally away
from the position of log 2. C2 contains at least 8 individual lavas, with a cumulative
thickness of ~20 m. The lowermost six lavas are relatively thin at ~1-2 m each,

whereas the upper two lavas are 4-8 m thick.
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High density of basaltic pillow structures
suggests that sub-aerial lavas were

erupted in to a relatively deep water
body.

Figure 6-11 Panorama 4 documents the relationship between lithofacies E2, C2 and B3.
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This sequence represents a transition from
sub-aqueous eruption to sub-aerial eruption.
Large pillow structures are observed to transi-

tion in to hyalolcastite,

This conglomerate has a range of sub
angular basaltic clast sizes from mm->Tm.
Typically demonsrates diffuse reverse
grading. Within this unit there are small
scale (cm) sedimentary structures between
clasts.

Within the panorama, the change from a glacial dominated system to a volcanically dominated one is highlighted.
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6.5.2 Interpretation of panorama 4

Panorama 4 documents the transition from glacial to sub-aqueous and then sub-
aerial volcanism (Figure 6-11). The same sequence is observed at three other
localities within the field area (chapter 10). The glacially derived conglomerates
of E2 are most likely deposited during a glacial outburst event. Small sedimentary
features such as cm scale cross-bedding are present indicating reworking by small
fluvial channels. As the contact with C2 is not observed it is difficult to determine
the relationship between the two lithofacies. However most likely the unit
becomes much finer grained and sand rich towards the top. This would be the
result of streams draining the retreating glacier, generating loose debris and

water. It is probable the contact between the units is very irregular.

The presence of C2 indicates that sub-aerial lavas have interacted with a water
body such as a lake. The thickness of C2 indicates that the water depth was
relatively deep. The transition from high pillow density to low pillow density and
increasing hyaloclastite suggests that the relative water depth was decreasing as
a result of lavas entering and generating hyaloclastite, which filled it up. The
water body formed most likely as a result of runoff from a glacier being trapped
within the topography, which is very common in modern analogues found in

Iceland.

The transition from C2 to B3 represents the change from sub-aqueous to sub-aerial
volcanism. There is no lateral change from C2 to B3 indicating that the transport
direction of the sub-aerial lavas was towards the observer. The sheet like nature
of the lavas in B3 indicate that the lavas were erupted with a relatively continual
supply of magma and the lack of sedimentary units between lavas suggests that

the volcanism was continuous and dominant.
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6.6 Sub-aerial lava, fluvial sandstone and conglomerate

A typical transition from sub-aerial lava in to fluvial sandstone and conglomerate

within the HF. Panorama 5 depicts the relationships between each of these

lithofacies.

Figure 6-12 Location of panorama 5 Indicated by the dashed yellow line
6.6.1 Description of panorama 5

Panorama 5 is situated in grid square G5 (Figure 6-1,Figure 6-12). Four lithofacies
are represented in this panorama; ‘a’a basalt lava with clinker top (B1), pahoehoe
basalt lava with columnar jointing (B2), stratified volcaniclastic sandstone (F1)
and debris flow conglomerates (E3). Faulting within the sequence is easily

identified by the repeating lithofacies (Figure 6-13).

At the base of the section 7m of lithofacies B1 is exposed. The overall thickness
of this unit is not known because the base is not exposed. The upper 2.5 m is
dominated by a well-developed rubbly top. This is not a consistent thickness along

the lateral extent of this lava, and in some areas it is not present.

B1 grades in to F1, with a highly irregular contact. F1 is ~ 2-3 m thick and medium
to coarse grained sand. The unit generally coarsens upwards before grading in to
E3.
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The contact between F1 and E3 is irregular, and locally F1 is reduced to a few tens
of centimetres thick. E3 is 12 m thick and is composed of a series of alternating
beds dominated by cobbles and boulders. These are predominantly basaltic in

composition.

Between E3 and B2 there is 1-3 m of no exposure, therefore making it difficult to
fully understand the nature of the contact. B2 is a ~12 m thick lava, with well-
developed widely spaced, columnar jointing. Above this unit of B2 there isa ~4 m
thick exposure of E3, the thickness of which varies along its length.
Stratigraphically above this small unit of E3 another repeating sequence of B2 and
E3 is present. The uppermost B2 unit is ~15 m thick and has an irregular contact
with the unit of E3 underlying it. The whole sequence is capped by a laterally

continuous, ~5 m thick unit of E3.
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Figure 6-13 Panorama 5 documents the relationship between lithofacies B1, F1, E3 and B2. The panorama represents rapid changes between volcanically dominated systems and tectonically dominated systems
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6.6.2 Interpretation of panorama 5

Panorama 5 records a very dynamic time in the HF, with volcanic, fluvial and
tectonic systems interacting (Figure 6-13). The panorama can be divided in to two
main periods. Lithofacies B1 at the base of the panorama indicates that the
volcanic system was highly active, with sudden increases in effusion rate
generating rubbly tops to the lavas. As the magma was extruded, the lavas would

have filled lows within the palaeo-topography.

The presence of F1 highlights that there was quiescence in the volcanic system
allowing for the formation of a fluvial system. As the sedimentary rocks are
predominantly coarse grained sandstone, this indicates that the fluvial system had
the energy and ability to transport these larger grain sizes. The gradation from F1
in to E3 represents a large increase in energy within the system. The debris flows
are associated with heavy rainfall, loose eroded sediment and faulting in the area,
generating steep gradients and acting as a trigger mechanism. The faulting could
account for the apparent quiescence in volcanic activity by diverting lavas

elsewhere in the HF as they fill lows within the palaeo-topography.

B2 represents an increase in volcanic activity, generating large lavas. The size of
these lavas indicate that the system was very active, most likely dominating the
environment. Along strike, B2 appears to have ponded in lows, which indicates
that the volcanic system very quickly became active after faulting. The lows
generated by faulting were most likely filled with thick accumulations of lava. The
lack of an entablature in B2 suggests that fluvial systems did not interact with the

cooling lavas, and were displaced and diverted during extrusion of lavas.

Above the first exposure of B2, there is another sequence of E3 and B2, with the
whole sequence capped by E3. The repeating nature of the lithofacies, indicates
that there has been continual tectonic activity in the HF. This has generated
accommodation space for lavas to fill such as lithofacies B2. Tectonic activity also
generates fault scarps, loose sediment and provides a potential trigger mechanism

for deposition of lithofacies E3.
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The faulting within the panorama is clearly evidenced by the repeating colours of
individual lithofacies (Figure 6-13). Where the log positions are indicated, this is

the footwall of the fault and the hanging wall is in the foreground.

6.7 Sub-aerial lava, sandstone/siltstone and
hyaloclastite

A typical transition from sub-aerial lava in to sandstone/siltstone and then
hyaloclastite within the HF. Panorama 6 depicts the relationships between each

of these lithofacies.

Figure 6-14 Location of panorama 6 Indicated by the dashed yellow line
6.7.1 Description of panorama 6

Panorama 6 is situated within grid squares F7 and F8 (Figure 6-1, Figure 6-14).
Three main lithofacies are present; pahoehoe basalt lava with large columnar
jointing (B2), alternating siltstone and sandstone units (G1) and primary

hyaloclastite and pillows (C1).

The lowest lithofacies exposed within the panorama is B2. The full thickness of B2
is unknown due to a lack of exposure. Log 50 captures the upper 1 m of the unit,
but it is expected to have a full thickness of > 10 m. The unit has a very small,
poorly developed rubbly top, which is only ~0.5 m thick. The unit is laterally

continuous.
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Overlying B2, lies a ~5.5 m thick unit of G1. This unit comprises siltstone beds up
to ~0.5 m thick, which are punctuated by beds of sandstone up to ~1 m thick.
Within the upper ~3 m of the unit, there are widespread sand injectites. These
are up to 0.1 m wide and continue for ~3 m. Within the siltstone beds, 0.1 m thick
horizons of white tuff are observed, which have some very small, mm scale cross

bedding within them.

A unit of C1 caps the whole sequence. The gradation from G1 to C1 is irregular.
The logged thickness of C1 is ~2 m, the unit is ~10 m thick and is composed of
coarse grained hyaloclastite and patches of apparently coherent lava. It is
laterally extensive. At the base of the unit there is interaction with the underlying
sediment of G1. Small pillow like structures have developed, and are up to 150

mm in diameter.
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Figure 6-15 Panorama 6 documents the relationship between lithofacies B2, G1 and C1. It documents the development of a water body and the subsequent interaction with a return to the volcanic system.
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6.7.2 Interpretation of panorama 6

B2 has well developed, thick columnar jointing, most likely the result of ponding
and filling lows generated by tectonic activity. There is a lack of entablature to
the lavas, indicating that they were not inundated by water whilst they were
cooling. There was a time gap between the lavas cooling and the formation of a

water body.

The formation of a water body was likely the result of the fluvial drainage network
being diverted and filling in the low generated by earlier tectonic activity or as
the result of melting glacial ice by volcanic heat (White and Riggs, 2001). The
sedimentary units of G1 would have been deposited within a quiescent lake
environment, as there are no obvious reworking structures present. The
alternating siltstone and sandstone beds suggest cyclical input of sediment. The
sandstone beds are thicker, which could be the result of spring input when glacial
run off and snow melt is highest, and therefore able to carry coarser grained
sediment. The presence of small dropstones suggests that there was a glacial
interaction with this lake body. Small tuff horizons, preserved within the siltstone
indicate that the environment was very quiescent as ash-fall would only be
preserved in low energy conditions. Sand injectites are the result of a sudden
trigger mechanism, which could have been tectonic activity or the eruption and

subsequent loading of a lava on the water saturated sediments.

The unit is capped by C1, demonstrating that the volcanic system became active,
producing lavas. These lavas were most likely erupted relatively close to the water
body. They subsequently entered the water body producing hyaloclastite and
pillow lavas. The pillow lavas are found in the deeper areas of the water body
such as where log 48 is situated and hyaloclastite to the distal areas, such as where
log 52 is situated (Figure 6-15).
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6.8 Sub-aerial lava, conglomerates, hyaloclastite and
fluvial sandstone

A typical sub-aerial lava dominated environment interacting with hyaloclastite,
conglomerates and fluvial sediment within the HF. Panorama 7 depicts the

relationships between each of these lithofacies.

Figure 6-16 Location of panorama 7 Indicated by dashed yellow line
6.8.1 Description of panorama 7

Panorama 7 is situated within grid square F3 (Figure 6-1,Figure 6-16). Six
lithofacies are present; stratified volcaniclastic sandstone (F1), pahoehoe basalt
lava with large columnar jointing (B2), debris flow conglomerates (E3), pahoehoe
basalt lava with poorly defined tops and bottoms (B3), primary hyaloclastite and

pillows (C1) and pahoehoe lava with colonnade and entablature (B4) (Figure 6-17).

This panorama represents a series of lithofacies that are outside of the main
graben of the HF, and therefore, the overall nature of the section is different to

other panoramas as the units are generally laterally continuous.

The lowest exposed lithofacies is F1, which is a laterally discontinuous unit and is
only ~0.5 m thick. Overlying F1, a laterally continuous unit of B2 is present. This

is ~7 m thick with well developed large columnar jointing.

Jonathan Dietz October 2018



Chapter 6 Lithofacies successions 138

B2 has a very sharp, regular contact with the overlying unit of E3. The unit is ~9
m thick with large boulders of basalt present. These are up to 1.5 m in diameter,

and are more dominant towards the top of the unit.

A small, discontinuous horizon of B3, ~3 m thick, directly overlies E3. The
discontinuous nature of the unit, is most likely a function of exposure. A small ~1

m thick exposure of F1 is sandwiched, this is laterally discontinuous.

There is a sharp contact with the overlying B3 unit. This is an ~8 m thick lava with
very well developed, large columnar jointing. The top of the unit is not observed

due to a lack of exposure. There is a 5.5 m section of no exposure.

Above the area of no exposure there is a 5.5 m exposure of lithofacies B3. It is
difficult to determine if this is part of the underlying lava flow or a separate one.

Above this lava flow, there is ~6 m of no exposure.

A large B2 lava flow is exposed after the no exposure zone. This is a 19 m thick
lava flow, with columnar jointing up to 2.5 m wide. The top of the flow is not
observed but there is a ~4 m thick no exposure zone in which the top of the unit

is most likely found.

After the zone of no exposure lies an outcrop of C1. This unit of C1 is relatively
thin at ~2 m thick. There are very well developed pillows at the base up to 0.1 m

in diameter.

C2 grades into a well developed unit of B1. B1 is ~12 m thick. The top of this unit
has a 2-3 m thick hackly outer core, with a poorly developed rubbly top present.
The rubbly top is ~1 m thick. This grades in to a ~11 m thick exposure of B2. This

has well-developed, large columnar joints.

There is a sharp contact between B2 and F1. F1 is laterally continuous and ~5.5 m
thick. It consists of a series of smaller beds, with well developed cross bedding

and small normally graded beds present.

Overlying F1, there is a gradational change to B4 which is ~25 m thick. The unit

has a well-developed colonnade and entablature. The entablature is ~9 m thick.
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Overlying B4 there is a sharp contact with F1. The unit of F1 is smaller than the

previous one at ~5 m thick. The unit is comprised of smaller beds, ~0.5 m thick.

The final lithofacies in log 39 is B2. This is an ~8 m thick exposure, with very well
developed columnar jointing. The final lithofacies of the section, although not
present in the log is a unit of C1. This thickens towards the right hand side of the

panorama.
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Primary hyaloclastite and
pillow breccia

Sandstone

Sub-aerial, basaltic lava
- Conglomerate

Thick succession of sediments indicates that
the fluvial system became relatively well
developed, during volcanic quiescence.

Fluvial and volcanic systems were competing
for available accommodation space. This is
highlighted by the presence of a thick entablature

within the lava flow. Water inundated the cooling
lava surface.

Thick columnar jointing suggests that the lava
cooled relatively slowly

B2

i

Log 39

ik
===

relatively laterally continuous

Figure 6-17 Details of panorama 7 Panorama 7 documents the relationship between lithofacies F1, B2, E3, B3, C1, F1 and B4. The panorama is situated outside of the main tectonic structure of the HF. The lithofacies are
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6.8.2 Interpretation of panorama 7

The whole panorama can be divided in to three main sections, which highlight

slightly differing environments, dominated by different systems.

The first five units, F1, B2, E3, F1, B3 represent a very dynamic environment with
a lot of change. Initially there is a fluvial system depositing the small exposure of
F1. There is a resurgence in volcanic activity which causes B2 to form. This lava
would most likely have filled in the channel in which the fluvial system was
deposited. This would have been a low in the palaeo land surface, allowing the
lava to develop thick columnar jointing. Overlying the lava is a unit of debris flow
conglomerate which has formed as the result of tectonic activity. The
accommodation space generated by the tectonic activity was filled by a small
lava. Overlying that is a very small, discontinuous sedimentary system, indicating
that volcanic and fluvial systems were competing for accommodation space during

this time.

The second section includes the lithofacies found within the middle of the
panorama; B2, C1 and B2. These are the thickest lavas in the panorama and
mapping area. The volcanic system was dominant at this point. The lack of
interbeds between lavas, suggests that volcanic activity was almost continuous
throughout this time. The lavas from the volcanic system would have diverted,
altered and dammed the fluvial systems within the area. Lithofacies C1 highlights
the fact that some water was present during the deposition of these units. This

was probably the result of a dammed fluvial system having burst.

The third main section represents the upper part of the panorama (F1, B4, F1 and
B2 and C1). The large deposits of F1 indicate that the fluvial system was very well
developed. For the sedimentary system to be so well developed suggests that the
volcanic system was relatively quiescent during this time. Alternatively the lavas
could be following a different drainage network and we are only observing where
the sediments were deposited. The B4 lithofacies indicates that the lava
interacted with water whilst it was still hot, generating a large entablature. With
F1 above this unit, this indicates that the B4 lava had occupied the underlying

drainage network of F1, and ponded here before the fluvial system became active
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again, interacting with the cooling lava. The capping C1 lithofacies indicates that

the whole system was flooded, which could have been a result of faulting.

6.9 Sub-aerial lava, fluvial sandstone, conglomerate and
ignimbrites

A typical transition from sub-aerial lava in to fluvial sediment, conglomerate and
ignimbrites within the HF. Panorama 8 depicts the relationships between each of

these lithofacies.

e
Y,

v

Figure 6-18 Location of panorama 8 indicated by the dashed yellow line
6.9.1 Description of panorama 8

Panorama 8 is situated within grid square B10 (Figure 6-1, Figure 6-18). Four
lithofacies are present; ‘a’a basalt lava with clinker top (B1), stratified
volcaniclastic sandstone (F1), mass flow derived conglomerate (E3) and lava-like
ignimbrite (A1) (Figure 6-19).

The logs presented within panorama 10 are sketch logs. The lowest lithofacies
observed in the panorama is B1. This is a laterally continuous unit, although
exposure is limited. The top of the unit demonstrates a well-developed rubbly

top.
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There is no exposure above B1, which most likely hides the full thickness of
lithofacies F1. This is a thin, laterally discontinuous unit. Lack of exposure most

likely hides the rest of the unit as it is a lot softer than the surrounding volcanics.

Directly overlying the small exposure of F1 is a laterally discontinuous exposure of
B1. This is relatively small and is not observed elsewhere in the panorama. The
level of exposure is relatively poor.

A small area of no exposure is observed before a laterally continuous unit of E3 is
found. Four main exposures of A1 have a sharp contact with the underlying E3
unit. The irregular outcrop pattern around log B highlights that the unit is thicker
than the exposure suggests.

Lithofacies E3 caps the entire sequence above A1. All the exposures are

disconnected, but these are likely part of the same event.
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Transition from sandstones in to
lava, indicates an increase in
volcanic activity.
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Figure 6-19 Details of panorama 8 Panorama 8 highlights the main relationship between lithofacies B1, E3 and A1. The panorama documents a very different style of volcanism to the rest of the HF
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6.9.2 Interpretation of panorama 8

Panorama 8 highlights differing volcanic styles as well as active fluvial and
tectonic systems. The large unit of B1 at the base of the panorama indicates that
the volcanic system was particularly active. The rubbly top demonstrates that the

eruption rate was not constant and instead waxed and waned.

As the volcanic system waned, it is highly likely that the fluvial system started to
re-establish itself in the lows occupied by the lava. The lack of an entablature
within the lava suggests that it had cooled before the fluvial system fully
established.

The presence of the small discontinuous unit of B1 overlying F1 suggests that the
volcanic system started to wax again, potentially diverting the course of the fluvial

system to elsewhere in the HF.

The laterally continuous unit of E3 indicates high energy event(s) and it is likely

that this material was preserved within a low in the environment.

Overlying E3 is A1. This represents a change in volcanic style from fissure fed lavas
such as B1 to much more explosive, silicic volcanism. This indicates that the source
area of this volcanic system could be different. A large explosive eruption
generating a Plinian column would have deposited this unit in localised

depressions left from previous tectonic and erosive activity.

The section being capped by a unit of E3 indicates that there was further tectonic
activity generating the debris flow deposits. These would have again filled lows
within the palaeo land surface. As the three bluffs are upstanding areas within
today’s landscape, it indicates that these are a lot less susceptible to weathering
and erosion. It is also likely that late faulting has caused the units to become

disconnected.
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6.10 Conclusions

e Chapter 6 highlights example lithofacies successions within the HF. The
examples presented are not an exhaustive list but are meant to highlight

complicated interaction between different units.

e Within volcano sedimentary settings, common successions are often not
genetically related, for example B1-4, E1-3 and F1. Within the HF these are
frequently associated, however they are not genetically related, unlike B1-
4 and C1 and C2 lithofacies.
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7 Stora Laxa case study

7.1 Introduction

The focus of this chapter is a case study of the stratigraphy and environments of
deposition on the west side of the Stora-Laxa river section (Figure 7-1). On the
eastern side of the field area, the Stora-Laxa River flows from the NW to the SE
(from the Icelandic Highlands to the Atlantic Ocean). The river exposes a cliff
section approximately 5 km in length (Figure 7-1) and up to ~150 m in height. This
is the largest continually exposed section in the field area and offers a unique
opportunity to understand the stratigraphy and environments of deposition within

the HF over a variety of scales.

This section was chosen as a case study to understand the palaeogeographies of
the area because of the continuous exposure the section offers. It enables the
lateral variability and heterogeneity in the palaeoenvironment to be clearly
understood. Other areas in the HF, although fully exposed, do not provide the
lateral extent of exposure in this section. This is predominantly due to the

underlying structure of the HF at Fludir.

A geology map of the field area has been provided with an enlarged section of the
Stora-Laxa River section, detailing the location and relationship of each of the
main panoramas within the chapter (Figure 7-1). The chapter details the main
units and palaeoenvironments in each section and their relationships with other
sections. This follows a SW to NE trend moving up the river and follows the

stratigraphy from oldest to youngest.
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Section 10

Section 9

Section 8

Section 7

Section 6

Section 5

Section 4

Section 3

Section 2

1 km

Section 1

Figure 7-1 Inset map of the Stora Laxa river section. This highlights the geographical position
of each of the figures in the chapter and their relationships.
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7.2 Field relationships and environments of deposition

7.2.1 Stora Laxa section 1

This section is the lowest in the stratigraphy and is most southerly within the Stora
Laxa river section (Figure 7-1), it is situated within grid square D10. Figure 7-3
provides an un-interpreted image, followed by an interpreted image of the

section.

Section 1 is dominated by two, large sub-aerial lava units. The lowermost lava is
a B2 lithofacies lava, which is ~ 20 m thick. It has well developed columnar jointing
and a distinctive pink colour. Directly overlying this lava is a thick, ~ 25 m B1
lithofacies lava, with a well-developed rubbly top. The presence of these thick
lava units indicates that volcanic activity was waxing and likely dominated the
environment at that time. There are numerous possibilities as to why the lavas
are so thick in comparison with the rest of the field area. The average thickness
of a lava within the field area is ~ 6.7 m, making these lavas some of the thickest
individual units. The most probable reason for the thickness is that the lower lava
filled a depression within the palaeo land surface, generated by faulting. There is
a lack of entablature within the lava indicating that it did not have any contact
with water. The lack of water is likely a result of lavas that are relatively proximal
(within 1-10 km) altering the course of a pre-existing fluvial system or damming
it.

The overlying B1 lithofacies lava has a very well developed rubbly top to it. This
is a rubbly pahoehoe lava, which formed as a result of an increase in effusion rate.
This flux in flow overpowers the strength of the upper crust and as a result starts
to generate a very broken, rubbly crust that gets carried along on the surface of
the flow. At the base of the lava there is a relatively irregular contact with the
underlying lava as small pockets of hyaloclastite are present (Figure 7-2). This
indicates that there was a hiatus between the two lavas, enough for water to fill
depressions in the surface of the lower lava. This could have been a relatively
short time. The B1 lava has small well-developed columns at its base, quickly
transitioning in to hackly jointing, indicating that whilst it was forming/during

cooling, it interacted with water to produce the irregular joint pattern observed.
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It is likely that the fluvial and volcanic system were competing for accommodation

space at this time.

The rubbly top to the lava has been filled with volcaniclastic sandstone from the
overlying F1 unit, indicating that there was a waning of volcanic activity and as a
result, the fluvial system fully re-established, depositing sediment within and on
top of the rubbly top of the lava as it flowed across. It would likely have eroded
lava flows relatively close to produce the volcaniclastic sediments. The waning of

volcanic activity in this area allowed the fluvial system to develop unhindered.

The section is capped by a unit of C1 primary hyaloclastite. This highlights that
after a significant hiatus the volcanic system became active again. Sub-aerial lava
would have interacted with the palaeotopography, filling lows. These lows are

often occupied by fluvial systems, resulting in units like C1.

This section highlights the competition between fluvial and volcanic systems for
available accommodation space. It appears that this creates a relatively layer-
cake stratigraphy, however this is a result of the exposure. In 3D it is highly likely

this isn’t the case.

Hyaloclastite pock

Figure 7-2 Sketch illustration of the main units within the section and the key features of the
B1 lava unit.
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Figure 7-3 Panorama of section 1, the most southerly exposed section of the field area in the Stora Laxa River. The section is dominated by two large lava units before transitioning in to a more fluvial dominated system.
The section appears to be layer cake, which is most likely a function of exposure and in the third dimension would not be the case
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7.2.2 Stora Laxa section 2

Section 2 is situated NE of section one, on the west side of the Stora Laxa,
predominantly found within grid square D10. Figure 7-4 demonstrates an un-

interpreted image, followed by an interpreted image of the section.

The stratigraphy within section 2 is broadly the same as observed within section 1
(Figure 7-3) however as a result of faulting the units are lower within this section
(~10-15 m) as they are on the hanging wall of the fault. Evidence of small scale
faulting is much more apparent within this section. The apparent displacement
between section 1 and 2 is smallest within the C1 unit. This could indicate that
faulting was syn-depositional, with a thickening of hyaloclastite across the fault.

C1 is a thicker unit in section 2 than in section 1 (Figure 7-3, Figure 7-4).

As in section 1, two sub-aerial lava units at the base dominate the stratigraphy
before the development of a fluvial system deposited volcaniclastic sandstones
and a waxing of the volcanic system, produced the hyaloclastites. Section 2 is
capped by a unit of debris flow conglomerate (E2), unlike in section 1. The debris
flow unit has a strong glacial, clast population, with rounded clasts and occasional
striae, additionally the unit is characteristically grey. This debris flow
conglomerate indicates that the units were deposited in a glacial proximal
location. Continual advance and retreat of a glacier, generates a lot of loose
material. The environment would have been very wet due to rainfall and fluvial
systems, both of which there is abundant evidence for within the field area.
Continual rainfall, in combination with steep slopes created by tectonic activity
and loose, eroded glacial material would have the potential to generate a debris
flow. This debris flow would have filled depressions within the palaeo land
surface, as observed in this section. The unit is thickest in the middle and this

thins to nothing either side (Figure 7-4), reflecting the palaeotopography.
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I 50m |

Figure 7-4 Panorama of section 2 which represents a complex interaction of volcanic and sedimentary units. The same stratigraphy as the previous panorama can be seen. They are offset by a large fault. Smaller scale
faults affect this section.
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The stratigraphy in this section indicates that the palaeoenvironment was a wet,
highly dynamic one with predominantly fluvial and volcanic systems competing for
available accommodation space. In addition to lavas generating their own
topography and fluvial systems occupying lows, tectonic activity played a

dominant role in controlling deposition of these units.

7.2.2.1 3D models of depositional setting of section 1 and 2

Inflating pahoehoe lobes Fissure eruptions generating
lava flows

Lavas filling depressions
@ within the palaeo topography

Pocket of sediment found
within lavas

Irregular topography
generated by lavas

Figure 7-5 Block diagram of fissure eruptions representing how the lavas in Figure 7-4 may
have been extruded. The model uses a photo of the lavas within the Stora Laxa. The diagram
is hypothetical and no scale or direction is implied.

Figure 7-5 is a representation of how the lavas within section 1 and 2 formed.
They would have initially been fed via fissure eruptions, no evidence of the
fissures are preserved due to later lavas filling the lows within the topography and
hiding the fissures. The lavas would have formed as inflated pahoehoe lobes that
coalesced, creating sheets. The lavas would have filled any lows within the
palaeotopography and in these depressions the lavas may have interacted with
small bodies of water, forming hyaloclastite pockets (Figure 7-2). Through
inflation of the lavas and the irregularity in the palaeo land surface, a significant

amount of topography would have been generated.
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Lava flow, eroded by Small streams flow
Main channel orientation, fluvial system over the surface of the
small channels can have very
different orientations

lava flow

Braided fluvial system
developing on lava flow

Fluvial sediments
are predominantly
composed of
volcaniclastic material

Cross bedding developing
within the fluvial sediments

Figure 7-6 Block diagram of the development of a braided fluvial system. This represents how
the system developed in Figure 7-4. The model uses a photo of lavas and sedimentary units
from the Stora Laxa section. The diagram is hypothetical and no scale or direction is implied
Figure 7-6 is a representation of the drainage system that developed when there
was volcanic quiescence in sections 1 and 2. In volcano-sedimentary settings, it is
common for fluvial and volcanic systems to interact and the HF is no different.
Whilst volcanic activity was dominant, fluvial drainage networks would have still
been active, potentially becoming dammed or diverted as a result of the lavas
dominating the environment and as a result not depositing sediment in the area
at that time. As the volcanic activity waned this allowed the fluvial system to fully
re-establish. The fluvial system would have flowed around highs within the lava
surface, eroding the lavas as it did so. Within the section there is evidence of large
cross bedding within the sandstones, these would most likely have formed as a

result of a braided system with channels flowing in a varied pattern.
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Topography generated within
the lavas

Inflation features within

Lavas follow existing / L the lavas
fluvial drainage network e

Hyaloclastite and pillows
form as a result of the
sub-aerial lava entering
the water body

Small streams still flow indicating
that the lavas are competing for
accomod tion space

Figure 7-7 Block diagram of sub-aerial lavas entering a water body This generates pillows and
primary hyaloclastite. This represents how the section in Figure 7-4 developed. The model is
hypothetical and no scale or direction is implied

Figure 7-7 is a representation of a water body that developed within the palaeo
land surface. As there is evidence of syn-depositional faulting occrurring in the
area, it is likely that this caused a small graben or half graben in the landscape.
With continued fluvial input and a lack of volcanic activty, this would have formed
a standing body of water. As volcanism increased in activity, this resulted in an
interaction of the two competing systems. Its highly likely that the lavas followed
the drainage network of the fluvial system. As the sub-aerial lavas entered the
standing body of water formed within the graben, this would have generated small
pillow lavas and primary hyaloclastite. As lavas continued to flow, this would have
generated more hyaloclastite, resulting in reworking of hyaloclastite as the slope

became unstable and collapsed.
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7.2.3 Stora Laxa section 3

Section 3 is situated NE of section two, on the west side of the Stora Laxa,
predominantly found within grid square E9. Figure 7-9 provides an un-interpreted

image, followed by an interpreted image of the section.

Volcaniclastic sedimentary units dominate section 3, although the stratigraphy
featured in the previous two sections is found towards the left of the image, as
this section has been photographed from a different angle to the previous two.
Faults follow a roughly NE-SW trend and they appear to cut the entire stratigraphy
in this section of the Stora Laxa (Figure 7-9).

This section demonstrates why the section needs to be observed in 3D to
understand the palaeogeography of the section. The stratigraphy found within
sections 1 and 2 (Figure 7-3, Figure 7-4) is also found within this section. As in the
previous section, it is clear that a unit of C1 hyaloclastite has formed as a result
of sub-aerial lava entering and interacting with water. This was most likely within
a confined river valley or small water body. Overlying this unit of C1 hyaloclastite
is an on-lapping unit of F1 sandstones which are very similar in nature to the
underlying sedimentary units. Moving away laterally to the right, the two units of
F1 are in contact and no C1 hyaloclastite is present (Figure 7-9). This indicates
that when the sub-aerial lava entered the water, volcanic activity was potentially
waning, resulting in the fluvial system not being completely supressed by lava.
The fluvial system would have continued to deposit sediment in to the water body,

resulting in an onlapping relationship with the underlying C1 unit (Figure 7-8).

It is highly likely that the small body of water in which the hyaloclastites were
deposited, formed at the edge of a large fluvial system. It is likely the fluvial
system would have been a large sandur plain, type deposit (Figure 7-6). The area
would have been glacially proximal (most likely proglacial) with an abundance of
eroded sediment (volcaniclastic). In this type of setting it is possible for kettle

holes to form and fill with water (Bennett and Glasser, 2013).
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Figure 7-8 Sketch illustration of section 3 Details of F1 sediment units, with F1 sandstones
on-lapping C1 unit.

Overlying the F1 volcaniclastic unit is a unit of E2 debris flow conglomerates. E2

conglomerates have a strong glacial component to the clast population. This unit

appears to fill a depression within the palaeotopography and onlaps the unit of C1

hyaloclastite and F1 sandstones (Figure 7-8). This debris flow conglomerate most

likely formed as the result of a sudden, high energy jokulhlaup event (glacial

outburst flood) draining the sandur plain and incorporating loose regolith. These

events typically occur in proglacial environments and are often composed of

boulder beds, normal to inversely graded cobble beds and deformed bedding

(Maizels, 1997). They are a common occurrence in Iceland.
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Figure 7-9 Panorama of section 3 Looking south towards the previous two panoramas (Figure 7-3, Figure 7-4). Moving north west up the river, the geology starts to become dominated by sedimentary systems, evidenced
in this panorama. Fault is prevalent in the area, although it is difficult to determine how far the faults extend in to the interior of the field area
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The sharp change in lithofacies from F1 to E2 (Figure 7-8, Figure 7-9) indicates
that E2 was potentially deposited suddenly in a jokulhlaup event. This could have
been triggered by geothermal heating, a sub-glacial eruptive event, breaching of
an ice or moraine dam (Maizels, 1997). Discharge rates of jokulhlaups can suddenly
become very high. A modern example in Baffin Island had a discharge of 200m3 s’
1, compared to the standard discharge rate of 20 m3s™' (Church, 1972), highlighting
a 10x increase in flow. For large jokulhlaup events in Iceland it has been estimated
that there is a 3-5 order of magnitude increase over the normal discharge rate of
sandur plains (Maizels, 1997). This highlights how much energy these events have

and indicates how such large clasts can become entrained within the deposits.

Section 3 represents that of a proglacial, braided fluvial system within a sandur
plain setting that developed during quiescence in volcanic activity. This was a very
dynamic environment, which would have been subjected to large jokulhlaup
events, periodically depositing coarse conglomerate units. Evidence of the
volcanic system having interacted with the sandur plain is evident in the form of
hyaloclastite, although this interaction is small, suggesting that the main volcanic

activity was distal or not very active, at the time.
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7.2.4 Stora Laxa section 4

Section 4 is situated NE of section 3 on the west side of the Stora Laxa, found
within grid square E9 (Figure 7-1). Figure 7-10 presents an un-interpreted

panorama followed by an interpreted image of the section.

The lower half of section 4 is dominated by sedimentary units, whilst the upper
half is dominated by volcanic units. The contrast between these general lithologies
indicates that two very different systems have competed for accommodation
space. In contrast to the previous sections (Figure 7-3,Figure 7-4, Figure 7-9)
evidence of faulting is not very apparent, with only one small fault on the lower

right of the section, observed (Figure 7-10).

The F1 sandstones within section 4 have a thickness of ~40 m, indicating that a
large fluvial system was active and dominant for an extended period. The unit is
predominantly composed of sand grade, basaltic volcaniclastic sedimentary units,
with large scale (1 m) cross bedding present. The entire cliff on the left of the
section (Figure 7-10) is composed of these sedimentary units. The bottom, centre-
right of the section is dominated by F1 sandstones also, although these are part

of a different system to those on the left of the section.

Between the two units of F1 in the bottom of the section is a large, angular
unconformity which separates the whole section (Figure 7-10). This unconformity
most likely resulted due to active faulting in the HF, evidenced most obviously
within section 2 and 3 (Figure 7-4, Figure 7-9). Faulting would have displaced the
F1 sandstones and created a low in which the fluvial system would have then
occupied. This would have resulted in sediments being deposited within the new

valley system (Figure 7-10).

As the volcanic system started to wax in activity, this produced lavas which would
have followed the pre-existing drainage network created by the fluvial system.
Lavas tend to follow existing low-lying areas within the landscape such as fluvial
systems (Schofield and Jolley, 2013), there is evidence of this occurring within
section 4 (Figure 7-11). Where these topographic lows are found, they typically
have the thickest accumulations of sediment, but are also found to have the

largest volume of lava units (Schofield and Jolley, 2013). As the lavas entered and
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Figure 7-10 Panorama of section 4 This panorama represents two very dominant systems. The lower half of the stratigraphy is dominated by sandstones and the upper half is dominated by volcanic units. This competition
for accommodation space is a recurring theme in the HF.
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followed the existing drainage network, they filled lows in the system. Evidence
for this is seen within the B3 lavas as the columns curve at their base where they
have come in to contact with the cold country rock (Figure 7-11). As the lavas
followed the drainage network, the fluvial system was still active and competing
for the accommodation space. This is obvious from the entablature within each
lava lobe seen within the section (Figure 7-11). The entablature would have
formed as a result of water ingress from the active fluvial system, in to the upper
surface of the cooling lava (Long and Wood, 1986: DeGraf and Aydin, 1987; DeGraf
et al, 1989; Lyle and Preston, 1998). As each lobe has a colonnade and entablature
it indicates that there was a small hiatus in time between each flow, otherwise
they would have coalesced in to one large unit, whereas individual units can be
observed (Figure 7-10, Figure 7-11). As there is a lack of sediment observed at this
point in the stratigraphy of section 4, it is assumed that the fluvial system became
inundated by the lavas as volcanism increased. This may have diverted the course

of the fluvial system or dammed it, preventing sediments from being deposited.

Overlying the B3 lavas, is a capping unit of E3 debris flow conglomerate (Figure
7-10). This most likely formed as the result of regolith dominated slopes becoming
unstable due to increased pore pressures, debris flows would have been generated
(Innes, 1983). The debris flow would have travelled down the steep slopes of the

palaeo valley causing it to be filled.

Above the unit of debris flow conglomerate is no exposure and then ~10 m of F1
sandstones (Figure 7-10). These F1 sandstones are very similar in nature to the
underlying thick units of F1. This indicates that there was a significant period of
quiescence in volcanism, allowing the fluvial system to re-establish in the valley
it once occupied. The unit of E3 beneath these sedimentary units could be an
indicator of the previously dammed (diverted?) fluvial system bursting the lava
dam and re-establishing. The system was not as prevalent as before as there is a

smaller thickness of sediment and capping these are thick B1 lavas.

The B3 lavas which are near the top of the section would have followed the already
established fluvial system, dominating it. The lavas are thicker in this unit,
indicating that volcanism was much more active and the effusion rates higher.
These B1 lavas also have a rubbly top present which could have formed as the

result of increased effusion rates.
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Figure 7-11 Details of sub-aerial lavas filling pre-existing topography. The lavas tend to have a lobate nature to them, they would have flowed towards the viewer. These lavas demonstrate curvicolumnar jointing in the
colonnade of the lava, indicating that they filled some sort of low within the topography. They have very well developed entablatures indicating that they were inundated with water during cooling. This is most likely the

result of the fluvial system trying to re-establish and compete for available accommodation spa
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At the top of section 4 there is a small unit of F1 sandstones, indicating the re-

establishment of a fluvial system as volcanism wanes.

The cyclical nature of sediment units forming and being capped by volcanic units
is a recurring theme in the Hreppar Formation and in similar types of lava
dominated settings. It is highly likely that these fluvial sediments which form in
large sandur plains would not be well preserved unless capped by an impermeable
unit that is resistant to erosion. In this case the units are lavas which preserve the
underlying sediments and hence give a potential bias in the rock record in

comparison with other areas that do not have lavas preserving sediments.

Section 4 represents a palaeoenvironment which was initially dominated by a
braided fluvial system before volcanism waxed and dominated the environment.
This a repeating pattern of interbasaltic sand bodies developing. Section 4 creates
a false sense of these systems being layer cake, but in reality they are very

complex 3D systems.

7.2.4.1 3D models of depositional setting of section 4

@ Well developed braid bars . 1 y
Smaller channels can be within the main fluvial Possihie orientation
oriented almost perpen- chaninal of main channel axis.

dicular to 'th main trans- Small tributaries to
port direction the main braided
system

Large >1 m scale sedi-
mentary structures, e.g.
cross bedding

alaeo-valley being exploite R Fluvial sediments ciepos-
by a braided fluvial system ited within palaeo-valley

Figure 7-12 Block diagram of a braided fluvial system This represents how the sediments
within the unconformity in Figure 7-10 were deposited. The model is hypothetical and no scale
or direction is implied

Figure 7-12 is a representation of how the F1 unit above the angular unconformity

in section 4 developed. The valley in which the fluvial system developed formed
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most likely due to faulting within the area. At the time of faulting, volcanic
activity was relatively quiescent, allowing the fluvial system to take advantage of
the new low, formed as a result of faulting. It is highly likely that the braided
fluvial system developed in a proglacial environment. In this setting there would
have been an abundance of loose, eroded sediment from the glacier. The sediment
would have been non cohesive, and as a result the river would have demonstrated
low sinuosity and strong braiding (Bluck, 1974). As with modern braided fluvial
systems, the lack of cohesion in the sediments allows the channels and bars to be
very mobile. These would have changed from season to season based upon the

fluctuation of discharge from snow melt and glaciers.

Lavas appear to follow
the existing fluvial Fluvial channels are tem- Lavas

drainage network porarily diverted due to To_pqgraphy is generated
the presence of lava within the lava flows

Lavas filling depressions
within the fluvial landscape,
resulting in curvi-columnar
jointing

Figure 7-13 Block diagram of sub-aerial lavas following a pre-existing drainage network. This
represents the development of the lavas within Figure 7-10. The model is hypothetical and no
scale or direction is implied

Figure 7-13 represents how sub-aerial lavas followed the pre-exisiting drainage
network and filled lows within the environemnt. The distribution of lava flows is
typically controlled by the pre-exisitng surface topography, in this case, created
by a combination of tectonic activity and surface drainage. The fluvial system
would have been diverted or dammed as a result of the lavas infiltrating the

system. Small fluvial channels would have still flowed before the lavas dominated
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the environment. The fluvial system would have been contemporaneous with
volcanism. This would have resulted in the presence of small sedimentary horizons
between some of the lava lobes (Figure 7-10). Additionally this continued
interaction with water from the fluvial system would have generated the large
entablatures observed within each of the individual lava flows (Figure 7-11). No
entablatures are observed in the lavas of the upper units in section 4 (Figure 7-10),
this could be a result of the lavas having a higher effusion rate and therefore
overwhelming the small fluvial system. This would result in no streams interacting

with the slowly cooling lavas.

Lavas appear to follow UtERIsvaL fil . oo s
@ the existing fluvial ater av.a .OWS Fluvial system is diverted e fill  th
drainage network lows within the until it re-establishes its origi- avas v b=
3 - ting
topography nal drainage pattern pirE=€Exils

palaeo valley

Lavas filling depressions
within the fluvial landscape,
resulting in curvi-columnar
jointing

Figure 7-14 Block diagram of continued extrusion of lava. This represents how the lavas filled
lows within the palaeotopography (Figure 7-10) during waxing of volcanism in the area. The
model is hypothetical and no scale or direction is implied

The continued extrusion of lava in to the existing palaeovalley is highlighted in
Figure 7-14. As volcanic activity increased, this would have led to the domination
of the local environment, in this case, this fluvial system and valley in which it
occupied. The lavas would have exploited topographic lows within the
environment, resulting in curvi-columnar jointing observed within the basal
colonnade of the lavas (Figure 7-11) as it cooled against valley sides. With
continued extrusion of lavas, the lava flow field would have a much greater control

on the development of topography within the area. As the lavas dominated the
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palaeovalley the drainage system may have been diverted around the lavas or

became dammed.

@ Fluvial system has re-estab-

lished itself following a
Topography gener- Debris and mass flow de- ~ broadly  similar  drainage Braid bars starting to
ated inithe lavas posits temporarily alter ~ Pattemnas before develop

Faulting within the area
results in upstanding
topography

the course of the fluvial
system

Debris and mass flows are
generated due to the
volume of rainfall and
- “eroded material

Debris and mass flows,
temporarily  obscure
and divert the course
of the fluvial system

Figure 7-15 Block diagram of the development of debris flow deposits This represents how
the volcanically derived sediments in Figure 7-10 formed. The model is hypothetical and no
scale or direction is implied.

The re-establishment of the fluvial system would have been controlled by the
topography of the just formed, lava field. The drainage system would have
preferentially re-established within topographic lows between lava flows initially,
before occupying the wide topographic low, it previously occupied. It could
potentially have re-established within a very short time period following the
formation of the lavas (Ebinghaus et al, 2014). Re-occupation of fluvial systems is
a common occurrence within basaltic systems (Ebinghaus et al, 2014). A thick unit
of debris flow conglomerates overlies the basaltic lavas, indicating that they were
deposited as the result of a high energy event. This could potentially have been
the result of the original drainage system bursting the lava dam in which it was
contained. The debris flow unit could also have formed as the result of an increase
in relief in the area, and therefore energy (Williamson and Bell, 2012). This could
have generated a large debris flow. Situated in a wet, tectonically active

environment, there would likely have been numerous debris flows occur during
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this time. The fluvial system would then have reoccupied the former fluvial

pathway.
@ Fluvial system has re-es-
tablished itself following a
broadly similar drainage Braid bars starting to
Topography generated Mass/ debris flows are pattern as before develop
in the lavas eroded by the fluvial Faulting  within the
system area results in upstand-
ing topography
T
’ \\ o Debris and mass flows
Q\\f\ S are generated due to
‘ '\\v“\\\\\\ N | ~ . the volume of rainfall
. N\ NN / ‘ ~.and eroded material
\\':‘\ DN A \ = 5 | N
‘ \_\\ = \\ R
N N
\ A <
‘ \\\T\\
\ N

Debris and mass flows are
eroded by the continued
flow of the fluvial system,

Figure 7-16 Block diagram of the re-establishment of a fluvial system. This is an interpretation
of how the fluvial system re-established itself within Figure 7-10. The model is hypothetical
and no scale or direction is implied.

Figure 7-16 highlights how the newly formed debris flows would likely become
eroded by the growing fluvial system. The drainage system would have tried to
fully re-establish itself in the pathway it previously occupied. This would have
resulted in the erosion of the debris flow units and the deposition of more fluvial

sediments.
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@ Fluvial system has fully
re-established itself and is
Braid bars have following a very similar .
developed drainage  network  as Fault block being eroded
Smaller channels are orient- before

ed almost perpendicular to

main transport direction
Debris and mass
flow units have
been eroded

Inflation features are
visible within the
lavas

Large >1 m sedimentary
structures present

Figure 7-17 Block diagram of a braided fluvial system with remnants of volcanic and
sedimentary units. This represents how the system could of fully re-established itself after
volcanic activity waned. The model is hypothetical and no scale or direction is implied.

Figure 7-17 demonstrates how the fluvial system could have fully re-established
after eroding debris flow conglomerates. This would have happened during
volcanic quiescence, allowing the system to develop unhindered. The deposition
of the underlying stratigraphy would have filled the previous valley, resulting in a
less confined drainage network than previously existed. This would have allowed
the fluvial system to develop a large braid plain, as seen in Figure 7-17. This
braided fluvial system would have deposited similar sediments as before. This
entire system may appear to be layer-cake in nature, however in reality the
system is much more complex. This complexity arises from the interaction of
fluvial and volcanic systems occupying the same depositional setting and

competing for the same available accommodation space.
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7.2.5 Stora Laxa section 5

Section 5 is situated NE of section 4 on the west side of the Stora Laxa, found
predominantly within grid square E9 (Figure 7-1) and overlaps sections 3 and 5.
Figure 7-19 presents an un-interpreted panorama followed by an interpreted
image of the section.

The whole of section 5 is dominated by repeating units of sub-aerial lava and
fluvial sediment (Figure 7-19). Abundant faulting is observed within the lower
half of section 5, whereas this is not observed in the upper half. The stratigraphy
observed within section 5 is very similar to that of section 4 (Figure 7-10) as they

occupied very similar environments.

The lowest B3 lavas observed within the section are seen within section 4. These
have been downthrown as a result of the fault observed within section 4 (Figure
7-10). These lavas would have followed the low areas within the palaeotopography
which would have been the pre-existing drainage network that developed as a
result of the braided fluvial system.

Overlying the B3 lavas of the lowest half of the section is a relatively thick unit
(~10-20 m) of F1, volcaniclastic sandstones and conglomerates. This unit separates
the lava flows of the lower and upper halves of section 5. This is a common
occurrence within lava flow dominated areas as demonstrated by Vosgerau et al,
2015 in the Faroe Islands. This unit would have formed in a very similar setting to
that of section 4, in a braided river plain (Figure 7-17). The fluvial system would
have re-established itself during a volcanic hiatus and allowed for the erosion of
the underlying B3 lava units as well as sub-aerial lavas in the local vicinity. This
would have provided the material for the generation of these volcaniclastic

sediments.

Stratigraphically above the F1 sedimentary units, lies a relatively thin (~5-10 m)
capping unit of E3, debris flow conglomerate. This is associated with continued
volcanic quiescence and a potential increase in relief (generated by faulting)
combined with heavy rainfall, run-off and regolith. As regolith dominated slopes
became unstable due to increased pore pressures, debris flows would have been

generated (Innes, 1983). These debris flows could have travelled for km’s and
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would have filled lows within the palaeo-land surface, and in this case they would

have come to rest in the valley in which the fluvial system resided.

Figure 7-18 Faulting within section 5. Evidence of small movement on the faults, this was
:;llijclit(;r.ltly syn-depositional as there are significant thickness changes of units across the
As in section 4, the unit overlying the E3 debris flow conglomerates is F1 fluvial
sandstones (Figure 7-19). These are part of the same volcaniclastic sandstone
observed in section 4 (Figure 7-10). This was evidently a large, laterally extensive,
braided fluvial system, much like the sandur plains on the south coast of modern
day Iceland (Figure 9-12). This would have developed during volcanic quiescence,

however the time period in which these developed is smaller in comparison to the
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F1 sandstones found at the bottom of section 4 (Figure 7-10) based upon their

relative thicknesses.

Directly in contact with the F1 sandstones are two large units of B1, sub-aerial
lavas. Individual lava flows are ~15-20 m thick and are laterally continuous. They
represent an increase in volcanism in the area at that time. These lavas are some
of the thickest in the field area and indicate that volcanism was very active during
this time. The lavas have well developed clinker tops, indicating that they
potentially formed as a result of much higher effusion rates at the source. The
lavas do not have any well-defined entablature, indicating that they didn’t
interact with any large volumes of water. This is in contrast to the lavas seen
within section 4 (Figure 7-10), where the lavas have well developed entablatures
that formed as a result of interaction with the fluvial system. The contrast
between these differing lavas indicates that the upper lavas in section 5 did not
interact with the fluvial system which preceded them. This lack of interaction is
most likely a result of the fluvial system being diverted by lava flows elsewhere.
The lavas are also more laterally consistent in their thickness, indicating that the
surface upon which they were erupted was relatively flat. This combined, with
the fluvial sandstones underneath indicates there was a transition from a large

braided plain to lavas occupying the same space.

Overlying the thick B1 lavas, there is a small inter-lava interval of F1, fluvial
volcaniclastic sandstones which is ~ 5 m thick (Figure 7-19). These sandstones

represent a pause in volcanism and the re-establishment of a small fluvial system.

The small fluvial unit is overlain by B1 lavas, indicating that the hiatus in volcanism
was relatively short lived. The volcanic system would have used the same

pathways as the fluvial system and would have dominated this environment.

As previously discussed, faulting plays a large role within section 5 (Figure 7-19).
The faults demonstrate oblique movement (dip-slip and strike-slip) with relatively
small displacement (~5 m) on each fault. These faults are part of the underlying
structural control on the HF (Figure 7-1). The faults appear to only affect the
lower half of the stratigraphy observed within section 5 (Figure 7-19), indicating
that there were two main phases of deposition. The lower half of the section was

significantly affected by syn-depositional faulting as there is obvious thickness
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changes across faults (Figure 7-18). The upper stratigraphy is unaffected in this
part of the HF, suggesting these units were deposited at a later, less tectonically

active time.
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100 m

100 m

Figure 7-19 Panorama of section 5 This panorama highlights the nature of the faulting within the area and indicates that there was at least two stages of fault propagation. Taking advantage of the fault system is a series
of dykes, which apparently compartmentalise the system
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The meander bend within the Stora Laxa river in section 5 (Figure 7-19) is
significant as this appears to be a concentrated area of fault development. Where
there is obvious faulting, basaltic dykes appear to utilise this weakness within the
stratigraphy. These dykes are common on the entire river section, and where
there is no direct evidence of faulting, the presence of dykes suggests that there
could be a fault present. The dykes are typically <1 m in width and demonstrate
a similar trend to that of the faults of NE-SW. Dykes found outside the Stora Laxa

river section, tend to demonstrate a similar trend.

The section records dramatic changes in environment. The bottom half of section
5 is dominated by long lived systems, where there was little change in the
environment of deposition. However, when there was change, this was dramatic
and would have become prolonged. This is in contrast with the upper half of the
section which is dominated by rapid switches in environment. The fluvial and
volcanic systems actively competed for accommodation space, with no one system

dominating the environment for long periods (Figure 7-19).
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7.2.6 Stora Laxa section 6

Section 6 is situated NE of section 5 on the west side of the Stora Laxa river. The
section is found within gird square E9 and F8 (Figure 7-1). It overlaps section 5.
Figure 7-20 presents an un-interpreted image of the section, followed by an

interpretation of the section.

The section can be split in to two main halves. The lower half of the stratigraphy
of section 6 is dominated by fluvial sandstones, whereas the top half is dominated
by repeating units of fluvial sandstones and sub-aerial basaltic lavas. The upper
half stratigraphy is predominantly the same as observed within sections 4 and 5

(Figure 7-10, Figure 7-19) whereas the bottom is completely different.

The unit found at the base of the section is a thick (~30-40 m) unit of F1 fluvial
sandstones. This is one of the thickest units of F1 found within the field area. The
section is observed at the bend in the Stora Laxa, within section 5 (Figure 7-19).
The faulting separates the lower half of section 5 and 6 and the geology on the
east side of the Stora Laxa at this locality is very different. This faulting indicates
that the unit has undergone a different history, depositing primarily volcaniclastic
sediments. The unit is bounded on its southern margin by dykes and the B3 lavas
of section 5 (Figure 7-19, Figure 7-20). The presence of dykes and a sharp boundary
with the lavas indicates that this is a faulted contact. It is highly likely that the
B3 lavas formed and were then faulted. This faulting led to a large, low lying
depression in which a fluvial system developed and deposited sediment. This
would account for the sharp vertical contact with the lavas. The faulted lavas
would also have acted as an area of upstanding topography which the fluvial
system would have flowed around, actively eroding it. This highlights the complex
topography generated by faulting and lava flows, where there was active

deposition occurring alongside active erosion.
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Figure 7-20 Panorama of section 6. This panorama represents the competition between fluvial and volcanic systems for available accommodation space. Notice the differences in faulting, with one set of faults cutting
the entire stratigraphy, whereas the other one only cuts the lower stratigraphy
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A small unit of B3 lavas overlies the large F1 fluvial sediment unit (Figure 7-20).
The unit is laterally discontinuous due to later faulting. The unit represents an
increase in volcanic activity within or proximal to the HF. The unit would have
followed the drainage network generated by the fluvial system (Schofield and
Jolley, 2013) and interacted with it. The fluvial system would have quickly become
dominated by the lavas, causing the system to temporarily alter its course or
become dammed. If it were not for the faulting observed in section 6 (Figure 7-20)
it is likely that the B3 lava would demonstrate lateral continuity. This could
indicate that the valley in which the sediments were deposited was relatively wide
(~500 m) or the angle of view is from a longitudinal perspective of the valley. It is
likely that it is the former, as the sedimentary structures within the sandstones

indicate that palaeoflow was towards the reader (SE) (Figure 7-20).

The upper half of section 6 is composed of the stratigraphy observed within the
upper halves of section 4 and 5 (Figure 7-10, Figure 7-19). This stratigraphy,
composed of repeating units of F1 sandstones and B1/B3 lavas is laterally
continuous over ~2-3 km. This is a large system where the underlying stratigraphy
along these three sections is very different. (Figure 7-10, Figure 7-19, Figure
7-20). The difference indicates that the upper stratigraphy was deposited later in
time, after the small basins (generated by the faulting within the area) had been
filled with volcanic and sedimentary units. This would have generated a relatively
flat plain upon which a large fluvial system formed during quiescence in volcanic
activity. Waxing of volcanic activity led to the eruption of lavas on this large
braided, fluvial plain. The upper stratigraphy of sections 4,5 and 6 indicates that
this was a repeating process with the fluvial and volcanic systems competing on
short time scales for available accommodation space. This would have rapidly
developed the stratigraphy and would preferentially preserve the braided fluvial
sediments in the rock record. Otherwise if the lavas were not enclosed by sub-
aerial lavas, which are much more resistant to weathering, they would most likely
not be as well preserved. The continual fight between these systems would have
generated a complex palaeo land surface. Within section 6, there is evidence of
large faults which cut the entire stratigraphy. These are much later than the ones
lower within the stratigraphy (Figure 7-20) and these potentially re-use the pre-
existing faults.
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7.2.7 Stora Laxa section 7

Section 7 is situated NE of section 6 on the west side of the Stora Laxa river (Figure
7-1). The section is found within grid square F8. Figure 7-21 presents an un-
interpreted image of the section, which is followed by an interpretation of the

section.

Section 7 is dominated by the stratigraphy observed within the upper sections of
4, 5 and 6 (Figure 7-10, Figure 7-19, Figure 7-20). It is primarily composed of
repeating units of F1 fluvial sandstones and B1 lavas. This repetition represents
competition for accommodation space, within a wide braid plain. Unlike in the
other sections, this stratigraphy is also found on the banks of the Sora Laxa river
(Figure 7-21) as opposed to higher up in the cliff section. In the background of
section 7, the stratigraphy is almost identical to that of the upper sections of 4, 5
and 6 (Figure 7-10, Figure 7-19, Figure 7-20).

This repetition in stratigraphy is most likely the result of rotational landslides,
that have caused the upper stratigraphy to slip down to the Stora Laxa, therefore
covering the in-situ geology from view. There are numerous examples of these
rotational landslides within the HF, indicating it was/is a common feature of the
area. These are a modern geological feature of the HF. This example is a ~150 m
wide block, that has slipped from the top of the section 7 (Figure 7-21,Figure
7-22). These rotational landslides are a common feature of volcano-sedimentary
systems. One of the most famous examples in the UK is the Quiraing in the Isle of
Skye (Ballantyne, 1982).

The sequence of lavas at the top of the stratigraphy are much more numerous and
thicker, than lower down in the stratigraphy (Figure 7-21). These igneous units
are much stronger and less susceptible to weathering than the sedimentary units
which they overlie. This has led to the breakdown of the underlying sedimentary
units and the rotational landslide of the upper stratigraphy of section 7. This
rotational landslide is most likely the result of a reduction in rock mass strength
due to dilation or over-steepening or potentially the result of a build-up of
hydrostatic pressure in cracks. Alternatively, this could be caused by a sudden
event, such as an earthquake (Ballantyne, 1991). This rotational landslide in the

HF likely resulted from a of a combination of these factors.
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Evidence of large faults with the same orientation as the dykes in section 5 is
present in the form of continuous, straight valleys up to 2 km in length (Figure

7-21). These are assumed to be part of the underlying tectonic structure of the
HF.
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Figure 7-21 Panorama of section 7 The repeating nature of volcanic and sedimentary units is typical of these type settings. Faults cut the entire stratigraphy, indicating that they are more recent, or take utilise old fault
systems (?)

Jonathan Dietz October 2018



Chapter 7 Stora Laxa case study 183
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Landslide surface Repeating stratigraphy

Figure 7-22 Rotational landslide.

Rotational landslides are a common feature of the Hreppar Formation and volcano-
sedimentary sequences in general.
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7.2.8 Stora Laxa section 8

Section 8 is situated NE of section 7 on the west side of the Stora Laxa river (Figure
7-1). The section is found within grid squares F7 and F8. Figure 7-23 demonstrates
an un-interpreted image of the section, which is followed by an interpretation of

the section.

Section 8 focusses on the lower half of the stratigraphy and section 9 focusses on
the upper stratigraphy (Figure 7-23, Figure 7-24) of this section of the Stora Laxa.
Section 8 represents a transition from sedimentary units in to volcanic dominated

units.

At the base of the section is a thick (~15-20 m) unit of E3 debris flow
conglomerates. The E3 conglomerates were deposited as the result of a sudden
high energy event. Before the event, there would have been a combination of
factors that led to this unit forming, including: an increase in rainfall, where the
ground likely became saturated; an abundance of regolith; and steep sided slopes.
The trigger event was likely a sudden increase in pore pressures (Innes, 1983). The
unit is laterally discontinuous, indicating that it filled a depression within the

palaeo land surface. The unit would have formed during volcanic quiescence.

The E3 debris flow conglomerate is overlain by sub-aerial lava (Figure 7-23). The
unit has not been given a lithofacies code, due to inaccessibility of the unit,
however it is clearly a sub-aerial lava. The unit is laterally discontinuous, and has
a very irregular thickness. This could be the result of exposure or this may reflect
the palaeo land surface upon which the unit was extruded. It is highly likely that
the morphology created by the debris flow conglomerates, was highly irregular.

The unit indicates that volcanism was waning in the area of the HF.

To the left of the section, there is continuous exposure of the stratigraphy, unlike
the centre left (Figure 7-23). Overlying the sub-aerial lava is a smaller unit of E3
debris flow conglomerate. This indicates that there has been a brief hiatus in
volcanic activity and abundant rainfall. This indicates that the environment was
saturated with water, there was an abundance of loose, eroded material and

active faulting.
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Figure 7-23 Panorama of section 8 Towards the north-west section of the Stora Laxa, the geology is dominated by volcanic units, potentially indicating that the fluvial system has been dammed or diverted
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Overlying the E3 debris flow conglomerates is a thin (-5 m) unit of F1 sandstones.
These fluvial sediments are likely related to the underlying conglomerate. They
most likely represent the transition from debris flow to stream flow. The presence
of these sediments suggests that volcanic activity was relatively quiescent,

allowing the fluvial system to develop and deposit sediment.

A small exposure of <5 m of sub-aerial lava, overlies the F1 sandstones. This
indicates that volcanic activity began to wax, with lavas following the low-lying
areas in the palaeo landscape. This would have primarily been the fluvial drainage
system. The sub-aerial lava quickly transitions in to a thick (>20 m) unit of C1
primary hyaloclastite. This indicates that the sub-aerial lava entered a water body
and generated hyaloclastite. This contact between lava and hyaloclastite is only
observed on the left of section 8 (Figure 7-23). The water body could have formed
as a result of volcanic activity elsewhere in the HF. The lavas associated with the
volcanic activity could have potentially dammed the small, fluvial system,
generating a body of standing water in the area of section 8. The unit is relatively

thick and indicates that volcanism was particularly active at this time.
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7.2.9 Stora Laxa section 9

Section 9 is situated NE of section 8 on the west side of the Stora Laxa river (Figure
7-1). The section is found predominantly within grid square F7. Figure 7-24
presents an un-interpreted image of the section and underneath an interpretation

of the section.

Section 9 is set back from the Stora Laxa river, by ~400 m, although is included
within this chapter due to the significance of the stratigraphy. The section
represents a simple transition from a volcanic dominated environment to a

quiescent sedimentary environment and back to a volcanic dominated one.

The lowest unit in the stratigraphy is a thick B2 sub-aerial lava. This is laterally
discontinuous due to exposure, although it is presumed it remains at the same
stratigraphic level throughout the section (Figure 7-24). Where the unit is thickest
in the section (centre-left) this is another rotational landslide, similar to section
7 (Figure 7-22). Where the block has rotated from the main section is highlighted
by the white dashed line (Figure 7-24) indicating relatively minor displacement.
The presence of the B2 lavas indicates that the volcanic system was very active

at this time, dominating any fluvial systems present.

The B2 lavas are overlain by a laterally continuous unit of G1 lacustrine
sedimentary rocks (Figure 7-24). The presence of these sedimentary units
indicates that water became dammed within a low-lying area on the palaeo lava
surface. The development of the water body was most likely a result of volcanic
quiescence in the local vicinity of section 9. This would have allowed the fluvial
system to re-establish itself. Volcanic activity distal to section 9, may have caused
the fluvial system to become dammed. This would have resulted in a water body
developing. The water body could also have formed in a proglacial environment,
where the previously active volcanic system had caused the glacial outwash to
become dammed. The dammed water body was a quiescent environment in which
there was seasonal sediment input, resulting in cyclical deposits of sandstone and
siltstone (Figure 7-25). Within the unit, thin tuffs are preserved, indicating that
ash from relatively proximal eruptions settled on the water body and became

preserved within the rock record, due to the quiescence of the environment.
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Figure 7-24 Panorama of section 9 This section is slightly set back from the Stora Laxa, however it represents an important transition not observed elsewhere in the field area. The section documents the development of
a small water body and the subsequent invasion by sub-aerial lavas to generate hyaloclastite and pillows.
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A laterally continuous unit of C1 and C2 primary hyaloclastite caps the entire
section (Figure 7-24). This unit indicates that volcanic activity within the local HF
area became very active after a long period of quiescence. The unit is composed
of areas of coherent sub-aerial lava entirely surrounded by hyaloclastite, but is
predominantly hyaloclastite. This could be a result of the fluvial system which
supplied the water body, interacting with the volcanic system producing the sub-
aerial lavas. This would have generated pockets of hyaloclastite and sub-aerial
lava in a complex unit. This volcanic activity was relatively sudden and was most
likely the trigger event for sand injectites in the underlying lacustrine sediments
(Figure 7-25).
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Figure 7-25 Details of the lacustrine unit featured in Figure 7 19. A) This image highlights cyclicity to the unit, with alternating siltstone and sandstone units. B) This image highlights the differences between the siltstone
and sandstone units. Typically the larger clasts are found within the sandstone units, as these would have been transported when fluvial systems had more energy, during the summer months and when ice calved from
the main glacier more readily. The siltstone units demonstrate a much smaller overall clast size, due to there being a general lack of sedimentary input during the winter months. Sand injectites cut the whole lacustrine
unit, these would are associated with the emplacement of the overlying lava/hyaloclastite package (out of image).
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7.2.9.1 3D models of depositional setting of section 9

©

Fissure eruptions with activity Lavas fill depressions within the
occurring along the length of the land surface
fissure. This activity waxes and
wanes

Lavas generally flow
away from the fissure
and follow any pre-exist-
ing drainage pattern

Inflation features associ-
ated with the lavas

Figure 7-26 Block diagram of the extrusion of sub-aerial lavas This model represents how the
lavas in Figure 7-24 were extruded. The model is hypothetical and no scale or direction is
implied.

Figure 7-26 is a representation of how the B2 lavas within section 9 devloped. The
B2 unit is thickest (~25 m) where there has been rotaional landlsides. It is assumed
that this thickness is continuous along the length of the exposure ~0.5 km(Figure
7-24). The thickness of the unit indicates that the volcanic system was very active
at this time. The lavas would have been produced through large fissure eruptions.
These lavas would have preferentially flowed in to pre-existing lows within the
palaeo-landscape, which were most likely caused by small fluvial systems. The
volcanic activity would not have been constant at the fissures, instead it would
have waxed and waned, resulting in areas receiving a greater thickness of lava

than others.
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After the volcanic activity
@ has ceased, fluvial systems

4 Lava field land surfaces are very uneven and
start to re-esfablish

reflect the underlying palaeo surface on to
which the lavas were erupted. Inflation of
lavas also generates highs and lows

Depressions within the lava
surface are filled with water
from small fluvial systems

Figure 7-27 Block diagram of the development of small water bodies. The model represents
how easily small water bodies develop within lava dominated settings. The model is
hypothetical and no scale or direction is implied.

Figure 7-27 is a representation of how small water bodies developed within section
9 (Figure 7-24). After volcanic activity started to wane this would have allowed
the re-establishment of pre-existing fluvial systems. It is highly likely that these
systems could have been proglacial. The fluvial system, would have flowed over
the surface of the newly formed lava field and developed within lows. These lows
could have become filled with water from the fluvial system generating standing
water bodies or they could also have formed as the result of volcanic activity close
by, altering and damming the fluvial system. Small water bodies are a common
feature of lava dominated systems, e.g. there are two small present day water
bodies within the field area.
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@ Glacier in full Small fluvial systems carrying
advance during cold Ice rafting on the sur- eroded material from the gla-
conditions face of the water cier in to the water body

body

Mass/debris flows are responsible
for some of the larger boulders
observed within the lacustrine sedi-

g
Relatively quiescentenviron- ™~ N\ _
ment where sediments gen-
erally remain undisturbed

Rain-out of small dropstones .
from glacier bottom and small .
floating blocks of ice

Cyclical nature observed
within the sediments

Figure 7-28 Block diagram of coalesced water bodies. These have coalesced to form a much
larger water body. This model represents the winter environment. Various sediment input
methods are highlighted- these could be fluvial, glacial or mass flow. Evidence of all three are
found within the field. The model is hypothetical and no scale or direction is implied

Figure 7-28 is a representation of how the G1 unit within section 9 developed
(Figure 7-24). With continued volcanic quiescence, this would have allowed the
fluvial systems to continue to fill the lows within the lava field. These standing
bodies of water would have coalesced, resulting in the formation of a much large

standing body of water.

As it is likely that this standing water body formed in a proglacial environment,
there would have been periodic advance and retreat of the glacier. This would
have resulted in contact with the water body. The model (Figure 7-28) represents
a winter input of sediment in to the standing body of water. During this time,
there would have been much less run off, as snow and ice would have been actively
accumulating, therefore the sedimentary load of those fluvial systems would have
been considerably less. The sediments deposited within the water body at this
time would have been finer grained and less than in spring/summer. Evidence of
this cyclicty is present within the section (Figure 7-25). This continuous cyclicity

indicates that the volcanic system was relatively quiescent.
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Much larger and more
abundant fluvial systems
coming off the retreating
glacier

. X More sediment available

@ Glacier retreating and when warmer, so more
melting during warmer mass/ debris flow events
period
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Cyclical nature observed
within the sediments

Figure 7-29 Block diagram of coalesced water bodies. These have coalesced to form a much
larger water body. This model represents the summer environment. Various sediment input
methods are highlighted- these could be fluvial, glacial or mass flow. Evidence of all three are
found within the field. The model is hypothetical and no scale or direction is implied

Figure 7-29 is a representation of how the G1 unit continued to develop within a
spring/summer setting. During spring/summer there would have been significantly
more run off due to ice and snow melt. This would have led to the fluvial systems
being able to carry greater sedimentary loads and would have resulted in coarser
sediments being deposited within the standing water body. The volume of
sediment would also have been much greater during this time (Figure 7-25). During
these warmer periods of time, glacial ice would be much more likely to calve in
to the water body. As a result of this, dropstones would be found within the
sediments. These would have been originally incorporated in to the glacier as it

scoured and plucked the land surface during advance of the glacier.

Large clasts found within the unit could potentially have been generated in a
debris flow (Figure 7-25, Figure 7-29). Debris flows could have been generated

during these warmer months due to increase in rainfall and availability of regolith.

Evidence of the water body being a relatively quiescent environment is present.

Within the unit, there are small discontinuous units of tuff. These tuff units are
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up to 40 mm thick in places and can be laterally continuous for up to 10 m.
Preserving ash layers in the rock record is very difficult, as they are so easily

eroded. This indicates that the units observed in section 9 were well protected.

Subsequent lava flows continue to fill
§ depressions occupied by water generating
@ Lava taking advantage Lavas pond and inflate in lows, patches of hyaloclastite and pillows

of existing drainage g Y
generating coarser grained
networks

Very wet substrate
on whichrthe lavas
are flofliing

Lava has entered a shallow waterbody
and pockets of standing water, generat-
ing small volumes of pillows and hyalo-
clastite

Figure 7-30 Block diagram of a lacustrine setting dominated by sub-aerial lavas This would
produce hyaloclastite, pillows and various other products of lava-water-sediment interaction.
This model represents how the units in Error! Reference source not found. may have formed. T
he model is hypothetical and no scale or direction is implied.

Figure 7-30 is a representation of how the C1 unit in section 9 (Figure 7-24)
developed. The transition from G1 to C1 indicates that the volcanic system
became active within the local environment. Sub-aerial lavas would have followed
the existing drainage network that supplied the water body, resulting in an
interaction between the lavas and water. This would have generated primary
hyaloclastite and pillow lavas, which we see evidence of in section 9. As the lavas
continued to follow the pre-existing drainage network, this would have resulted
in the water body being dominated by hyaloclastite, up to a point where only small
pockets of water were left. During this continued extrusion of lava, the fluvial
system would have continued to flow. Within the unit, there are areas that are
dominated by hyaloclastite before quickly transitioning to sub-aerial lava. These
areas of coherent sub-aerial lava have curvi-columnar jointing and large

entablatures. This indicates that the fluvial system interacted with the lavas.
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When the C1 unit formed, the weight of this unit on the underlying G1 sedimentary
unit caused sand injectites to form (Figure 7-25). These injectites are relatively
small, up to 60 mm in width, but continuous for >10 m. They cut the stratigraphy
of the underlying G1 sedimentary unit, but do not breach the boundary with the

C1 hyaloclastites.
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7.2.10 Stora Laxa section 10

Section 10 is situated NE of section 9 on the west side of the Stora Laxa. The

section is found within grid square F7 and G7.

Figure 7-31 presents an un-interpreted image of the section, followed by an
interpretation of the section. Section 10 is dominated by C1 primary hyaloclastite

and pillow fragments (

Figure 7-31). Within the centre left of section 10 (

Figure 7-31) there is a small exposure of stratigraphy. The lowest unit is sub-aerial
lava, with an overlying unit of F1 fluvial sandstones. This exposure indicates that
there was a hiatus in the volcanic activity to produce the small, laterally
discontinuous unit of F1 sediment. Overlying the F1 sandstones is the large unit of
C1 hyaloclastite which dominates the entire section. The transition from F1
sandstones into hyaloclastite indicates that during quiescence in the volcanic
system a water body developed in the area. This water body most likely developed
as a result of faulting, which would have generated accommodation space. This
accommodation space would have been rapidly filled by the fluvial system,
generating a water body in a small amount of time. As the volcanic system became
active again, sub-aerial lavas would have entered the water body, generating
primary hyaloclastite and pillow lavas. It appears that the low generated by
faulting, has been a low for a prolonged period. The area today is a low, with
small pockets of water developing within it. This indicates that there is a large

structural control on the morphology and deposition in the area.
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7.3 Stora Laxa summary

The panoramas presented in this chapter highlight complex, lateral and vertical
facies changes within a <2 km section from the HF. The section is dominated by
repeating volcanic and sedimentary units and their complex interaction with the
underlying tectonic structure (Figure 7-32). Moving upwards in the stratigraphy,
individual units are generally thinner than lower in the stratigraphy (Figure 7-32).
This could be due to numerous underlying factors in the HF. For instance, the
larger volcanic units lower in the stratigraphy could be the result of sustained
volcanic activity in the local area dominating the environments and supressing the
surrounding fluvial systems or could be the result of volcanic units ponding within
accommodation space created by faulting. The volcanic and clastic units higher in
the stratigraphy are thinner (Figure 7-32), this could be the result of short lived
volcanic events punctuating fluvial deposition. A lack of available accommodation

space in this area could also produce a similar pattern in the stratigraphy.

The uncertainty in these patterns highlights the need to understand the details
within volcano sedimentary settings better as each scenario has very different
implications, especially for hydrocarbon exploration. The Stora Laxa section can
be interpreted as a typical representation of volcano sedimentary settings;
however, other areas will be more or less complex than the HF and this needs to
be taken in to account. Highlighting the detailed relationships between different
lithofacies within the field is important as it provides answers to palaeogeographic
questions. It is likely that these detailed relationships will not be observed in
remote sensing, offshore data and highlights the need for field analogues to be

used in conjunction with this data
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Figure 7-32 Generalised vertical section of the Stora Laxa river section. Central part of the stratigraphy is dominated by syn-depositional faulting, resulting in contemporaneous deposition of units. In the upper third of
the stratigraphy, faulting is not as prevalent. The individual stratigraphic columns show the spatial relationship between different sections in the Stora Laxa river case study.
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7.4 Conclusions

e The case study of the Stora Laxa presented within this chapter highlights
the lateral and vertical facies changes within a <2 km section. The majority
of the detail presented here would be below seismic resolution on offshore
datasets. This highlights the need to analyse analogues to inform subsurface
models.

e The section is characterised by repeating sequences; initially a volcanic
sequence dominated before a mixed fluvial/glacial/lacustrine system
developed. This sequence repeats in a similar manner, however it is

complicated by faulting observed within the Stora Laxa river section.

e Repeating sequences of volcanic and sedimentary units are very common in
volcano sedimentary settings. They appear to generate layer cake
stratigraphy, however when examined closer, they are much more

complicated and cannot be treated as simple layer cakes.
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8 Integrated stratigraphic and structural model

8.1 Introduction

Iceland is situated in the North Atlantic Ocean, on the mid Atlantic Ridge between
the Reykjanes Ridge and the Kolbeinsey Ridge. The North American Plate and
Eurasian plate are separating across the Mid Atlantic Ridge at a rate of ~18 mm
per year (full rate) at a trend of N105 E and 285 W (Thordarson and Hoskuldsson,
2014). The eastern side of Iceland sits on the Eurasian plate, with the western
side on the North American plate (Einarsson, 2008). The plate boundary zone is
thought to be superimposed upon a large plume, with a deep mantle root
(Einarsson, 1991), although this is debated by some authors (Lundin and Dore,
2005; Ellis and Stoker, 2014). Onshore Iceland, the plate boundary zone is
expressed by several volcanic zones. These are the West Volcanic Zone (WVZ),
East Volcanic Zone (EVZ) and the Northern Volcanic Zone (NVZ) (Figure 8-1).

The plate boundaries are currently drifting westwards relative to the debated
Icelandic hot spot, which, through time, is expected to result in an eastward ridge
jump of the spreading zone (Einarsson, 1991). We are currently in the middle of a
ridge jump, with both the WVZ and EVZ seeing active rifting. However, the EVZ is
attempting to steadily replace the WVZ as it becomes extinct. The EVZ is currently
propagating south (Einarsson 1991; Passerini et al, 1997) at the expense of the
WVZ. These volcanic zones vary in their width from 20-50 km (Thordarson and
Héskuldsson, 2014).

Accommodating the eastward movement of the NVZ and the EVZ relative to the
Kolbeinsey ridge and Reykjanes Ridge are two major transform zones the Tjornes
Fracture Zone (TFZ) in the north of Iceland and the South Iceland Seismic Zone
(SISZ) in the south of Iceland (Figure 8-1). These fracture zones probably
accommodate a transfer of strain between rift segments, which results in a
complex fracture network (Einarsson, 1991). The SISZ is ~15-20 km wide (N-S) and
70 km long (E-W) (Bergerat and Angelier, 2000; Einarsson, 1991).
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Kolbeinsey Ridge ‘
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Figure 8-1lceland structural map with the main direction of plate movement highlighted. The
West Volcanic Zone (WVZ), East Volcanic Zone (EVZ) and the Northern Volcanic Zone (NVZ)
are all marked. The two large transform zones, the South Iceland Seismic Zone (SISZ) and the
Tjornes Fracture Zone (TFZ) which connect the rift segments are marked. The trend of the
Reykjanes Ridge and the Kolbeinsey Ridge are highlighted. The location of the Hreppar
Formation at Fludir is marked by the red square (after Einarsson, 1991; Kristjansson et al,
1997).
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The Hreppar Formation is situated between the WVZ and the EVZ, just north of
the SISZ (Figure 8-1). This area is neither part of the North American Plate or the
Eurasian Plate, instead it is separate plate, called the Hreppar Microplate (Clifton
and Kattenhorn, 2006; Einarsson, 2008). This area is structurally complex due to
the different motions of the WVZ, EVZ and SISZ. This tectonic complexity may
contribute to the complicated geomorphology within the HF at FLUdir, with faults
and intrusions having been preferentially eroded to form gullies. Those gullies
separate a series of ~150 lozenge shaped elevated outcrops that range from 100
m to 1 km in length and are up to ~100 m in width, found within a ~16 km? area
(Figure 8-2). The outcrops typically have a NE-SW trend, which is parallel to sets
of faults and fractures observed within cliff sections. The purpose of this chapter
is to describe the exposed structural framework of the HF. As a result of limited
exposure within the area, the structural observations are discussed as a series of

potential structural models that each fit the observed faults.
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Figure 8-2 Geomorphology of the Hreppar Formation with Fludir and Hruni marked. The HF
is predominantly comprised of lozenge shaped outcrops that strike NE-SW.
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8.2 Evidence of tectonic setting in the HF

Chapter 7 demonstrates the lateral and vertical facies changes within the Stora
Laxa river section, this also occurs in the rest of the HF as evidenced in the
geological map (map insert). Deposition of units alone, cannot account for the
outcrop pattern in the HF. Specifically, there is evidence for potential faulting
occurring during and between depositional systems with offsets visible between
units (Chapter 7). However, this evidence within the HF at FlUdir, is limited. This
is primarily due to poor exposure within the centre of the field area. The geology
and structure within grid squares such as F6, C10, C11, B11 and Gé6 (map insert) is
very difficult to ascertain due to lack of exposure. Faulting relationships and the
underlying structure in the HF have been inferred from stratigraphic relationships,
topographic expression (i.e. orientation of gullies), aerial imagery,
photogrammetry and direct fault evidence (where accessible). The best evidence
for faulting within the HF is within the Stora Laxa river section (Chapter 7), here

stratigraphic faulting relationships are relatively clear.

The most southern section within the Stora Laxa (Figure 8-3, Figure 8-4) (section
1 and 2, after the nomenclature of chapter 7) demonstrates clear evidence of
faulted stratigraphy. The largest fault offsets the lavas have at the base of the
section, with an apparent displacement of ~10-15 m. Several other faults are
observed within the same section, which show smaller apparent displacements
(Figure 8-3, Figure 8-4). These faults although smaller, display the same strike of
the largest fault. The stratigraphy demonstrates a stepping down relationship
moving NE, as a result of the faulting. Dykes are commonly found within fault
planes in the HF, indicating a component of extension and volume increase within
the local area. The faults within section 1 all have approximately the same strike,
which clusters around NNE (022.5°).

Further north along the Stora Laxa river, sections 3, 4, 5 and 6 (chapter 7) display
a similar faulting pattern to that observed in sections 1 and 2 (Figure 8-3, Figure
8-4, Figure 8-5). In all cases, the faults accommodate a relative drop in the
stratigraphy down towards the NE. The strike of the faults within sections 3 and 4
(Figure 8-5) strike approximately NNE (022.5°) however a few strike at ~010°.
Dykes found within section 6 have a slightly different strike to the fault planes,

these are oriented at ~030° (Figure 8-6).
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There are two rivers in the HF at Fludir, the Stora Laxa and the Litla Laxa, which

lie to the east and west of the field area respectively (

Figure 8-7). The geology and geomorphology either side of these rivers contrasts
sharply with the geology and geomorphology in between the rivers (Map insert).

The Stora Laxa and the area to the west of the Lita Laxa (

Figure 8-7) could demarcate large faults although no direct evidence of these
faults has been found, only indirect evidence (stratigraphy and geomorphology).
The area between the two rivers is the main field area, which is dominated by
lavas, hyaloclastite and sedimentary units. To the west of the area, west of the

Litla Laxa, and to the east of the Stora Laxa (

Figure 8-7), these areas are dominated by lavas; only a few sedimentary units are
found in both these areas (chapter 10). The difference in depositional histories

may relate to a structural control on accommodation space within the area.
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Figure 8-3 Uninterpreted photogrammetry model and interpreted model, highlighting the main faults within the Stora Laxa river section, and highlighting the orientation and relative displacements between units.
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Figure 8-4 Uninterpreted photogrammetry model and interpreted model , highlighting the main faults within the Stora Laxa river section, and highlighting the orientation and relative displacements between units.
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Figure 8-5 Uninterpreted photogrammetry model and interpreted model , highlighting the main faults within the Stora Laxa river section, and highlighting the orientation and relative displacements between units.
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Figure 8-6 Photogrammetry model, highlighting the main faults within the Stora Laxa river section , and highlighting the orientation and relative displacements between units.
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SW

Lita Laxa river

Stora Laxa river

Figure 8-7 Looking SW in the HF at Fludir with the main rivers (Stora Laxa and Lita Laxa) highlighted. The Stora Laxa potentially follows the same orientation of the hypothesized, underlying fault, whereas the Lita Laxa
is to the east of the other large fault.
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8.3 Cross sections of the Hreppar Formation

Cross sections of four key outcrops within the HF have been employed to highlight
the relationships between different outcrops within the field area (Figure 8-8).

These cross sections reveal different styles of faulting within the HF.

8.3.1 Cross section 1 (E7, F7, ES8, F8)

Cross section 1 is situated within grid squares E7, F7, E8 and F8 (map insert)(Figure
8-8, Figure 8-9) and highlights the relationships between three main outcrops (A,
B, C). The outcrops are distributed evenly over 1 km and are approximately 70-
120 m in width and are all ~0.5 km in length. Based on the mapped units and the
stratigraphy, outcrop A is unrelated to B and C. Outcrop A has a different
depositional history to B and C. The subsurface stratigraphy of the three outcrops

is unknown.

Outcrop A is dominated by B2 and B1 lavas, separated by a relatively thin interbed
of E3 (Figure 8-9). The lack of water dominated lithofacies (hyaloclastite, pillows)
indicates that these units were deposited within a relatively water free
environment. Water may have formed later in this environment, indicated by the

C1 hyaloclastites which cap the outcrop.

Outcrops B and C have a markedly different stratigraphy to that observed within
outcrop A. B and C have the same stratigraphy, with thicknesses of each individual
unit being relatively similar (Figure 8-9). In outcrop B more of the stratigraphy is
observable, with a unit of E3 conglomerates at the base. In outcrops B and C, a
large B2 lava is found at the base, which is overlain by a G1 sedimentary unit. The
sequence is capped by a unit of C1 hyaloclastites. Outcrop C is described in detail

in chapter 7.

As outcrops B and C show the exact same stratigraphy it is likely that they were
connected prior to erosion (Figure 8-9). The outcrops are no longer connected as
demonstrated by the projected dips of the units in outcrops B and C (Figure

8-9)which could indicate that faulting played a role.

This fault plane may have seen repeated movement, creating further separation

between outcrops (Figure 8-9). Fluvial action and glaciation likely eroded the fault
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Figure 8-9 Faulted relationships between different outcrops. A is seemingly unrelated to B and C. B and C appear to have shared a similar depositional history, later separated via faulting.
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plane further, separating outcrops B and C to their current positions. It is likely

that outcrop A was never connected, this is most likely the result of earlier

faulting.

It appears as if there is a general trend of units dropping down towards the east
(Figure 8-3; Figure 8-4; Figure 8-5; Figure 8-6), potentially creating grabens or
half grabens for the deposition of units. Continued faulting within the area is likely
the biggest factor in the morphology observed in the HF today. Earlier faulting
would have generated small horsts and grabens, resulting in areas where water
bodies would have likely developed (outcrops B and C). There would also have

been small grabens in which no water body developed (outcrop A).
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8.3.2 Cross section 2 (F6)

Cross section 2 is situated within grid square F6 (map insert) (Figure 8-8) and
highlights the relationship between two outcrops (D and E), whose facies were
laterally continuous prior to erosion (Figure 8-10). The two outcrops are both ~70-
80 m wide and ~0.3 km in length. Outcrops D and E both feature the same units
that comprise the stratigraphy, however outcrop D demonstrates a repeat of the

units in outcrop E (Figure 8-10).

The lowest unit within the stratigraphy in both outcrops, is a B3 lava which is
overlain by C1 primary hyaloclastites and D1 re-worked hyaloclastites. This
indicates that as there was continued volcanism in the area, the initial low in
which the lavas formed became dominated by a water body. As lavas continued
to enter this water body, this would have generated the primary and re-worked
hyaloclastite observed within the two outcrops (Figure 8-10). As both outcrops
have an identical stratigraphy and thicknesses of units, it is assumed that the
water body covered the area represented by the two outcrops. However, outcrop
A demonstrates a repeat of the previously mentioned units (Figure 8-10) which
highlights that the initial water body could have moved more distally as

hyaloclastite and re-worked hyaloclastite filled it.

Based on the observed downthrown sense across this fault set (Figure 8-10), it is
inferred that outcrop E represents a downthrown block relative to outcrop A and
as such, the lower units found in outcrop D should also be found below the
exposure of outcrop E.
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Figure 8-10 Faulted relationships of outcrops D and E. The outcrops have identical straigraphy, indicating that they have seen the same depositional hisotry. E is a smaller outcrop and does not demonstrate a repeat of
the stratigraphy that is observed in outcrop D. Its is likely this repeating stratigraphy is present, however is not exposed.
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8.3.3 Cross section 3 (C9, D9)

Cross section 3 is situated within grid squares C9 and D9 (map insert, Figure 8-8
Figure 8-11). The cross section indicates the differences between two outcrops (F
and G) that have markedly different geology. The outcrops have variable sizes; F
is ~180 m wide by 245 m, G is ~150 m wide by 0.5 km long. The two outcrops

appear to have had very different depositional histories.

Outcrop F is dominated by sub-aerial lavas and sedimentary units. The lowest unit
exposed within outcrop F is a B1 lava, indicating that this was erupted sub-aerially.
Overlying the B1 lava, is a ~12 m thick E3 debris flow conglomerate, suggesting
that volcanic activity was waning and high levels of rainfall were occurring at the
time of deposition. The transition from E3 conglomerate in to F1 sandstones
indicates that there was a waning of energy and transition from debris flow
processes to fluvial processes. The E3 unit grades in to E2 conglomerates, which
have a glacial component to them, indicating that the area was glacial proximal.

Outcrop F is capped by a B3 lava which highlights a return to volcanic activity.

In contrast to outcrop F, outcrop G has a significant sub-aqueous component to its
geology. The lowest unit within the stratigraphy of outcrop G is an E2, glacially
derived conglomerate (Figure 8-11). This unit transitions in to F1 sandstones,
suggesting that a fluvial system rapidly developed. Overlying the fluvial
sandstones is a unit of C1 primary hyaloclastite, indicating that the volcanic
system started to wax and as a result lava entered a water body, generating
primary hyaloclastite. This could indicate that the fluvial system became dammed
and developed a water body in which the lava entered. At the top of the outcrop,
lies a distinctive unit of B3 lava which has transitioned from the unit below. The
transition indicates that the water body became dominated by lavas as volcanic

activity waxed.

Without a fault between the outcrops, it would require unit C1 to laterally
transition to F1 and E1. This is unlikely, given the thickness of unit C1 in outcrop
G. Itis possible that faulting would have generated a low which resulted in a water
body forming in the area of outcrop G (Figure 8-11), whereas outcrop F remained
on high ground. Again, this is consistent with the downthrown sense shown in the

Stora Laxa section (Figure 8-3;Figure 8-4;Figure 8-5;Figure 8-6).
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Figure 8-11 Faulted relationships between outcrops F and G. These two outcrops have seen markedly different depostional histories, with G demonstrating a strong sub-aqueoues component. It is very likely that the two
outcrops have a faulted relationship, explaing the different geology of each outcrop.
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8.3.4 Cross section 4 (E9, F9)

Cross section 4 is situated within grid squares E9 and F9 (map insert, Figure 8-8,
Figure 8-12) (chapter 7). The cross section lies on a NW-SE trend and spans a
prominent bend in the Stora Laxa river. It highlights the differences in geology,
either side of the river as mentioned previously, where a large fault is

hypothesised to lie (

Figure 8-7). The west side of the Stora Laxa river, where outcrops H and | are
situated, is dominated by lavas and sandstones/conglomerates, whereas the east
side of the river where outcrop J is situated is dominated by sub-aerial lavas
(Figure 8-12). The morphology either side of the river is also very different. The
differences could be attributed to a combination of things such as; different

lithologies, faulting (?) (Figure 8-7), erosion and glaciation.

Outcrop | and J are the lowest within the stratigraphy and their geology differs
markedly. In outcrop I, the lower stratigraphy is dominated by B3 lavas, indicating
the volcanic system was particularly active. Overlying the lavas are F1 sandstones
and E3 conglomerates (Figure 8-12). The transition between these units indicates
that volcanism began to wane and as a result, a fluvial system developed in area
once dominated by volcanism. At this level in the stratigraphy, small scale faulting
appears to be relatively common, with small displacements apparent (Figure 8-5,
Figure 8-6, Figure 8-12), these small scale faults are not observed within the

overlying stratigraphy, such as in outcrop H (Figure 8-6, Figure 8-12).

Outcrop J and the eastern side of the Stora Laxa, is dominated by sub-aerial lavas,
relatively few sedimentary units are observed. Outcrop J is at the same
stratigraphic level as I; in the absence of observed folds in the area, it is inferred

that there is a fault separating the two outcrops (Figure 8-12).

Unconformably overlying outcrop | is outcrop H, which is defined by its repeating
lavas and sandstones. The repeating units of F1 and B1 indicates that fluvial and
volcanic systems competed for available accommodation space. The lack of a
similar sequence on the eastern side of the river suggests that outcrop H and |
experienced very different depositional histories to outcrop J (Figure 8-12). The

small faults observed within outcrop | are not observed in outcrop J, suggesting
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that they are bound by the fault marking the location of the river. Larger faults
within the Stora Laxa section, cut the entire stratigraphy (Chapter 7, Figure 8-6)

suggesting that they are much later faults.

The cross sections within the HF, highlight the variable deposition histories of
some adjacent outcrops, with others having experienced the same depositional
history and later faulting. The variable nature of these relationships indicates
repeat faulting episodes that are regionally constrained to the HF and suggests
that the observed faults are growth faults (Macdonald et al, 1996; Holland et al,
2006).
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Figure 8-12 Complex faulted relationships in the Stora Laxa river. Outcrops | and J are separated by a hypothesized large fault, which bounds the HF at Fludir. Outcrop | is dominated by lavas and sedimentary units, as
well as numerous, small-scale faults. Outcrop J is dominated by lavas and apparently has no small scale faults, such as those observed in outcrop I. Outcrop H features a repeating series of lavas and sedimentary
interbeds, that were deposited much later than outcrops | and J.
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8.4 Tectonic evolution of the Hreppar Formation

Faulting of the Hreppar Formation has resulted in a piecemeal compilation of
lozenge shaped outcrops dominated by volcanic, volcaniclastic, and sedimentary
units. In most instances, these outcrops typically cannot be correlated, suggesting
that these units were deposited in a series of small fault-bound basins or grabens,

e.g. Figure 8-3, Figure 8-4, Figure 8-5, Figure 8-6.

Due to the lack of direct kinematic evidence for fault motions, several models are
presented here that are consistent with the geometry and apparent offsets of
these fault sets. A detailed structural interpretation is beyond the scope of this
project, however, the importance of the tectonic structure in the HF is recognised

as the main depositional control in the HF at Fludir.

8.5 Koehn / Bubeck model

This model uses examples from the East African Rift System (EARS) (Koehn et al,
2008) and from Hawaii, Iceland and the North Atlantic (Bubeck et al, 2017) to
understand the faulting pattern generated by overlapping rift segments and the
resulting vertical axis rotation of crust (Figure 8-13, Figure 8-14). As mentioned
previously, the HF occupies a region between the eastern and western rift zones
of south Iceland, which demonstrate a right stepping geometry (Figure 8-1, Figure
8-13).

Segmented extensional systems dominated by normal faulting, can show complex
fault patterns between bounding fault segments. The complex nature results from
mechanical interaction between fault segments, in which competing elastic stress
fields ahead of the fault tips may influence the propagation and geometry of first-
order faults, and the development and distribution of second-order faults and
fractures (Bubeck et al, 2017). The scale, distribution and motion of the second-
order faults are a function of the first-order fault stepping direction (right, see
Figure 8-13; left, see Figure 8-13) and the vertical axis rotation between fault
segments, which accommodates variations in fault displacement (e.g. right

stepping, anti-clockwise; left stepping, clockwise (Tentler and Acocella, 2010)).

Tentler and Acocella, (2010) demonstrated through scaled analogue modelling,
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that as opposing rift segments propagate from underlap to overlap, fractures
within the relay zone, may become increasingly oblique to the main rift
structures. Bubeck et al (2017) demonstrated that if first order faults don’t
continue to propagate, but continue to accumulate opening displacement, the
relay zone will be required to accommodate an increasing displacement gradient.
Although new brittle structures are formed within the relay zone, Bubeck et al,
(2017) highlighted a significant displacement shortfall in the relay zone: they
inferred that the displacement gradient between the first-order faults is balanced
by vertical axis rotation of the relay zone, and material thickening in the regional
extension direction. To conserve volume, this rotation, and extension-direction-
parallel material thickening, requires material thinning parallel to the rift axis. At
the surface this thinning is accommodated by open-mode fractures that strike at
a relatively high angle to the rift zone. In the subsurface this may be

accommodated by normal faults, veins, and dykes (Bubeck et al, 2017).
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Figure 8-13 Conceptual diagrams of the Koehn and Bubeck et al models. The main opening
directions are highlighted by red arrows with the orientations generated as result, marked in
red, yellow and dark red. Notice the similarity between all three localities.
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The examples presented in the Koehn and Bubeck models demonstrate very similar
fault orientations and agree with analogue models of Tentler and Acocella, (2010).
In Hawai’i Bubeck et al (2017) demonstrate two main fault directions; ENE-WSW
(rift parallel) faulting which accommodates NNW-SSE extension and NW-SE (rift

oblique) faulting which accommodates NE-SW extension (Figure 8-13).

In Iceland Bubeck et al (2017) demonstrate three main fault orientations; NNE-
SSW (rift parallel) faulting which accommodates WNW-ESE extension, NW-SE (rift
oblique) faulting which accommodates ENE-WSW extension and WNW-ESE (rift

normal) which accommodates NNE-SSW extension (Figure 8-13).

In the EARS, Koehn et al (2008) demonstrated two main fault directions, these are
similar to the Krafla model presented by Bubeck et al. The main orientations are;
NNE-SSW (strike slip dominated) and ESE-WNW (normal dominated) with an
additional minor set trending NW-SE (dextral strike slip and a normal

component)(Figure 8-13).

The similarities between each of these faulting patterns indicates that the
processes that produce them occur in numerous rift settings. According to Bubeck

et al (2017) each of the areas have these in common;

e Segmented bounding faults

e Obliquely oriented fault structures that develop progressively and

accommodate non-coaxial strains

e Rift zone parallel connecting faults

The Koehn/Bubeck model can be applied to the HF in southern Iceland. The
Reykjanes Ridge propagates NE and its onshore expression is the WVZ; the
opposing plate boundary zone is the EVZ which propagates SW (Figure 8-1). These
overlapping rift segments are right-stepping, which would generate an anti-
clockwise vertical rotation of the Hreppar Microplate (Einarsson, 2008) and a
similar fault pattern to those described before (Figure 8-14). In this model, faults
that strike parallel to the rift (33°-56 and 213°-236 ) would accommodate regional
WNW-ESE extension (Figure 8-15). Rift oblique striking faults with a strike of
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between 247.5-292.5" and 067.5-112.5 would accommodate a shortening
component along the rift axis and extension oblique to the regional extension
direction (Figure 8-15). Faults that strike at a relatively high angle to the rift axis
(those with a strike of between ~ 123"- 146" and 213°-236 ) would accommodate
extension parallel to the rift, and counteract the shortening caused by rift oblique

structures (Figure 8-15).

When the modelled orientations are plotted on the HF map, there is a remarkable
correlation between the model and orientations observed in the field (Figure
8-15). As with the model, the dominant faults within the area are rift parallel
(red) which according to the model should be normal faults. Although field
evidence for these faults is relatively poor, where normal faults are obviously
present, they tend to have a strike of between 33-56 and 213°-236". In the HF
where dykes are present these generally have a strike of between 123'- 146" and

213°-236 which fits with the modelled extensional fractures (yellow).

200 km

Figure 8-14 Koehn 2008/ Bubeck et al model. The general direction of opening and closing in
Iceland, creating an anti clockwise rotation in the Hreppar mircroplate. (After Koehn 2008).
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Fractures and normal faults trending
between 33°-56° and 213°-236°

Normal faults and extensional shear
faults striking between 247.5°-292.5°
and 067.5°-112.5°

Fractures striking between 123°-146°
and 213°-236°

Figure 8-15 Koehn 2008/ Bubeck et al model. Fractures and faults trending between 33°-56°
and 213°-236° appear to be the domiannt set when overlain the aerial image.
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8.6 Passerini, 1997 model

Passerini et al, (1991, 1997) model suggests that a high occurrence of faults
parallel and sub-parallel to rift axes in Iceland are strike slip. The presence of
strike slip faults and normal faults is explained through varying stress fields and a
combination of movements on the rift. Passerini et al used field examples from
East Africa and Iceland (specifically around western, south central and south
eastern Iceland) to try and explain the complex faulting patterns observed in these
areas. The area they focus on in south central Iceland has a few localities which

surround the HF at FLUdir to the east, south and west.

In these areas, Passerini et al (1997) recognise the lozenge shaped outcrops
highlighted by faulting. They also state that the regional tectonic trend is between
35 and 40 E and the faults generally strike towards the NE (045°), with smaller
faults striking ENE (067.5°) and N-S (000°). Strike slip faults are common in the
area according to Passerini et al, who suggest they strike mainly NE. NNE striking
faults accommodate right lateral strike slip motion, with ENE striking faults
accommodating left lateral strike slip motion (Figure 8-16). These strike slip faults

are produced through axial compression (Passerini et al, 1997).

The fault pattern that is observed in south central Iceland and the HF at Fludir is
formed as a result of two different stress regimes; rift parallel shear and rift
parallel compression (Passerini et al, 1997). The axial compression according to
Passerini et al (1997) created conjugate sets of right lateral (NNE) and left lateral
(ENE) strike slip faults. Passerini et al (1997) explain that axial shear can form as
the result of differences in directions of extension on rift segments and as a result
of lateral displacement between the major lithospheric plates. Axial compression
could have resulted from imbalances between lithospheric spreading and mantle
upwelling, although this hasn’t been proven in Iceland, or could have been

generated as the result of rift-oblique transform shear.

Passerini et al (1997) state that the data they have presented is not enough to
actually determine in what order the faults formed, but note that strike slip and
oblique slip faults alternated. This is unlike the model presented by Koehn/
Bubeck et al, as in their model all fault orientations can occur at once, whereas

the Passerini model suggests that a switching of stress regimes needs to occur.
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Conjugate NNE, right-lateral
strike-slip faulting. Generated
by NE compression

Conjugate ENE, left-lateral
strike-slip faulting. Generated
by NE compression

NE striking normal faulting.
Generated by axial shear.

Figure 8-16 Passerini et al 1991, 1997 model. When the model is applied to the aerial image in
the HF, the fault orientations do not match as well as in the Koehn 2008/ Bubeck et al model.
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8.7 Clifton and Kattenhorn, 2006 model

Clifton and Kattenhorn, (2006) focused on the Reykjanes Peninsula, an onshore
expression of the Mid Atlantic Ridge. They use this area to understand the faulting
pattern generated within the peninsula. The faulting pattern within the peninsula

is very similar to that observed in the HF and the model can be applied here.

The Reykjanes Peninsula plate boundary zone is oblique (~30°) to the direction of
rifting, and as a result accommodates left lateral shear and extensional strain
(Clifton and Kattenhorn, 2006). This is very similar to the SISZ, which is an E-W
striking transform boundary system that accommodates left lateral shear. The
area to the north of the SISZ (Hreppar Formation) is moving towards the west with
the North American plate, whereas the area to the south of the SISZ is moving
towards the east with the Eurasian plate (Sigmundsson et al, 1995) (Figure 8-1).
As a result of this left lateral motion on the SISZ, the N-S striking faults
accommodate this left-lateral motion through right-lateral bookshelf faulting
(Sigmundsson et al, 1995; Clifton and Kattenhorn, 2006). Sigmundsson et al, (1995)
conclude that there has been a left lateral transform motion throughout historical

times.

Clifton and Kattenhorn (2006) modelled left lateral transform zones, using a clay
model. In their experiments, 3 main sets of faults were produced (Figure 8-17):
(1) rift perpendicular right lateral oblique slip faults; (2) rift subparallel left
lateral oblique slip faults; and (3) normal faults striking at 20" to the main trend
of the rift. However, Clifton and Kattenhorn, (2006) acknowledge that their
models do not account for other factors such as proximity to volcanic centres,
occurrence of magmatic activity and the associated variability in the stress and
strain fields, change in orientation of the rift orientation, reactivation of old
structures and the development of fractures, hence these orientations and types
of faults may underestimate the complexity within the Reykjanes Peninsula and

in other natural systems, such as the HF.

Within the Reykjanes Peninsula Clifton and Kattenhorn, (2006) state that the
orientation of the volcanic fissure swarms is a result of oblique motion at the plate
boundary on the 10’s of km scale, however they note that on a smaller scale the

fractures within the fissure swarms are highly variable. Associating a single strain
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direction with these fractures is very difficult. This is probably the case also for
the HF, where no one strain direction has generated the outcrop pattern, but a

series of different strains.

According to Clifton and Kattenhorn, (2006) fractures that strike between 000° and
020° are primarily right lateral strike slip faults (Figure 8-17) and are considered
active and are predominantly where the major earthquakes in Iceland occur.
These faults typically have a faint surface manifestation and are mainly
highlighted by smaller en echelon NE striking fractures. NE striking fractures are
a common occurrence in the HF and could be the result of these right lateral,

strike slip faults.

Models for infinitesimal displacement predict that a principal extensional strain
direction oriented half way between the displacement vector and the normal to
the plate boundary. When this model is applied to the Reykjanes peninsula (a left
lateral transform zone striking E-W), this creates extensional strain oriented
45° clockwise. This in turn would produce right-lateral movement along N-S strike
slip faults and would produce normal faults, striking NE. Clifton and Kattenhorn,

(2006) have proven this modelled theory to be accurate.

According to Clifton and Kattenhorn, (2006) when the extensional component of
the absolute plate motion is accommodated during magmatic periods, the
principal extensional shear direction becomes oriented 60° to the zone of
spreading. This would result in normal to right lateral oblique slip movement on
NE to ENE striking faults. Therefore, this would most likely occur during periods

of volcanic activity.

Clifton and Kattenhorn, (2006) suggest that strike slip faulting is dominant during
periods of volcanic quiescence, whereas normal faulting dominates during periods
of volcanic activity. They note however that all fault types will be active to a
certain extent during volcanic activity and quiescence, depending on the relative
orientations of the principal strain and fracture strike at any point in time. They
cite examples where individual faults show variable slip histories. This is again

applicable to the HF.
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Conjugate right-oblique slip
faults, rift perpendicular

Conjugate left-oblique slip
faults, rift subparallel

Normal faults, 20° to the main
trend of the rift

Figure 8-17 Clifton and Kattenhorn modelled faults and fractures applied to the HF. The
dominant fault set appears to be rift perpedicular, right-oblique slip faults.
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8.8 Tectonic summary of the Hreppar Formation

Each of the models presented predict fault and fracture sets that are similar to
those observed in the HF (Figure 8-18). The main differences between the models
and observed fault and fracture sets concern the timing and kinematics of
individual fault sets. Based on the geometries and in the absence of kinematics
(due to lack of good exposure), each of the models could be applied to the HF.
Based on the evidence presented here, the favoured model is the Koehn/Bubeck
model as this has been demonstrated to fit the data and outcrop pattern best,
however, further work needs to be done to confirm this is the most accurate

representation of the underlying structure within the HF.

Regardless of the model, it is clear that the area is structurally complex, with
multiple, potentially simultaneous, fault sets formed throughout the depositional
history of the area. The individual models become important when considering
the juxtaposition of individual units, and specifically for prediction of the
subsurface, and the magnitudes of displacement required to achieve the observed

apparent displacements.

Local effects within the HF such as topography and volcanic centres which would
alter near-field stress perturbations and will affect the far field stress state
(Stephens et al, 2017; Muirhead et al, 2017), the stress distribution and depth,
differing lithological units, differences in mechanical properties of units, pre-
existing structures and directional variations in material properties, could all play
a role in the underlying structure of the HF (cf, Holland et al, 2006; Walker et al,
2012; Bubeck et al, in review). Within the HF, different lithological units are found
in the centre of the area compared with the margins (map insert, e.g. Figure 8-12)
these also typically have varying thicknesses, which could affect fluid flow due to
the differing material properties (Walker et al, 2013). Thickness and depositional
history variations across the study area suggest that the fault sets represent
growth faults, and these buried structures may have been reactivated multiple
times. Understanding the structural framework of a volcano sedimentary setting
is key to predicting where different units may occur. In an offshore hydrocarbon
setting this is particularly important as it will aid location of potential reservoir,

source, trapping mechanism and allow fluid flow to be determined.
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Koehn / Bubeck model Passerini, 1997 model Clifton and Kattenhorn, 2006 model

. Conjugate right-oblique slip

Conjugate NNE, right-lateral
faults, rift perpendicular

strike-slip faulting. Generated
by NE compression

Fractures and normal faults trending
T between 33°-56°and 213°-236°

Normal faults and extensional shear
——— faults striking between 247.5°-292.5°
and 067.5°-112.5°

Fractures striking between 123°-146°
- and213°-236°

X Conjugate left-oblique slip
Conjugate ENE, left-lateral faults, rift subparallel
strike-slip faulting. Generated

by NE compression Normal faults, 20° to the main

trend of the rift

NE striking normal faulting.
Generated by axial shear.

Figure 8-18 Summarised models of Koehn/Bubeck, Passerini and Clifton and Kattenhorn. This is a side by side comparison of the different models that have been applied to the HF. Each of the models fits the data within
the HF, further work would be required to accurately determine which model is most appropriate.
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8.9 Conclusions

e The HF is situated between the Eurasian and North American Plates on its
own microplate called the Hreppar Microplate. This has resulted in a

structurally complex evolution of HF.

e Within the HF field area there is a lack of direct evidence for faulting,

however there is abundant indirect evidence as demonstrated here.

e Three models have been presented to understand the underlying structure
within the HF. Each model has valid arguments and all three could be

applied to the HF based on the evidence observed within the field.

e The favoured model is the Koehn/Bubeck model as this fits the presented
data best, however, further work would be required to fully understand the

structural history of this complicated area of Iceland.
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9 Discussion

9.1 Introduction

This project has combined a variety of field and lab based techniques to
demonstrate that the interaction between volcanic and sedimentary systems in
volcanic margin settings produces complex lithofacies architectures. These
settings are well known; however, detailed studies are rare. The research
presented here on the HF highlights the need to better understand the interaction
of these systems in order to successfully explore for hydrocarbons in lava
dominated settings. This chapter focusses on the general conclusions of the

project and also makes suggestions for future work.

9.2 Volcano-sedimentary settings away from the HF

Volcano-sedimentary settings occur all over the world and within these settings
various products of the interaction between these systems are found. This final
chapter uses examples from Iceland and Ethiopia to highlight how common and
complex the lithofacies architectures of these systems are and to compare and
contrast with the HF. The HF may actually be more predictable than other
volcano-sedimentary settings if the underlying structure can be accurately
determined. Where there are no structural controls in other areas, these may be

more problematic to predict.

9.2.1 Hofdasandur, Iceland

The first area is Hofdasandur, 25 km SE of Fludir. This area has been chosen to
highlight how different systems can interact and produce complex lava fields. A
series of three images (Figure 9-1, T1, T2, T3), which hypothesize how the lava
field around the village of Hofdasandur may develop with time and interact and

influence the surrounding geology.

The first figure, T1, (Figure 9-1) is the present day aerial imagery of the area with
only the most recent lava flows highlighted in pink as these are easy to identify
due to the lack of vegetation cover on the lavas. Below the aerial image is a cross

section through the area, demonstrating how this 2D view point changes with the
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Fluvial system has been - . e — _ Lavas have flowed around
influenced by the position = the structural highs within
of the lava flow — | the area, leaving ‘islands’
. ~/ of older lava flows

fluvial systems — W : exposed

Lavas following pre-exist- §
ing drainage pathways,
filling topographic lows

Lava flow diverting the ,
fluvial system. The fluvial
system has been diverted
from it’s original course.

Pre-existing topography

Lavas Fluvial sandstones and conglomerates

Figure 9-1 Lava field development around Héféasandur. Note the lava flows following pre-existing drainage pathways and avoiding the structural highs. The lava on the left hand side of the image has started to be eroded
by a small fluvial system that has re-established itself after it was blocked by the lavas. In the cross section from A-B it is hypothesized that a small fluvial system existed before the lavas were emplaced.
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interaction of different systems. It also provides a useful comparison with areas
in the HF at Fludir (chapter 7). The lavas tend to follow pre-existing topographic
lows such as fluvial systems as these offer a low resistance pathway for the lavas
to follow. With continued extrusion of lava, these pathways will fill over time. In
following the pre-existing drainage pathways, the lavas have avoided contact with
any of the structural highs in the area, which can lead to islands of older geology,

surrounded by younger lava flows (Figure 9-1).

The second image in the development of the lava field (Figure 9-2) highlights how
the area could evolve during quiescence in the volcanic system. The quiescence
in the volcanic system allows the fluvial systems to re-establish. They could re-
establish in the same location in which they previously occupied or they may re-
establish in a different location due to lavas altering their course. In the HF at
FLUdir there is evidence for both of these, Schofield and Jolley (2013) and
Ebinghaus et al (2014) document the same processes occurring in the FSB and
Columbia River, respectively. Within Figure 9-2, examples of both are present.
With continued volcanic quiescence, the fluvial systems will start to erode the
lavas that occupy the previous drainage systems, generating volcaniclastic
sediments. These are very common in volcanic dominated settings, with an
abundance of these occurring in the HF. In addition to fluvial sediments, these
environments can produce debris/mass flow, glacial and lacustrine sediments to
name a few. All of these are very common in present day Iceland and lithified
examples are present in the HF at FLUAir. In Figure 9-2 examples of where these

sediments may occur are highlighted.

The cross section in in T2 (Figure 9-2) indicates how laterally extensive different
units can be and how the lithofacies architecture may develop with time. This is

the result of just one volcanic and one volcanic quiescent period.
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Figure 9-2 Continued lava field development around Héféasandur. With volcanic quiescence, fluvial systems re-establish in valleys and low lying areas. The leads to the deposition of volcaniclastic sediment deposition.
The cross section highlights how complex volcano-sedimentary settings can be with laterally continuous and discontinuous units.
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In T3 (Figure 9-3), there is hypothesized volcanic activity in the area around
Hofdasandur. This volcanic activity temporarily dominates the environment.
Where fluvial systems were, lavas take advantage of these low lying areas and
quickly dominate the fluvial system. Lavas will also divert the course of other
fluvial systems, potentially resulting in water bodies developing in confined areas
(Figure 9-3).

The cross section (Figure 9-3) presents a simplification of how complex the
architectures can be within a very small area with the contacts likely to be much

more heterogeneous.

Jonathan Dietz October 2018



Chapter 9 Discussion 241

Hyaloclastite forms as ; ? ‘ Lava flows follow pre-ex-

isting drainage, diverting
the fluvial system

Lake body develops due
to fluvial systems being
diverted

Peperite formation where
lavas interact with water
saturated sediments

Fluvial system will temporarily

become reduced init’s volume due Lavas begin to fill the
to the lavas blocking the tributary : existing topography

Debris/alluvial fans and
landslides continue to
form

Lavas i Mass flow conglomerates Fluvial sandstones and conglomerates Lacustrine deposits

Figure 9-3 Final stages of lava field development around Hofdasandur. With reactivation of the volcanic system, lavas follow fluvial drainage pathways and interact with wet sediment. The lavas will bock and alter the
course of the fluvial systems, potentially resulting in the formation of new water bodies.
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9.2.2 Blue Nile and Afar region, Ethiopia

This series of figures highlights characteristics of lava fields in Ethiopia and
demonstrates how these have developed in a very similar way to those described
previously. The first figure (Figure 9-4) highlights field examples from Ethiopia
and then a series of figures, T1-T3 (Figure 9-5, Figure 9-6, Figure 9-7) displays a
hypothetical lava field development in the Afar Region. The purpose of this is to
highlight how volcano sedimentary settings develop in a very similar way

regardless of their geography.

Figure 9-4 highlights some examples of how lava and sediments interact. In A, lava
has been extruded from within a valley and has travelled down this valley
following the pre-existing drainage pathway. The fluvial system was completely
dominated by the lava, which filled the entire valley. After the volcanic activity
had ceased, the Blue Nile fluvial system became re-established and began to erode
in to the valley where the lava is situated, widening the valley from its original
state. The valley lavas are much younger than the surrounding flood basalt,
plateau lavas. The lava within the valley, therefore records the width of the
palaeo valley. In this situation, a lava has followed the pre-existing drainage
pathway and after volcanic activity has ceased the fluvial system has re-
established in broadly the same location. This is very similar to areas in the HF at
FLU&ir and numerous examples are observed in the FSB (Rosebank), Columbia River
and British Palaeogene igneous province (BPIP), (see Passey and Bell, 2007;
Williamson and Bell, 2012; Schofield and Jolley, 2013; Ebinghaus et al, 2014; and

references therein).

Images B and C (Figure 9-4) highlight the contact between underlying mudstones
and thick basaltic lava. In both images the contacts are highly irregular and

demonstrate lavas filling low lying areas within the palaeotopography.
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Figure 9-4 Lava field development in Ethiopia. A) Younger lavas have occupied a fluvial drainage pathway, completely dominating the fluvial system and causing it to erode in to the valley side. This demonstrates how
lavas and fluvial systems can interact. B+C) Contact between lava flow and underlying mudstone. The lava has filled all the lows within the palaeo topography resulting in an irregular contact between the two different
units. This very common in volcano-sedimentary settings.
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The 3 figures from the Afar Region T1, T2 and T3 (Figure 9-5, Figure 9-6, Figure
9-7) represent how the volcanic and sedimentary systems may evolve with time.
In T1 (Figure 9-5) the most recent lavas are highlighted in pink (these are obvious
to pick out as they are very dark in comparison to the surrounding geology,
implying they are relatively young) with their obvious travel directions. The lavas
have originated from shield volcanoes such as Erta Ale (Figure 9-5) and have
followed dried up stream/river beds (the pre-existing fluvial drainage pathways).
The lavas have also preferentially flowed to the lowest points in the topography.
This is where the ephemeral lake is (Figure 9-5) situated and there could be
evidence of lavas having interacted with it previously, generating hyaloclastite.
As well as seeking the topographical lows, the lavas have avoided the structural
highs in the area, such as other shield volcanoes. This occurs in the HF at FLUdir
and the example from the area around Hofdasandur demonstrates the same
phenomenon. The scale is relatively large, with one lava flow >15 km? in width,
which is bigger than observed in the HF at FlUdir, but nonetheless the lavas have

behaved in the same manner.

In T1 the cross section (Figure 9-5) is relatively simple, with only lava flows
highlighted. As the area hypothetically sees more volcanic activity, this becomes

more complex.

T2 (Figure 9-6) demonstrates how the area could potentially evolve with continued
volcanic activity and ephemeral fluvial systems. Whilst the Afar region of Ethiopia
is very dry, there is evidence of ephemeral fluvial systems, most likely occurring
during the rainy season. With continued volcanic activity in the area, lavas would
continue to seek out the low-lying areas in the environment-such as the valleys
created by ephemeral fluvial systems. The lavas would continue to avoid the
structural highs and fill in the basinal lows. With time, the ephemeral lake body
could grow in size, occupying lows in the topography. This would likely result in
lavas interacting with the water body, generating peperite, hyaloclastite and re-
worked hyaloclastite (Figure 9-6). Additionally, ephemeral fluvial systems could
quickly deposit sediment within the valley in which the lavas occupy. In the future
the lavas could interact with the unconsolidated sediment, resulting in a complex

interface between the two different units.
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Figure 9-5 Lava field development of the Afar region, Ethiopia. Lavas follow pre-existing drainage pathways and flow towards the low lying areas in the region.
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Figure 9-6 Continued lava field development of the Afar region, Ethiopia. With continued volcanic activity, lavas would dominate the valleys in which previous lavas had flowed. Lavas would continue to seek out lows
within the topography, which could result in lavas entering and interacting with water bodies- producing hyaloclastite. Ephemeral fluvial systems, develop during the rainy season, leading to the deposition of sediment.
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The cross section in T2 (Figure 9-6), highlights how hyaloclastite could develop
with the continued input of lava in to a water body. It would likely prograde from
the hinterland to the foreland as the lava enters the water body, progressively
becoming more brecciated as it enters the water, resulting in a hyaloclastite pile.
Away from the pile, loose brecciated pieces would become reworked by
undercurrents in the waterbody.

T3 (Figure 9-7) represents how the system could further develop during volcanic
quiescence. With no volcanic input altering the system, there is time for the
sedimentary system to fully develop. During a prolonged period of drought in the
area, the ephemeral lake could reduce to its original size, which would leave a
large depression in the landscape. With sudden flood events occurring during rainy
seasons, building up over time, ephemeral streams would take advantage of
valleys, which lavas have exploited. This exploitation of valleys would lead to the
erosion of the lavas over time, resulting in volcaniclastic sediments being
deposited within the low-lying areas, such as the evaporated ephemeral lake. In
addition to volcaniclastic sediments there could also be an abundance of
siliciclastic sediments that are incorporated in to the deposits of the ephemeral
streams. Modern examples of fluvial systems reworking volcanic units and
depositing them within a lacustrine body are common in Iceland and the HF at
FLUAir.

The cross section in T3 (Figure 9-7) demonstrates how the fluvial sediments could
be deposited within the basin. It is likely that there would be mingling of
sediments and lithified lava/hyaloclastite. After lithification of the sediments
also, this could lead to complex breccias, evidence of which we see in the HF at
FLUAir.

Many volcano-sedimentary settings around the world display similar architectures
and detailed geological features such as those observed in the HF at Fludir and
those hypothesized to occur in the area around Hofdasandur. Passey and Bell,
(2007); Williamson and Bell (2012); Schofield and Jolley (2013) and Ebinghaus et
al (2014) and references therein, all describe how these systems can develop in
similar settings. Detailed studies such as those of Brown and Bell (2006, 2007),

Watton (2013) and Rawcliffe (2015) and references therein, demonstrate the
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detailed geological features of these systems. Whilst small scale features may

differ between different areas, the overall architectures remain similar.
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Figure 9-7 Final stages of lava field development in the Afar region. During volcanic quiescence, fluvial systems can re-establish, often taking advantage of old drainage pathways. This leads to the development of inter
basaltic sedimentary units. With lithification and burial, these could potentially become reservoir units for hydrocarbons if the conditions are correct.
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9.3 Modern analogues; Iceland

The sections within the Stora Laxa river section (chapter 7) and from the rest of
the HF can be compared with modern examples from around Iceland to better
understand the differing palaeo-environments of the area. The Hreppar Formation
is Plio-Pleistocene (3.3-0.7 Ma) in age and therefore relatively young in geological
terms. Plio-Pleistocene processes are broadly comparable with modern day
processes, and these can therefore be used to support palaeo-environment

interpretations.

9.3.1 Proglacial lakes

There are numerous glaciers in modern day Iceland and throughout its geological
past they have been an important feature. This has led to much research in to
glacial processes and deposits within Iceland. The glacial processes and deposits
are a very different type of geology and are largely beyond the scope of this

project, however there are some aspects that are useful to understand.

Proglacial lakes are a very common occurrence in Iceland. These glacial lakes
typically form as a result of melting of stagnant glacial ice, beneath the proglacial
surface. The meltwater can be dammed as the result of moraines blocking the
drainage or if it drains in to a natural basin (Bennett and Glasser, 2013; Carrivick
and Tweed, 2013). As part of this project three proglacial lakes have been
examined (Figure 9-8): the Solheimajokull glacier mouth (part of the Myrdalsjokull
ice cap); Nordujokull and Suddurjokull glacier mouth (part of the Langjokull ice
cap); and the Breidamerkurjokull glacier mouth (part of the largest ice cap in

Iceland, Vatnajokull). All of these glaciers have a proglacial lake at their mouths.

This proglacial lake setting was a feature common to the HF during its
development as there is direct evidence of glacially derived lakes (Figure 7-24).
These settings are complex, with numerous processes occurring at once. Proximity
to the ice is the primary control on sedimentation within proglacial lakes
(Carrivick and Tweed, 2013). All of the proglacial lakes that have been observed
have fluvial inputs in addition to glacial (Figure 9-8). The sediment content within

these fluvial inputs is a key controlling factor on sedimentation within
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Sélheimajokul glacier |

Figure 9-8 Aerial images of examples of lake bodiesdeveloping at the front of glaciers in
Iceland. These are a common occurrence in today’s lava dominated environment and it is
likely they were in the rock record
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proglacial lakes (Carrivick and Tweed, 2013). Calving icebergs also play a role in
the sedimentation involved in proglacial lakes, depositing rain out material and
dropstones. All of these processes can be observed within the Solheimajokull
glacier mouth (Figure 9-9). These sedimentary controls lead to the development
of cyclical deposits based on season (Figure 7-28, Figure 7-29), especially in
locations such as Iceland, where winters are harsh. Winter inputs typically have
less sediment concentration, leading to the deposition of thinner, finer grained
units, which is in contrast to spring/summer deposits that have a much higher
sediment concentration. This is typically a result of warming temperatures leading

to snow melt and rainfall.

Figure 9-10 is a photogrammetry model of the Sélheimajokull glacier mouth with
a hypothetical lava flow interacting with this proglacial setting. This hypothetical
situation of lavas entering confined valleys and interacting with proglacial lakes
is very similar to what would have occurred during development of the HF (e.g. in
section 9) (Figure 7-24). The lava would typically follow the pre-existing drainage
network and would likely dominate this environment. The interaction of the lava
with the proglacial lake would generate primary hyaloclastite and pillow lavas,
much like in section 9. In addition to the pillow lavas and hyaloclastite, the lava
would potentially dam the fluvial system, as they occupy the same space. Over
time this could lead to a sudden jokulhlaup. If the fluvial system was not dammed
it could be diverted by the presence of the lavas. The introduction of lavas in to
the system would also result in the sediments being preferentially preserved in

the rock record.
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Figure 9-9 Aerial panorama of the mouth of the Sélheimajokull glacier. The setting is analogous to certain areas within the HF. It is a very dynamic environment with various sources of sediment input
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Figure 9-10 Photogrammetry model of the S6lheimajokull glacier mouth, with a hypothetical lava flow interacting with it. This scenario is very similar to the Hreppar Formation, where lavas would have entered confined
valleys and interact with standing bodies of water and fluvial systems in a glacier proximal environment.
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9.3.2 Braided fluvial systems

Braided fluvial systems are a common occurrence in Iceland (Bluck, 1974), and
typically form sandur plains which are large sedimentary deposits deposited by

proglacial meltwater (Zielinski and Van Loon, 2003).

Braided fluvial systems were a common feature of sediment deposition in the HF
as evidenced in sections 1-7. Braided rivers typically form as a result of having a
coarse-grained bed load. The sediment is non-cohesive, resulting in the river banks
being easily eroded and channels being very mobile (Collinson, 1996), with the
lack of vegetation in Icelandic systems, contributing significantly to the mobility
of the sediment. Braiding also occurs as a result of a downstream reduction in
gradient (Collinson, 1996).

Two braided fluvial systems have been studied as analogues for sections 1-7 within
the Stora Laxa river (Figure 7-1). These are the Markarfljot and Hvita rivers (Figure
9-11, Figure 9-12) and both demonstrate braiding. These rivers are proglacial
braided systems and their sedimentary loads fluctuate, based upon season.
Typically, in winter, the discharge is significantly less, due to the systems being
frozen in areas and a lack of snow melt. Spring is when discharge rates are highest
and as a result, the river has a much greater capacity to carry coarser grained
sediments (Lunt et al, 2004). Suspended sediment is deposited on the surface of
the emergent bar, filling in pore space of the gravel framework. This flux in
discharge results in alternating layers of matrix filled and openwork gravel within
the bar (Collinson, 1996).

These systems can be very large. The Markarfljot has an active channel belt which
isup to 1 km in width at its widest point. The channel belt system has been altered
by man to prevent flooding on farm land (Figure 9-11), without this intervention
the channels would dominate and seasonally flood fields. Examples of abandoned
channels and bars are present within Figure 9-11. If the system was left naturally,
it would likely be considerably wider as the surrounding land is flat and expansive
which would allow the system to spread out (Lunt et al, 2004 use a river in Alaska
that is 2.4 km for their study). Within the main channel axis there is a general
transport direction, however numerous smaller channels flow almost

perpendicular to this direction (Figure 9-11, Figure 9-12). Palaeoflow data from
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the HF (cross bedding and imbrication) show evidence of smaller channels having
different flow directions to that of the main transport direction of the fluvial
system (chapter 6). The variability of measurements of palaeoflow direction
reflects the braided nature of the fluvial deposits. Whilst there is an overall
general direction of transport the palaeoflow indicators highlight the variability
within. The variability of measurements also indicates why such large averaged
values are required to determine the overall palaeoflow direction of braided

fluvial systems.

Braided fluvial systems like the Markarfljot and Hvita rivers would have competed
for accommodation space with volcanic systems, in the HF. The two systems would
have occupied lows within the palaeotopgraphy. This resulted in the complex
repeating units of sandstones and conglomerates, with lavas and hyaloclastites

observed today (Stora Laxa sections 1-10).
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Figure 9-11 Two examples of braided river systems in Iceland In both examples here, they
drain lake bodies associated with glaciers.
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Figure 9-12 Overview images of braided river systems in Iceland. These can be very large and transport large volumes of sediment. They typically have an overall transport direction however smaller channels within the
system can appear to flow perpendicular to the general direction of transport. Evidence of braid plains are observed within the HF
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9.3.3 Lava extrusion in the Hreppar Formation

The modern-day landscape in the HF and in other areas in Iceland are similar to
the landscape of that in the Plio-Pleistocene, with recent lava flows, braided
fluvial systems and glaciers, all within close proximity. These environments are
typically very wet with an abundance of small standing water bodies (Figure 9-13)

that develop within the lows in the environment.

When volcanic systems were active and dominating the local environment, the
extruded lavas would have preferentially flowed in to the low-lying areas
interacting with fluvial systems and standing bodies of water (this is why
hyaloclastite is often found at the base of the lava units). In Figure 9-13 and Figure
9-14 two examples of modern Icelandic environments have been used to highlight
how lava may have travelled through these landscapes. Notice in Figure 9-13 the
lava appears to prograde in to the standing water body, potentially this could
generate prograding hyaloclastite foresets. In Figure 9-14 notice lavas
hypothetically flow round high ground within the HF, preserving fluvial systems
that likely would not be preserved and creating complex stratigraphical

relationships between different units.

Jonathan Dietz October 2018



Chapter 9 Discussion 260

Small, water bodies

Lavas occupy same
space as water bodies

- -

Hyaloclastite pockets forming

Figure 9-13 Modern day landscape in the Westfjords of Iceland. These are dominated by areas
of large topography as well as low plains that are water logged. The Hreppar Formation at
Fludir would have had been a very similar setting. If a sub-aerial lava flow was to encounter
this, a whole range of different lithofacies would be generated. We see evidence of this within
the Hreppar Formation.
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Figure 9-14 Looking NW in the Hreppar Formation to the Icelandic Highlands. The current geomorphology is a series of valleys and long lozenge shaped outcrops. If a lava were to flow across this landscape it would
typically follow the pre-existing drainage network and occupy the low lying areas.
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9.4 Spatial distribution of lithofacies in the HF

The location of units within the HF is highly variable (Figure 9-15Figure 9-15),
primarily due to the underlying tectonic structure within the area, controlling
deposition. Here, quantitative data (Figure 9-15, Figure 9-16, Figure 9-17, Figure
9-18, Figure 9-19) is presented to determine any clear relationships within the HF.
As discussed throughout this thesis, the HF is a structurally complex area, which
tends to bias any observable trends within the HF. The data presented here is a
tentative step towards understanding spatial changes in lithofacies distribution
within a volcano-sedimentary setting. This is something that few previous studies
have addressed even within fluvial sedimentology (Owen et al, 2015). The
techniques used here are similar to Owen et al, 2015, who focus on characterising

facies variations within the Salt Wash Member of the Morrison Formation, SW USA.

9.4.1 Normalised log data

Figure 9-15 demonstrates the spatial distribution of lithofacies within the HF. The
values are normalised percentages, based on logged data. The logs have been
conducted in areas where exposure is near 100% and in order to attempt
correlation between outcrops. The criteria for the logs to be used in Figure
9-15was; logs have to have >3 different lithofacies present and >10m thick. Logs
used to look at a specific feature (e.g. correlation of lacustrine units), have been
discarded to avoid a bias in the data. As a result, Figure 9-15 clearly highlights
areas which are dominated by specific lithofacies. The central area of the HF
Figure 9-15 is dominated by hyaloclastite and lacustrine facies, indicating that this
area has been dominated by water bodies. The southern area of the HF (Figure
9-15) is not dominated by a specific lithofacies, instead there is clearly mixed
lithofacies present, highlighting the dominance of the underlying structural
control. The NW area of the HF is dominated by sub-aerial lavas, with relatively
small volumes of sediment. This could reflect the structure within the HF, where
the NW of the area is governed by a different tectonic structure than that of the

central area of the HF.
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9.4.2 Actual log data

Figure 9-16 presents the non-normalised log data, to highlight where strata is
thickest within the HF and to identify relationships between different lithofacies.
The thickest strata are found within the NW of the field area, which corresponds
with where the highest percentage of lavas are found (Figure 9-15). The thinnest
strata is found in the central area of the HF. The amount of exposure within the

HF is primarily controlled by the underlying tectonic structure (chapter 8).

In the majority of logs within the HF, fluvial sandstones, glacial and mass flow
conglomerates as well as fluvial conglomerates are almost always overlain by
volcanic units (lavas or hyaloclastite) (Figure 9-16). Where these sedimentary units
are found at the top of logs and not overlain by other units, they are typically
thinner. This potentially indicates that sandstones found within volcano-
sedimentary settings are better preserved in the rock record, due to the
encapsulating nature, rapid emplacement and difficulty in erosion of volcanic
units. This could provide an opportunity for hydrocarbon exploration within a
seemingly unprospective basin, provided there is evidence of volcanic units

capping sedimentary ones.
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Figure 9-15 Hreppar Formation area map with normalised percentages of units in each log locality. The figure clearly demonstrates areas of the map which are dominated by specific units. The east and west sides of the
area are dominated by lavas. The central and southern areas are much more heavily influenced by sedimentary units, with the central area dominated by lacustrine sedimentary units and the southern area dominated by

mass flow and fluvial conglomerates.
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9.4.3 Lavas and fluvial sediment thickness

Figure 9-17 specifically focusses on the thickness of lavas and fluvial sandstones
within the HF and identifies where the thickest of each of these logged lithofacies
are found. As demonstrated in Figure 9-15, Figure 9-16 the thickest lava
accumulations are found in the NW of the field area, however, thick accumulations
of lavas are also found throughout the HF, with no real observable pattern
present. Within the Stora Laxa river section, there is a large thickness of lavas
present, however these are not logged due to their inaccessible nature and
therefore do not feature within Figure 9-17. The average logged thickness of a
lava within the HF is 2-4 m, with the majority of lavas (94.6%) below 20 m (Figure
9-20).

In contrast to the total lava thicknesses, the logged fluvial sandstones are
relatively evenly spread throughout the HF. As is the case for the lavas, the
thickest accumulations of fluvial sandstones are found within the Stora Laxa river
section, however these also do not feature within Figure 9-17 due to accessibility
issues. The average thickness of sandstone units within the HF is <1m (Figure
9-21). This could represent the rate of accumulation of sediment within the HF,
with fluvial systems deposition occurring over a greater period of time in
comparison with lava units. It could also reflect the frequency of volcanic activity.
If volcanic activity occurred frequently, this could prevent a fluvial system from
fully developing. The average thickness of sandstones in the HF would be
considerably thicker than 1 m if the Stora Laxa sedimentary units had been logged.
Mass flow conglomerates are evenly distributed throughout the field area (Figure
9-16) and the average thickness of these units is ~6-8 m, indicating there was an

abundance of loose regolith in the HF at this time.

Figure 9-18 highlights the palaeoflow directions of the logged fluvial sandstones
within the HF. These are primarily based on imbrication of clasts and cross bedding
directions. The general palaeoflow direction is from the NE-SW, which appears to
fit with the structural grain of the area. The current sediment transport direction
in the HF is from the NE-SW, indicating that it has remained relatively constant.
To the north of the field area, lies the Icelandic highlands and to the south, the
Atlantic Ocean, naturally the sediment transport direction will be north to south.

The two most northerly outcrops that display palaeoflow data (Figure 9-18) within
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the HF, demonstrate a linear trend within the rose diagrams, which is
uncharacteristic of a braided fluvial system. The reason for this is most likely due
to the limited palaeoflow data available at these outcrops. The four other sites
within the HF that display good palaeoflow indicators (Figure 9-18) are more
characteristic of braided fluvial systems and show a wide spread of flow directions

centred around the general NE-SW trend.

Figure 9-19 highlights the average fluvial sediment grain size from the logged data
within the HF. This was calculated by converting grain size to mm. The average
was then calculated and weighted according to the thickness of the unit within
each log, so a fair comparison could be conducted. Throughout the HF there is
significant variation in grain size, often with the coarsest sedimentary units
adjacent to the finest grained sedimentary units. There is a weak, observable
trend within the grain size data which indicates that the coarsest sedimentary
units are found in the north of the HF and the finest in the SE. However, various
data points go against this trend (Figure 9-19). In order to achieve a more in depth
analysis of grain size trends within the HF, significantly more data would need to
be collected.
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Figure 9-16 Non-normalised log data from the HF. The logs have been scaled to reflect their actual thicknesses and all, no exposure, within each log has been removed. Logs are thickest in the NW of the field area, where

exposure is greatest.

Jonathan Dietz

October 2018



Chapter 9 Discussion 268

= "3
- "
s e N %
5 - \ k) -
% <L g £% =
. ' e 32 a
— ﬁ w
N L s €
s ‘_>“ § é £
< & S 5% %53
"";A 2 0w £ w Tm©
X % 3 = o2
8P Z 5% e's S o
oy S 3 S0
28 F:
%=
" S\ [
) \
» 3
E) N T
3 o
" — A g \
L g e B3 ‘
\ W o 3 X
R, 2 3N &S ‘{%‘
a g S M S N
. Rtk . Y
15
\ I“q“ -
o .
\ o o :
A %
\ S .
m R ’ -
2 i .
\ B
() — (@]
~— (@] ™M < wH O ™ o0 (@) e — i

Figure 9-17 Thickness of sub-aerial lavas and fluvial sandstones. Lavas dominate the HF. Lavas are thickest in the NW of the field area, however this is likely due to a function of available exposure. The thickness of
sediment throughout the HF is highly variable and this figure only accounts for logged lavas and sandstones. Localities within the Stora Laxa river section are dominated by fluvial sandstones, however these are
completely inaccessible so do not feature. The thickness of lavas and sandstones is controlled by the underlying tectonic structure with the HF.
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Figure 9-18 Palaeoflow directions from the HF. The six rose diagrams coloured red represent
the palaeoflow directions from the fluvial sandstones within the HF. These palaeoflow
directions are primarily from cross bedding and imbrication of clasts. They demonstrate that
the palaeoflow direction is generally from the NE to the SW, much like the current sediment
transport direction. In the south of the area, the palaeoflow directions are much more variable
and likely represent a braided fluvial system. The purple rose diagram represents the collated
palaeoflow directions.
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Figure 9-19 Average fluvial sediment grain size. All the logged fluvial sandstone grainsizes
within the HF have been averaged to determine if there are any observable trends in grainsize.
There is no observable pattern of grain size distribution within the HF. Notice, coarse
sedimentary units are often found adjacent to fine grained sedimentary units. Controlling this
grain size distribution is most likely, the underlying tectonic structure of the HF.
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Figure 9-20 Thickness of lava flows within the HF. The most common thickness of lava flows
in the HF is between 2-4 m. The majority (94.6%) of lavas within the HF are below 20 m
thickness, roughly seismic resolution. Highlighting how little detail would be observed if the
HF was in the subsurface.
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Figure 9-21 Thickness of sandstone units within the HF. The majority of sandstone units
within the HF are <1 m thick, however, much thicker units >10 m observed within the Stora
Laxa (Chapter 7) are not included in this dataset due to inaccessibility issues.
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Figure 9-22 Thickness of mass flows units within the HF. Mass flow units are relatively evenly
distributed throughout the HF, the average thickness is 6-8 m.

9.5 HF model

In order to develop our understanding of how the HF may have developed with
time, a 3D model of the area has been created which honours all of the lithofacies
spatial data (Figure 9-24). The model highlights the structural controls on the HF
at Fludir and attempts to explain the spatial relationship between different
lithofacies. The central area of the HF, is dominated by mixed lithofacies
deposited in small grabens. Adjacent grabens see deposition of different
lithofacies, making correlation between outcrops very difficult. Fluvial outcrops
are widespread throughout the HF and indicate that a braided fluvial system was
almost always present. Laterally discontinuous lavas are common in the central
HF area and form as the result of following pre-existing fluvial drainage networks.
To the east and west of the central HF area, laterally continuous lavas and small
volumes of sediment are present, this is in contrast to the central HF area. The
lithofacies in these areas are seemingly much less affected by small scale faulting
such as that of the central HF area and are thought to represent wide plateaus

that are elevated compared with the central HF area.
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Figure 9-23 Distinctive B3 lava unit. In three of the four localities of the unit, there is a
transition from hyaloclastite and pillow lavas in to sub-aerial lava. This transition is indicated
by the dashed white line in each of the images.

The repeating sequence of units in (Figure 9-23) indicate that within the central
area of the HF model (Figure 9-24) it would have been dominated by a large water
body, before lavas interacted with it, generating hyaloclastite and pillow lavas
before transitioning in to sub-aerial lavas as volcanic activity waxed, filling the
central HF area. The outcrops are widely spread within the HF and span
significant, present geomorphic features (Stora Laxa river, numerous valleys asnd
hills), indicating that there have been large volumes of erosion in the area. As all
outcrops of the sampled B3 unit transition from primary hyaloclastite in to the
sub-aerial B3 lava, it indicates that a water body developed in the HF area.
Lacustrine facies such as G1 and those that indicate water such as C1, C2, D1 and
D2 suggest that the depth of the water bodies within the HF could have been up
to 16m.
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Lavas on the plateau are laterally
continuous and are less affected by
faulting

Braided fluvial systems are well established
and generally demonstrate a NE-SW trend.
Dominated by volcaniclastic sediments.

Lozenge shaped, elevated outcrops trending
NE-SW. These are controlled by the underlying
tectonic structure within the HF and are at
different stages of erosion. Correlation between
these outcrops is very difficult.

Small grabens controlled by the underlying tectonic
structure. These are filled with various different units,
due to the stage of faulting. Typically these are lows
where fluvial systems develop and lavas follow.
Correlation of units is very difficult.

Lavas following and
occupying pre-existing
drainage pathways

Structurally controlled central graben
area within the HF. This area is dominated
by fluvial sediments, lavas, lacustrine
sediments, mass flow conglomerates
and hyaloclastites.

Water bodies develop in long lived lows.
These are quiesecnet environments and
preserve lacustrine sediments as well as
occasional glacial dropstones.

Plateau area of the HF is much flatter and
is not as structurally controlled. It is
generally dominated by lavas.

Figure 9-24 Conceptual development of the HF at Fludir. The model presented here is not to scale and is a representation of how the HF may have developed with time. The central region of the HF is dominated by mixed
units of fluvial sandstones, mass flow conglomerates, lavas and hyaloclastites. Deposition within the central area of the HF is primarily controlled by the underlying tectonic structure. This has resulted in a series of
small, un-correlatable fault bounded grabens. Fluvial systems are common and represent the background sedimentation processes within the HF. When volcanic activity is waxing, lavas tend to follow the pre-established
fluvial drainage networks. The plateau areas either side of the main HF are dominated by lavas and other volcanic units, these are typically laterally extensive and correlatable.
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9.6 Hydrocarbon implications

Commercially viable accumulations of hydrocarbons can be found within and
around igneous rocks (Schutter, 2003; Farooqui et al, 2009; Ellis and Stoker, 2014;
Jerram, 2015; Millet et al, 2016) all around the world (Figure 9-25). Traditionally
hydrocarbon exploration and production companies avoided volcanic rocks
because of the various challenges involved with these types of rocks (Holford et
al, 2013). As large volumes of hydrocarbons become more difficult to discover in
‘easy’ to explore basins, exploration has started to focus on more challenging
areas, such as those basins associated with continental break up and therefore,
intrusive and extrusive, igneous rocks (e.g. along the Atlantic Margin, The Faroe-
Shetland Basin (FSB), North West Shelf of Australia). Volcanic rocks found within
sedimentary basins are common because of the regularity with which volcanism
has occurred in these areas at one time or another (Faroqui et al, 2009). Volcanic
rocks can affect every aspect of petroleum systems: producing source rocks,
creating migration pathways, traps, reservoirs, seals and maturation (Farougqi et
al, 2009). Volcanics can therefore have positive and negative impacts on
hydrocarbon systems (Jerram, 2015). Typically, hydrocarbon accumulations
associated with igneous rocks are small in nature (between 1-10 million barrels)
(Schutter, 2003). However, large accumulations have been discovered and are
producing (Jatibarang, Indonesia; 1.2 billion barrels of oil and 2.7 TCF gas, Kudu,
Namibia; 3 TCF gas) (Schutter, 2003).

Volcanic rocks are incredibly diverse due to their differing chemistries and
emplacement mechanisms as well as where they are emplaced. The most common
type of volcanic margins are those associated with rift settings (Jerram, 2015). It
is speculated that there is >7 billion barrels of oil equivalent (BBOE) yet to be
found on the UKCS Atlantic Margin alone (Gray, 2013) with some significant
discoveries including Cambo, Clair, Rosebank and Schielhalion (Muirhead et al,
2017). Exploration for hydrocarbons within these volcanic dominated basins has
resulted in a variety of academic projects being funded, as the target areas are
still relatively poorly understood and need to be focussed on to enable the
discovery and exploitation of hydrocarbons that may be present. Volcanic
dominated areas present numerous challenges to exploration, including imaging,
drilling, heterogeneity and connectivity issues that will be discussed in this

chapter.
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Figure 9-25 Map of the world, indicating large igneous provinces in red and black dots signify
the presence of hydrocarbons associated with igneous rocks (after Jerram and Widdowson,

2005; Nelson, 2010; Bryan and Ferrari, 2013;

Wright, 2013).
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9.6.1 General issues surrounding hydrocarbon exploration in
volcanics

As briefly mentioned, igneous rocks have associated complexities which may be
encountered during hydrocarbon exploration. These complexities can both be
positive and negative. For example, magma is very hot and when emplaced as a
sill could push immature kerogens in to the oil window and generate hydrocarbons
at shallow levels (Perregaard and Schiener, 1979; Jerram, 2015). There are
commercial accumulations of hydrocarbons found to have been produced as a
result of this phenomenon in the Nequen Basin, Argentina (Monreal et al, 2009).
This could lead to the future exploration for hydrocarbons in immature basins that
have been affected by intrusions (Muirhead et al, 2017). The effect of intrusions
may also cause over maturation of the source rock, leading hydrocarbons to be
driven off (Schofield et al, 2015). Lava extrusion rates in volcanically dominated
basins are typically very high, which could lead to the rapid burial of sedimentary

units, pushing them in to the oil window, generating hydrocarbons.

9.6.2 Sub basalt imaging

When exploring for hydrocarbons offshore, this typically involves using remote
sensing data, such as seismic surveys to image broad scale features within a basin
or even image an entire basin and identify any potential opportunities for further
exploration. The problem with doing this in an area dominated by extrusive and
intrusive igneous rocks, such as the FSB (Figure 9-26), is that the coverage of
igneous material is extensive. The igneous material results in high-velocity layers
within the basin (Woodburn et al, 2014). The high velocity units (lavas, sills etc)
are incredibly heterogeneous and typically occur at different stratigraphic levels
within the basin (the result of cyclicity in volcanic activity). Often the units have
highly irregular architectures compared with the surrounding sedimentary units
(Jerram, 2015). All of these elements combine, which typically results in poor
quality seismic imaging of underlying sedimentary units and potential
hydrocarbons. Low frequencies are typically used to penetrate through the high
velocity volcanic layers, however these usually provide lower resolution images
(Woodburn et al, 2014) making it difficult to understand the nature of the sub-
volcanic geology. Higher frequencies generally provide better resolution;

however, they cannot penetrate deep in to the stratigraphy (Gallagher and
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Dromgoole, 2007), making it a compromise between depth of investigation and

resolution of image.
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Figure 9-26 Volcanic and volcaniclastic cover in the FSB. The coverage is extensive within
the basin and presents numerous challenges to hydrocarbon exploration (after Moy and
Imber, 2009).

In order to obtain higher resolution seismic data in volcanic dominated areas,
reprocessing of original data can generate much higher resolution images of the
geology beneath the basalt cover (Figure 9-27). This reprocessing typically
focusses on boosting the lower frequencies, removing multiples at all stages and
reducing high frequency noise (Gallagher and Dromgoole, 2007; Woodburn et al,
2014). As well as reprocessing previously acquired data, improvements can be
made to acquiring new data beneath the volcanic cover. This may include
improving the position and recording of the seismic source at specific depths
within the water, types of source fired, and the types and positions of the

receivers used (Jerram 2015).
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Figure 9-27 Seismic images across the Faroe-Shetland Basin. a) Represents the original
image and b) represents the reprocessed image. Notice in B the much higher resolution
beneath the basalt cover, however this it is still difficult to determine features (after Woodburn
et al, 2014).

Typically, where discoveries have been made in the FSB, they have a thinner
accumulation of volcanics than elsewhere in the basin; however, even these areas
are still challenging to image. To understand the geology of areas that have thicker
accumulations of volcanic units, it relies on combining all available data to fully
understand the area. In general this should include correlation of wells,
extrapolation of units within wells, core data calibrated with petrophysical data
and seismic, and the correlation of seismic data with analogues. Analogue data is
key to understanding volcanically dominated areas, as analogues provide access
to mm-km scale, often 3D, geological data sets. Studying an analogue will be
significantly cheaper than acquiring more offshore data and can often provide

more information. This is why areas such as the HF are key as they provide almost
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100% exposure to volcano-sedimentary settings and inform models of sub-surface

exploration targets.

To better understand how a lava dominated environment like the HF may look in
the subsurface, it is important to model it. As part of this project synthetic seismic
images of a section in the Stora Laxa river (map insert) were created using lkon’s
RokDoc programme and with the help of Niall Mark (University of Aberdeen) to
determine what could be resolved at various frequencies. The results of modelling
the cliff section are found within Figure 9-28 and Figure 9-29 where the
frequencies become progressively lower. The cliff section is a relatively simple

model, but effectively conveys what can and can’t be seen in the subsurface.

For simplicity, the lavas were given a P wave velocity of 4.6 Km/s and an S wave
velocity of 3.0 km/s (Bourbié et al, 1987; Nelson et al, 2009). These figures are
based on the section predominantly comprising of compound lava flows, where
the ratio of crust to core is much higher than in simple lava flows. Velocities for
the crust are lower than the core (Nelson et al,2009). The sedimentary units were
given a P wave velocity of 2.56 km/s and an S wave velocity of 1.130 km/s (Bourbié
et al, 1987; Kassab and Weller, 2015). The model therefore only dealt with two
lithologies; basalts and sandstones. In reality there would be significantly more
heterogeneity within the section, some volcanic units would have lower velocities
and others, higher. In reality the sedimentary units within the section are all
volcaniclastic, however the model doesn’t take this in to account and instead has
been modelled as if the sandstones were all clean quartz arenites. This has been
done so that there was a clear contrast between different units and the effect the
volcanic rocks have on the resolution of the images is clear. The model also does
not incorporate fluids that may be present within the units, (e.g. water or
hydrocarbons) which would affect the velocities in the model. A more complex
model would incorporate more lithologies and more complex architectures of units
as well as accounting for different fluid types. If volcaniclastic units had been
incorporated in to the model there would likely have been a lower contrast

between units, making the seismic image much poorer.

The section was chosen to be modelled as there is a good division between
volcanic and sedimentary units, all hard kicks in the model are red. 100 Hz was

the initial frequency used, and at this high frequency, individual units are clearly
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observed within the model (Figure 9-28). In the FSB, typical frequencies used in
seismic imaging are between 10-45 Hz (Loizou et al, 2008). 100 Hz, as modelled
here, would not be achievable offshore, however this is the frequency at which
individual units became observable (Figure 9-28). At 40 Hz, individual units start
to become unresolvable, which is more akin to offshore data. The detailed
architecture between the two different frequencies has been lost but the overall

geometries of the units are still present (Figure 9-28).

When frequencies at the lower end of the scale (10, 15, 25 Hz) are used, much of
the detail in the section is lost (Figure 9-29). At 25 Hz the sedimentary units
between the two main lava packages are just resolvable (Figure 9-29). At 15 and
10 Hz, all the detail is lost within the section, and this is much more representative
of the quality of data achievable in volcanically dominated basins such as the FSB.
In order for analogue data, such as that obtained from the HF, to be used in aiding
seismic interpretation, more complex models need to be created. Creating more
complex models will give a more representative view of what these sequences
look like in the subsurface and this data can be directly compared with offshore

exploration data sets to make this a valuable exploration tool.
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Interpreted geology

Frequency: 100 Hz

Frequency: 40 Hz

Figure 9-28 Synthetic seismic images of a section from the Stora Laxa River, Iceland. First
image is an interpreted image of the section. The section has been modelled using two
lithologies, sandstone and basalt lava. The first model is a 100Hz model of the section, all
units are identifiable. The second image is a 40Hz model of the section, the detail is starting
to become lost.
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Frequency: 25 Hz

Frequency: 15 Hz

Frequency: 10 Hz

Figure 9-29 Synthetic seismic images of a section from the Stora Laxa River, Iceland. The first
image is a model run at 25Hz, with some detail within the section still resolvable. The second
image is the model of the section at 15Hz, this is they typical frequency in areas like the FSB.
All detail within the section has been lost. The final image is the model ran at 10Hz, as with
the previous model, all detail has been lost for the section.
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9.6.3 Drilling through volcanics (basalt)

After a prospective accumulation of hydrocarbons have been identified in the
subsurface, these are typically drilled to understand more about the geology
before a production plan is implemented. In volcanic dominated areas, this can
present numerous challenges due to the nature of the volcanic rocks, which are
typically; hard, thick, extensive and also have interbedded soft sedimentary rocks
in between units. Going to an analogue such as the HF and analysing specific

details will aid the production of inter basaltic hydrocarbons.

There are numerous examples from around the world, where basalts have been
drilled for commercial gain (e.g. water aquifers, geothermal energy and
hydrocarbons; Millet et al, 2016). Arguably in the offshore setting, drilling through
basalts to access hydrocarbons is more challenging due to the increased depth of
penetration and added complexity of drilling fluids and safety measures required.
Furthermore, it is also much more expensive as any issues could increase down
time in drilling (Millet et al, 2016).

The rate of penetration (ROP) in volcanic dominated settings is typically low in
comparison with sedimentary units (e.g. ~10 metres per hour for volcanics
compared to > 20 metres per hour in sedimentary units; (Millet et al, 2016) which
is typically due to the hardness of volcanic rocks. This difference in speed of
drilling to reach specific targets adds significant costs on to the drilling campaign,
making it potentially more expensive to drill volcanic rocks. Within volcanic
sequences, there is significant heterogeneity as evidenced in the HF (see chapter
7). Heterogeneity significantly affects the ROP. When drilling through a thick, sub-
aerial lava flow the ROP will be relatively slow in comparison with a volcaniclastic
unit, such as a hyaloclastite. Predicting where individual units may occur is
difficult on remote sensing data, however using facies models from areas like the
HF such as those in chapter 7 will aid the process, additionally the ROPs could

help to indicate which facies the well has penetrated.

When drilling a prospect that may involve volcanic rocks, other factors that may
affect drilling also have to be considered. This includes factors such as a loss of
drilling fluids which can cause a range of issues. Drilling fluids are costly, and

there may be a loss of time (which can be very costly offshore), an increased risk
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of blowouts, side tracks and well abandonment (Millet et al, 2016). In volcanic
sequences a loss of fluids can be a result of highly permeable and porous units as
well as fractures, which can be induced by the drilling process itself. Volcanic
rocks can make it very challenging to predict where fluid losses may occur as they

are so heterogeneous, both internally and system wide (Single and Jerram, 2004).

Within volcanic dominated systems, clay minerals have to be considered when
drilling (especially swelling clays such as kaolinite, illite, chlorite, vermiculite and
semctite) as these lithologies can cause significant issues such as sticking to the
drill bit, reducing the ROP, and a reduction in the hole diameter which could lead
to a loss of the bottom hole assembly (Millet et al, 2016). Clay rich units are very
common in volcanic dominated sequences such as in volcanic interbeds, altered
hyaloclastite, altered lavas, volcanic ash and soils (Passey, 2004). These are all
commonly found within the HF. Studying the effects of these types of clays on

drilling could be undertaken in the HF as it provides excellent exposure.

Millet et al (2016) identify the instability of volcanic sequences as being a major
concern when drilling in these types of environments. They identify weaker units
in volcanic sequences such as hyaloclastite and clay-rich, volcaniclastic and
heavily fractured intervals, which are soft, poorly consolidated and prone to wash
out (Figure 9-30), as particularly vulnerable. Where softer intervals are present
and eroded by drilling fluids etc, this could lead to the collapse of blocks of harder
coherent material such as basalt lava or intrusions in to the hole or could lead to
the formation of ledges, which could pose risks for wireline tools and the bottom
hole assembly (Millet et al, 2016).
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Figure 9-30 Caliper log responses of various volcanic facies. Implications of each of the main
lithologies on drilling, with explanation and image of each key lithofacies after Millet et al,
2016. The images used to highlight the main lithofacies are field examples from the HF.

9.6.4 Connectivity in volcanic dominated environments

Within volcanically dominated basins often intrusions have supplied significant
volumes of extrusive lavas (Senger et al, 2017). Intrusions can significantly affect
a basin in terms of compartmentalisation, creating barriers and baffles to flow as
well as creating migration pathways for hydrocarbons (Holford et al, 2013; Rateau
et al, 2013; Senger et al, 2015, 2017; Schofield et al, 2015). Generally intrusions
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have a lack of permeability due to mineralisation and as a result are barriers to
flow (Rateau et al, 2013; Senger et al, 2017) however, if the intrusion is fractured
it may provide a pathway for fluid migration (Rateau et al, 2013; Senger et al,
2017) (Figure 9-31).

In the HF, the volume of intrusions is limited, however they are still present
(Figure 9-31). The main control on connectivity between units in the HF is the
underlying tectonic structure (chapter 8). The area is very heavily faulted (chapter
8) which most likely creates barriers and baffles to fluid flow within the area. If
the HF was to be considered in an offshore setting, the biggest concern for the
system would be the connectivity between potential reservoir intervals due to
faulting and intrusions within the area. In reality this would most likely lead to
compartmentalisation of the system making it challenging to produce from, if
hydrocarbons were present. In hydrocarbon systems affected by volcanics,
compartmentalisation is something that has to be considered at all stages of

hydrocarbon exploration, to maximise recovery.

Again, if the HF was considered in an offshore setting where the sedimentary units
were “clean”, faulting could create potential traps and fluid flow pathways for
hydrocarbons if there was a viable source rock and charge (Figure 9-31, Figure
9-32). Producing an offshore field like this would be difficult as each compartment
may not be in pressure communication with the next, potentially increasing costs
to recover the in place hydrocarbons. Compartmentalisation can also occur from
deposition of sediments. For example, within the FSB, lavas were predominantly
erupted in to a sub-aerial environment from fissures, resulting in vertically and
laterally overlapping sequences of lavas with interbedded sediments deposited
during hiatuses (Naylor et al, 1999). This is very similar to the process of deposition
of lavas and sandstones in the HF. This type of deposition resulted in potential
intra basaltic reservoir units isolated within volcanic facies, naturally
compartmentalising the system. Faulting in this situation may enhance the field
(Figure 9-31, Figure 9-32).
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Figure 9-31 Large dyke within the HF compartmentalising the system. If this outcrop was to
be considered in the subsurface, then fluids may use the dyke as a migration pathway or it
may be a barrier to flow. In A, the dyke has been hypothesized to be fractured and permeable,
acting as a conduit to fluid flow. This could potentially lead to hydrocarbons leaking off from
the reservoir,but it could also lead to hydrocarbons migrating in to reservoirs higher in the
stratigraphy. In B, the dyke has been hypothesised to be mineralised and impermeable to
fluid flow. This would result in the reservoir being compartmentalised.
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Figure 9-32 Outcrop within the HF to be considered in the subsurface. The three different
scenarios indicate how migration pathways may be affected by faulting and unconformities.
In A, the unconformity between the two sandstone reservoirs is negligible and as a result
fluids can migrate from lower in the stratigraphy between the two reservoirs. However this
means that the fluids could potentially leak off as there is no top seal. In B, the unconformity
is hypothesised to act as a side seal and the fault is not sealing, but instead, it acts as a
migration pathway for fluids. The fluids would charge the lower reservoir unit and be trapped,
before some migrate in to the overlying reservoir unit, connecting the two different reservoirs.
In C, the unconformity and fault are both sealing, causing hydrocarbons to become trapped
within the lower reservoir. This could happen in numerous places in the field area, creating
isolated accumulations of hydrocarbons, making them difficult to produce.
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9.7 The Hreppar Formation as an analogue

In order to fully understand volcanically dominated systems in terms of
hydrocarbon exploration, many different formats of data need to be combined.
Remote sensing data such as seismic, gravity/magnetic data should be combined
with petrophysical data, core and field analogues to create a rounded view of the
petroleum system. Volcanically dominated systems are incredibly complex as
evidenced in the HF and fully understanding them requires time and the synthesis
of a range of data sets. The Rosebank Field in the FSB was discovered in 2004 and
at the time of writing is still going through an appraisal programme as it is not yet
fully understood (Poppit et al, 2016).

In all hydrocarbon exploration activities it can be useful to examine onshore
analogues to understand the large scale (km) to fine (mm) data (Bowman et al,
2016). This is particularly true in volcanically affected basins, such as the FSB.
The HF is a good analogue for understanding elements of petroleum systems within
volcanically dominated environments. The advantage of using a field analogue is
that it enables the ground truthing of models of the subsurface and it is relatively
cheap to acquire the data. In terms of the HF; it can inform models about the
connectivity of reservoir units, how sediments move through volcanic dominated
environments, how volcanic rocks interact with fluvial, glacial and lacustrine
settings, the importance of structural controls on sedimentation and volcanism
and allows us to understand heterogeneity within these types of environments. All
of this data is invaluable when trying to understand a petroleum system in the
subsurface as it reduces subsurface risk and uncertainty, validates interpretations
and can be applied at every stage (i.e. exploration, appraisal, development,

production and abandonment; Bowman et al, 2016, Vosgerau et al, 2016.

The studied area of the HF is ~16 km? and as a result is approaching the scale of a
small field. The well spacing of the Rosebank Field has been superimposed on to
the studied area of the HF (Figure 9-33) for a comparison between the two. In
overall length of structures, the HF is ~half the size, indicating that features
observed within the HF can potentially be directly compared with features
identified in the offshore data of Rosebank and similar fields. The quantitative
data presented in Figure 9-20, Figure 9-21, Figure 9-22 and Figure 9-24 starts to

provide a basic, predictive model for volcano sedimentary settings. From these
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data and the map insert, differing volcano sedimentary settings (onshore or
offshore) can be compared and contrasted with the HF, e.g. thickness of volcanic

system deposits and sedimentary deposits.

The data within these figures (Figure 9-20, Figure 9-21, Figure 9-22) highlights why
an analogue such as the HF should be used in conjunction with remote sensing
data. For instance 5.4 % of the lavas within the HF are >20 m thick, when this is
combined with Figure 9-28 and Figure 9-29 it highlights the lack of detail observed
within offshore data and what can and cannot be seen in seismic datasets, it is
likely that 94.6% of the lava units within the HF would be unresolvable on seismic
data. The average size of logged sandstone units within the HF are<1 m thick,
these would be impossible to observe on offshore seismic datasets in volcano
sedimentary settings. It is likely Figure 9-29 represents the quality of imaging
within these areas. In order to understand these settings in detail and maximise
hydrocarbon recovery, modelled data needs to be compared with real field data
(Figure 9-34).
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Rosebank North .

Rosebank Main

10 km

Figure 9-33 Comparison of scale between the HF and the Rosebank well spacing in the FSB.
The HF is approximately half the length of the Rosebank well spacing, suggesting that
features observable within the HF could be present in the subsurface in the Rosebank Field.
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Figure 9-34 Integration of data. In order for exploration to be successful within volcanically
dominated settings, all available data needs to be combined to create a coherent picture of
the subsurface. Remote sensing data such as seismic data can initially be explored, but this
needs to be compared with other data such as well data. There should then be a comparison
with analogue data in order to compare and contrast various aspects of the prospect, such
as connectivity of units. The analogue data should then be used to test the accuracy of
models that have been created. All this data should then be fed back in to the remote sensing
data, to further understand the prospect. The data can then be applied to exploration in similar
areas.

9.8 Future exploration within volcanic dominated
settings

Whilst exploration for hydrocarbons in volcanic dominated margins has numerous
challenges associated with it, there is still a huge demand for oil and gas and as a
result, exploration has to move to areas where exploration is more challenging in
order to supply the demand; HP/HT areas, volcanic dominated environments,
heavy oil to name a few. With volcanic dominated areas, it is important not to
solely focus on the volcanics, but to understand how they may have positively or
negatively interacted with the petroleum system.

Future exploration in volcanically dominated environments is targeting areas such
as the UK Rockall Basin (Schofield et al, 2017), FSB in the UKCS 30t licensing round
(2017), South Atlantic (Cameron et al, 1999; Jerram et al, 1999) and China (Wang
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and Chen, 2015) (Figure 9-25). This exploration activity indicates that volcanic
dominated environments continue to have the potential for hydrocarbon

prospectively.

9.9 Conclusions

e Volcano sedimentary systems develop in a similar manner regardless of
their location. The products of fluvial and volcanic systems (typically lavas
and rivers) tend to occupy low lying topography, where it is easiest for them

to flow.

e As the HF is Plio-Pleistocene in age, modern analogues in Iceland are
geenrally comparable. This allows us to understand the processes which
formed the HF in better detail and as a result, can also be applied to sub-

surface datasets.

e A tentative approach has been taken here to understand the spatial
relationships between volcano sedimentary units within the HF. In doing so,
this provides a basic predictive model which allows comparison between
different volcano sedimentary settings. It also helps to quantitatively
understand the HF.

e Hydrocarbon exploration within volcano sedimentary settings is particularly
challenging, primarily due to the difficulties associated with imaging the
subsurface beneath thick volcanic cover. In order to fully understand these
settings in the subsurface, an analogue such as the HF has to be employed

to ground truth models.
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10 Conclusions and further work

The work in this project aims to inform and develop the current understanding of
volcano-sedimentary settings and in doing so, aid hydrocarbon exploration in
volcanic rifted margins. Volcanic rocks can affect all aspects of hydrocarbon
systems and therefore, improve our understanding of how they develop and
interact with other systems in 4D, will ultimately aid recovery of potential
hydrocarbons. The work presented here on the HF at FlUdir demonstrates the
variability in volcanic units; their thickness, geometries, lateral extent and degree

of interaction with sediment.

By using the HF at FlUdir as a generic analogue of volcano sedimentary systems,
each stage of hydrocarbon exploration from initial exploration to development
and production can benefit from this work. The large scale elements of the HF at
FLU&ir, such as lateral connectivity of sedimentary units and volcanic units can aid
with understanding the overall geometries of volcano sedimentary settings in the
sub-surface. The study of the Stora Laxa river section can provide information on
where reservoir units may occur and how these would develop with time. It will
also aid understanding of how best to develop and produce a structurally complex,
volcano sedimentary field. The work presented here on the HF at Fludir also
highlights the gap in information between the outcrop scale and the seismic scale,
making it easy to identify where future works needs to be focussed and how best

to do so.

10.1 Main findings of this work

This project has primarily focussed on field-based observations to better
understand volcano sedimentary settings and their interpretation in hydrocarbon
exploration. Field work has enabled detailed observations to be taken of the HF
at Fludir, such that complex sequences in volcano sedimentary settings can be

understood at different scales.

Volcano sedimentary settings are complex and difficult to predict. Few studies
have looked at the detailed architecture of these systems as a whole; however,
by using the HF at FlUdir as a case study, the research presented here has

highlighted important aspects of these systems:
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The development of the HF at FLUdir is strongly controlled by underlying
structural geology of the system. This is important as it controls where
fluvial drainage pathways occur, where lavas will flow and where water
bodies develop. In order to understand the interaction between the
volcanic and sedimentary systems there needs to be a good understanding
of the structural evolution of the basin. In the case of the HF at Fludir, the
scale of the area is relatively small in terms of an offshore hydrocarbon
field. If the HF was considered in offshore terms, the presence of so many
volcanic units and the size of the area would inhibit accurate seismic
imaging of the area, making it challenging to predict where reservoir
intervals may occur. Further work needs to be done in order to accurately
image smaller features in volcanic-dominated seismic data sets (see future

work suggestion).

Lavas will typically follow pre-existing lows within the topography. In
environments where water plays a major role in the area, such as Iceland,
the topographic lows are typically fluvial drainage pathways. In the HF,
these are primarily controlled by the underlying structure and pre-existing
volcanic units. As a result of lavas following these pathways, there is
interaction with the underlying water-saturated sediment as the lavas and
fluvial systems temporarily compete for accommodation space. This can
generate peperite, pockets of hyaloclastite, pseudo pillows, and where
lava enters water bodies such as lakes or the marine environment, pillows,
hyaloclastite and reworked hyaloclastite can form depending on the
environmental conditions. This can result in very irregular contacts
between sedimentary units and volcanic units. As drainage pathways follow
the topographic lows, this results in structural highs being avoided, which
causes ‘islands’ (kipuka) of older geology being surrounded by new lava

flows, until the lavas dominate the environment.

If volcanic activity is significant, the drainage pathways can become
dominated by lavas, reaching a point where they drainage pathways are
eliminated. At this point, lavas will spread laterally, actively seeking
topographic lows, until volcanic activity ceases. During volcanic

quiescence, fluvial systems will generally re-establish in approximately the
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same location, or parallel but off-flank, in which they previously occupied,
resulting in the deposition of inter-lava sediments. However, the
deposition of the lavas will control exactly where the new fluvial systems
develop, due to the formation of topographic barriers that will divert these

systems.

The internal architecture of volcano-sedimentary environments is very
heterogeneous and difficult to predict. This is due to many variable
elements in a volcano sedimentary environment. Predicting where
individual lithofacies may occur is very difficult even in an area like the
HF, where the exposure is excellent, yet the underlying structure is so
complex. Predicting lithofacies successions is easier, yet still remains a
challenge. For instance, where lavas enter a water body, it is likely
hyaloclastite, pillow lavas or reworked hyaloclastite will form, or even all
three will form, yet predicting the extent of these is nearly impossible.
However, if the underlying structure of the area is well known, then
predicting, for instance, where water bodies and pillow lavas may form, is

more tractable.

Volcano sedimentary settings cannot be treated as simple layer-cake
stratigraphies. They have complex architectures that are very
heterogeneous and unpredictable, which makes working within these

settings, offshore, difficult.

The methods used in hydrocarbon exploration, such as seismic imaging and
petrophysical analysis, are insufficient to fully understand the detail
involved in volcano-sedimentary settings. Only the large-scale features in
these environments are resolvable, making it challenging to understand
aspects such as fluid flow. Facies models and forward models need to be
refined in volcano-sedimentary settings to aid hydrocarbon exploration in

these settings.

10.2 Further work

This project has been the first to examine the geology of the HF in detail and its

use as an analogue for hydrocarbon exploration in volcano-sedimentary settings.
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During this project, ideas for future work have arisen that would be
complimentary to this project and could build upon the work that has been done

here:

e Volcano sedimentary settings are very common, yet detailed case studies
of individual areas are lacking. In order to understand these settings fully,
more areas have to be studied. In doing so, this would enable areas to be
compared and contrasted to determine which features of volcano-
sedimentary settings are common and which are unique. This would involve
characterizing an area through mapping, logging and modelling to
determine how the area has evolved through geological time and in
response to any potential underlying tectonic structure, fluvial regime, for
example glacial and marine inputs. Comparing various localities in this style
would provide a useful tool to model systems where very few data are
available, and to develop end-member scenarios that may inform

exploration and reservoir models.

e Hydrocarbon exploration typically involves using remote sensing tools to
determine whether or not an area is prospective. These tools typically
provide seismic and petrophysical data, yet their resolution of these is
generally poor. Detailed forward-modelling of the outcrops such as those in
the HF at FLudir would bridge the gap between field data and offshore data,
and also generate a database of seismic and petrophysical features of
volcano sedimentary settings that could be used in hydrocarbon

exploration.

e Combining the above two approaches in to one study, that examines
synthetic seismic modelling of different volcano sedimentary
environments, clearly has many benefits. These data could be combined
with 3D photogrammetry to accurately create 3D models of the
architectures of the volcano sedimentary environments. Detailed synthetic
seismic data could be created for each of these models to then compare
with real subsurface data. This would create a useful comparison of
different areas, to again determine what is common and unique in volcano

sedimentary environments.
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Figure 11-1 Graphic logs of the HF, 1-10.
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Figure 11-2 Graphic logs of the HF, 11-20.
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Figure 11-3 Graphic logs of the HF, 21-30.

October 2018

Jonathan Dietz



302
Chapter 11 Appendix

o]

auquiuby

auojsyis pue auoyspues
2je18WO|BUOD [R1DRID

2jeIoWO|BUOD [RIAN|Y
ajsedojeAy paxiomay

ajesawo|Buod moy ssep .

al

13

a

19319 Mmojiid pue ajnsejdojeAy Arewud IEI
[e]

[v]

eAR| OnjRSEq ‘[BLIdE-GNS

Figure 11-4 Graphic logs of the HF, 41-50.
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