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Abstract

The Precambrian-Cambrian Athel Silicilyte is an enigmatic chert unit of
up to 390 m thick found as slabs (each slab typically 2 x 6 km across) entrapped
within salt domes at a depth of 4-5 km in the South Oman Salt Basin. This
formation is a prolific self-charged reservoir with high porosity (up to 34 %) and
high oil saturation (80 %). Despite its economic value, the origin and the
variability of this formation are not fully understood. This study therefore aims to
investigate the variability and the origin (silica source and precipitation
mechanism) of the Athel Silicilyte. Data obtained from core, wireline log and
petrographical analysis were employed to establish the vertical and the lateral
variability and, with the assistance of geochemical data, the likely source and
precipitation mechanism of silica was determined.

The Athel Silicilyte is only present in the deepest parts of the South
Oman Salt Basin within the fault-bounded Athel Basin, bounded by two silt-rich
mudstone units. Six lithofacies were recognised in the Athel Silicilyte that reflect
variability in detrital material contents (three silica-rich facies), sediment
remobilisation (slumped and brecciated lithofacies) and diagenetic modification
(carbonate-bearing lithofacies), with the silica-rich facies being the most
abundant (> 97 % of the total thickness). The Athel Silicilyte exhibits wavy
discontinuous lamination and it is predominately (silica-rich facies average = 80
wt. %) composed of connected-networks of microcrystalline quartz (1-5 pum).
Other constituent components are detrital quartz (3 wt. %), illite (10 wt. %),
pyrite (4 wt. %) and organic carbon (TOC = 3 wt. %). The detrital contents
increase towards the Upper Athel Silicilyte and towards the basin margins
(ranging from 3 to 30 wt. %). The wavy laminations are interpreted to have a
microbial origin. The homogeneity, loose packing of detrital grains and
preservation of 390 m thick laminated fabric suggest that the Athel Silicilyte
precipitated syndepositionally in microbial layers during low detrital input. The
intense detrital input during bounding mudstones sedimentation inhibited Athel
Silicilyte precipitation as a result of the rapid burial of microbial layers. The
Athel Silicilyte shows strong enrichments of redox-sensitive elements (U, V and
Mo), Mn-depletion, positive Ce anomalies, and small framboidal pyrites (3.6-4.0
um), suggesting that the water column was euxinic during precipitation.

Based on the petrographical evidence for the Athel Silicilyte forming as a
syndepositional precipitate alongside seawater-like rare earth element (REE)
characteristics, silica is interpreted to have been sourced directly from seawater.
Mass balance calculations support this interpretation, indicating that silica-rich
Precambrian seawater provided the significant silica mass in the Athel Silicilyte.
The ability of dissolved silica to form hydrogen bonds with the functional groups
(e.g. carboxyl and hydroxyl) in microbial layers was the key for Athel Silicilyte
precipitation. The formation of hydrogen bonds was made possible under euxinic
conditions, where the pH values were probably lower (< 7) than for the normal
seawater as a result of HS” and H' production by sulphate reducing bacteria and
HS" oxidation at the redox boundary by sulphur oxidising bacteria. Consequently,
dissolved silica was concentrated in microbial layer microenvironemnts,
resulting in silica nucleation and polymerisation.
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Chapter 1. Introduction

1.1 Context of the research

The Precambrian-Cambrian Athel Silicilyte is a chert unit bounded by
two silt-rich mudstones (below by the U Shale and above by the Thuleilat
Shale). The Athel Silicilyte is found as packages or slabs entrapped within salt
domes at a depth of 4 km in the South Oman Salt Basin; a restricted marine-fed
intracratonic basin (Figs. 1.1 & 1.2). The Athel Silicilyte is a self-charged
reservoir of up to 390 m thick and each slab is several kilometres wide (2 x 6 km
across; Fig. 1.2) characterised by high porosity (up to 34 %), very low
permeability (0.02 mD), organic carbon-rich (average TOC = 3 wt. %) and high
oil saturation (80 %; Amthor et al. 1998; Amthor et al. 2005). Estimated oil-in-
place in this formation is around 292 x 10° m? (Amthor et al. 1998).

The Athel Silicilyte has been dated at the Precambrian-Cambrian
boundary (= 541 Ma; Amthor et al. 2003; Bowring et al. 2007), which represents
a major turning-point in Earth’s history, marking the “Cambrian explosion” (e.g.
Brasier 1992; Knoll and Walter 1992; Grotzinger et al. 1995; Knoll and Carroll
1999; Halverson et al. 2009). Global geochemical and biological changes are
thought to have occurred at this boundary, including a global negative carbon
excursion (e.g. Banerjee et al. 1997; Knoll and Carroll 1999; Amthor et al. 2003)
and a global extinction of early marine organisms (e.g. Brasier 1989; Amthor et
al. 2003). These global events have been interpreted as a result of a global anoxia
development at the Precambrian-Cambrian boundary (e.g. Kimura and Watanabe

2001; Schréder and Grotzinger 2007).

Despite the economic and the scientific significance of the Athel Silicilyte, its
origin, areal distribution and variability are not fully understood, and therefore it
is often described as an enigmatic or an unusual formation (Amthor et al. 2005;
Schroder and Grotzinger 2007). Previous work on the Athel Silicilyte has
suggested that the Athel Silicilyte was deposited in the deepest parts of the Athel
Basin (called “mini-basins”: faulted-bounded basins) during relative sea level
rise, whilst carbonate precipitation was taking place proximally, on shallow
water platforms (Mattes and Morris 1990; Amthor et al. 2005; Schroder et al.

2005). During basin restriction and relative sea level fall, evaporites were

17



Chapter 1. Introduction

deposited on the top of the platforms and in the deepest parts of the basin (Mattes
and Morris 1990; Schroder et al. 2003). Repeated basin restriction and flooding
resulted in at least six 3rd Order evaporite-carbonate cycles (termed AO/A1-A6;
Mattes and Morris 1990; Amthor et al. 2003; Schroder et al. 2003; Al-Siyabi
2005; Amthor et al. 2005; Schroder et al. 2005), in which the Athel Silicilyte is
only present in the A4 cycle. The main unresolved questions concerning this
enigmatic formation are:

1) Why is it only present in one cycle?

2) How does it vary vertically and laterally?

3) What is the origin of the large volume of silica present?

4) What is the mechanism responsible for silica precipitation?

5) Why is it a localised precipitate in the mini-basins?

1.2 Aims and objectives

Based on the above, this study aims to provide a better understanding of
the Athel Silicilyte by investigating the vertical and the lateral variability, the
origin of the large volumes of silica, the mechanism responsible for silica
precipitation, and the controls on areal distribution. Several potential origins of
the Athel Silicilyte were identified at the project start-up, specifically: biological
accumulation of radiolaria and early sponges, hydrothermal precipitation, and/or
chemically/biochemically mediated precipitation. In order to test these
hypotheses, this study utilises various techniques, including core description,
high resolution petrographical (optical and electronic) analysis and whole-rock
geochemical (X-ray diffraction [XRD], X-ray fluoresce [XRF], laser ablation-
inductively coupled plasma-mass spectroscopy [LA-ICP-MS] and total organic
carbon [TOC]) analysis, mass balance calculations and reaction-path modelling.
In addition, wireline logs (gamma ray, sonic, neutron, density, porosity) from 12
wells were employed to investigate the variability of the Athel Silicilyte at the
basin scale. Understanding the origin of this formation, the control on its
distribution and its likely occurrence away from the Athel Basin, will have
relevance for future exploration strategies. Understanding its variability will also

help to predict reservoir heterogeneity across the basin.
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Figure 1.1. Simplified geological map of Oman showing the three salt basins occupying most
of the Oman Interior. Oman Mountains of ophiolite and related nappes located to the north
of the salt basins. The Athel Silicilyte is only found in the South Oman Salt Basin. Modified
after Loosveld et al. (1996) and Schroder et al. (2004).
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Figure 1.2. Seismic section showing an entrapped slab of the Athel Silicilyte within Ara Salt
domes in South Oman Salt Basin. The total thickness of the Athel Silicilyte encountered
from well ALNR-2 is 390 m. This well location is shown in Fig. 2.1 and wireline logs are
presented in Chapter 5 (Fig. 5.2 & 5.3). Modified after Amthor et al. (2005).

In order to meet the aims above, the objectives of this project are to:

1))

2)

3)

Review the regional geology, specifically, the geological setting of

the Ara Group and its stratigraphy, geochronology and
chemostratigraphy. In addition, silica geochemistry and controls on
chert precipitation and distribution from the Precambrian to the

present day are reviewed.

Describe available cores of the Athel Silicilyte. In particular, cores
were described from six wells, including ALNR-2, ALNR-3, ALNR-
4, ASH-2, ASH-4 and MKZ-1. Only well ALNR-2 was fully cored,
providing a complete stratigraphic section of the Athel Silicilyte,
whilst core data from other wells only cover small intervals (<10% of

the total Athel Silicilyte thickness).
Sample cores for petrographical (optical and electron microscopy)

and whole-rock geochemical analyses (XRD, XRF, LA-ICP-MS and
TOC). Core, petrographical and XRD data were then used to describe
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1.3

4)

5)

6)

Introduction

microstructures present and constituent components in order to

classify different lithofacies present.

Calibrate wireline log responses using core- and petrographic-defined
lithofacies to identify a characteristic log response for each lithofacies
in order to facilitate the interpretation of uncored wells/intervals. The

vertical and the lateral variability were then investigated.

Determine silica source using data derived from core investigation,
petrographical  analysis, statistical analysis of elemental
concentrations (major, trace and rare earth element), TOC analysis

and mass-balance calculations.

Determine silica precipitation mechanism by using a) petrographical
observations, b) elemental concentrations to assess redox conditions
and c) reaction-path modelling to investigate how bacterial diagenetic

reactions might influence silica precipitation.

Thesis layout

The thesis is divided into eight chapters as follows:

study.

Chapter 1 (Introduction): This chapter describes the research context,
provides the basic background information of the Athel Silicilyte and outlines

the research problem. It also outlines the specific aims and objectives of this

Chapter 2 (Methodology): This chapter describes all the techniques
employed to achieve the aims and the objectives of this study. These
techniques are described in terms of the rationale for using them, their basic
principles, operation conditions and sample preparation. It also describes
sampling strategies, the method used to estimate different components

abundance and nomenclature used to describe the lithofacies.
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e Chapter 3 (Regional geology): This chapter provides a general review of the
geological setting and stratigraphy of the Huqf Supergroup, and a detailed
description of the Ara Group in terms of basin development,
palacogeography, lithostratigraphy, Ara cycle evolution and lithofacies

distribution, chemostratigraphy and chronostratigraphy.

e Chapter 4 (Chert precipitation and distribution): This chapter provides a
description of silica geochemistry (diagenesis and solubility). It also provides
a brief description of different types of cherts found in the sedimentary strata
from the Precambrian to the present day. Cherts found in the geological
record are described in terms of the controls on their precipitation and
distribution. The secular change in chert distribution is also discussed in this

chapter.

e Chapter 5 (Lithofacies analysis and distribution): This chapter describes
and interprets the different lithofacies identified from this study within the
Athel Silicilyte and bounding mudstones. It also discusses the vertical and the

lateral variability of the Athel Silicilyte in the Athel Basin.

e Chapter 6 (Inorganic geochemistry): This chapter outlines the elemental
concentrations including major, trace and rare earth elements of the Athel
Silicilyte and bounding mudstones. These elements are described in order to
provide a confirmation of the mineralogical concentrations identified from
petrographical data, and lead on to a discussion of the likely silica source for

the Athel Silicilyte and the redox conditions during precipitation.

e Chapter 7 (Origin of the Athel Silicilyte): This chapter brings the finding
from the previous chapters (5 and 6) together to interpret the possible sources
of silica in the Athel silicilyte and the likely mechanisms responsible for
silica precipitation. This chapter also includes mass-balance calculations to
estimate the mass of silica required to further constrain the silica source.

Results from the reaction-path modelling are also included in this chapter to
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test how diagenetic reactions might influence silica precipitation. The likely

controls on the Athel Silicilyte distribution are discussed in this chapter.

e Chapter 8 (Conclusions): This chapter provides a full summary of the main

findings from this study.

o Appendices: At the end of the thesis, three appendices are provided.
Appendix I provides all available wireline logs and shows detailed lithofacies
interpretation from each investigated well. Appendix II provide core and
thin-section photographs from all sampled wells. Appendix III includes
mineralogical composition, elemental concentrations and TOC of each
analysed samples. Appendix IV shows the medium composition used in

reaction-path modelling.
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2.1 Introduction

An extensive array of analytical methods was employed throughout this
study; including core description, optical microscope, electronic microscope,
framboidal pyrite size-distributions, X-ray diffraction (XRD), X-ray fluorescence
(XRF), laser ablation-inductively coupled plasma-mass spectroscopy (LA-ICP-
MS), total organic carbon (TOC), wireline logs interpretation/correlation and
reaction-path modelling. This chapter briefly describes these techniques, their
basic principles, the rationale for employing them, and provides a detailed
description of sample preparation methods and specific instrument parameters. It
also discusses the method employed to estimate different components abundance

and nomenclature used to describe the lithofacies of the Athel Silicilyte.

The key data for this project were obtained from Petroleum Development
of Oman (PDO), which are core samples and wireline logs, as well as porosity
and spectral gamma ray data from core analysis reports. Core description and
sampling were carried out at the core shed of PDO (Mina Al Fahel, Muscat),
while the rest of analytical techniques and interpretations were carried out at the

University of Manchester.

In order to interpret the Athel Silicilyte origin and lithofacies variability,
different combinations of analysis were used. A combination of core description
with the petrographic and geochemical techniques enabled different textures and
mineralogy to be determined and imaged for each sample (e.g. Macquaker and
Keller 2005; MacQuaker et al. 2007; Al Balushi et al. in press) and then
lithofacies to be classified. The wireline log signature for each lithofacies was
then determined in order to interpret lithological composition in uncored
wells/intervals. Interpreting uncored wells/intervals facilitates the investigation
of vertical and lateral variability at a basin scale. In addition, elemental
concentrations (major, trace and rare earth elements) obtained from XRF and
LA-ICP-MS analysis were employed to interpret silica source and redox
conditions during Athel Silicilyte precipitation. Such techniques are widely used
to determine sediment source and redox conditions during precipitation of fine

grained rocks (e.g. Elderfield 1988; Emerson and Huested 1991; Murray 1994;
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Zhang and Nozaki 1996; Morford et al. 2001; Sugitani et al. 2002; McLennan et
al. 2003; Hofmann and Harris 2008).

2.2 Core description and sample collection

The Athel Silicilyte has been cored in six exploration wells in the South
Oman Salt Basin (Fig. 2.1) over a range of stratigraphic intervals. In order to
investigate the vertical and lateral variability of the Athel Silicilyte, cores were
selected from different wells at different locations (basin centre and basin
margin, Fig. 2.1) and from various stratigraphic intervals (Table 2.1 and Fig.
2.2). However, due to the limited availability of cores from the basin margin, the
Athel Silicilyte is mostly sampled from Al Noor and Al Shomou fields in the
basin centre (Fig. 2.1). From the basin margin, samples were only obtained from
well MKZ-1 (Figs. 2.1 & 2.2), although the Athel Silicilyte was cored from
another well (MMNW-7) at the basin margin but this core was not available. A
complete stratigraphic section of the Athel Silicilyte Formation was fully cored
from well ALNR-2 encountering a total thickness of 390 m from which the
vertical variability is well investigated in this study. In other wells, however,
only small intervals (few meters to 10s of meters; <10% of the total thickness of
the Athel Silicilyte) were cored allowing mainly lateral variability to be

investigated.

To ensure a detailed core description of the Athel Silicilyte, cores were
cleaned to remove dust and then the surface was wetted to bring out textures. The
cores were described and photographed using a digital camera (either Nikon D50
or Sony Cyber-shot cameras). In order to gain maximum details on textural and
mineralogical information using petrographical and geochemical techniques, a
total of 107 hand-specimens were collected from the Athel Silicilyte cores (Table
2.1). For comparison, between the Athel Silicilyte and the bounding silt-rich
mudstones (from the bottom by the U Shale and from the top by Thuleilat Shale),
a total of 10 hand-specimens were collected from U-Shale cores (Table 2.1).
However, no samples from the Thuleilat Shale were analysed because when the
core was requested for sampling, the wrong core was provided. The

petrographical investigations reveal that the core provided was the Athel
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Silicilyte core. In any case, the Thuleilat Shale is mineralogically and texturally
similar to the U-Shale (Amthor et al. 2005; Schréder and Grotzinger 2007), and

hence no further attempt was carried out to sample the Thuleilat Shale.
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Figure 2.1. A map of the South Oman Salt Basin showing the Athel Basin (grey) and the
carbonate platforms (white). Upper left rectangular shows enlarged map of wells in Al Noor
and Al Shomou field. Wells in red colure are the sampled wells and wells in white colure are
wells from which the wireline data were obtained in addition to the sampled wells. Modified
after Amthor et al. (2005) and Schroder and Grotzinger (2007).

The initial sampling strategy was based on 1 sample every 25 cm,
however, after laboratory analyses of the initial samples, insufficient
heterogeneity was observed. In order to generate a detailed lithofacies
description, three criteria were taken into account during sampling: (1) taking

samples wherever textural or lithological changes were observed; (2) obtaining
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samples at various depths that cover the full stratigraphic thickness; (3) capturing
all lithofacies described by Amthor et al. (2005) and in the PDO core analysis
report. Subsequently, the following samples were taken at wider ranges. The well
names and the depths for each hand-specimen were recorded during sampling.
The samples were then shipped to the University of Manchester for detailed
analyses using petrographic and geochemical techniques. Core photographs from

each sampled well are presented in Appendix II.

Table 2.1. Shows intervals and number of the samples collected from each well. Core
photographs from each well are presented in Appendix II accompanied by a representative

selections of thin-section microphotographs.
) Interval depth/ m measure No. of

Well Formation depth(MD) samples
Athel

ALNR-2 Silicilyte 3967- 4374 48
Athel 3861- 3683, 4750-4786 and

ALNR-3  giicilyte 4812-4832 16
Athel

ALNR-4 Silicilyte 4220-4230 8

ASH-2 Athel 3810- 3811 and 3867-3876 | 8
Silicilyte
Athel 4438-4444, 4543-4547 and

ASH-4 Silicilyte 4645-4652 20
Athel

MKZ-1 Silicilyte 2768.5 -2774.7 7
U-

AL-9 Shale 5676.5- 5706.8 10

Total 117
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Figure 2.2. Shows the wells from which the Athel Silicilyte (green) was sampled. Red circles show sampled intervals (number of samples from each interval is
shown in Table 2.1 above). Most samples are obtained from well ALNR-2 (48 samples) since it was fully cored. Well ASH-2 only shows the upper Athel Silicilyte
and the lower Athel is truncated for the purpose of scale. Bounding silt-rich mudstones are shown in brown. Full stratigraphic thickness and interpretation of each
well are presented in Appendix I and core photographs are presented in Appendix II. Note, distance between well is not to scale (well location is shown in Fig. 2.1).
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2.3  Petrographic techniques

Three petrographical techniques were employed to characterise textures
and mineral contents for the Athel Silicilyte including thin section scanning,
optical and electron microscopic analyses. Thin section preparation and
petrographical analyses were carried out at the Williamson Research Centre for
Molecular Environmental Science, University of Manchester. Description of the
petrographical techniques and operating conditions are outlined in the following

subsections.

2.3.1 Thin section preparation and scanning

In preparation for petrographic analyses, polished thin sections of
typically 20-25 pm thick were made from each hand-specimen on either a small
(26 mm by 48 mm) or a large (50 mm by 70 mm) format glass slide. An oil
(Castrol Ilocut 430) media was used to minimise sample damage caused by
hydration of clays during sample preparation (e.g. Macquaker and Adams 2003;
Adams et al. 2006). The thin sections were prepared in this way to enhance

textural resolution during petrographic analyses.

Prepared thin sections were then scanned at low resolution in an Epson
Perfection 4490 Photo flatbed scanner to obtain full images of the textures in
each thin section. This technique enables determination of laminae continuity,
type and their stacking pattern that are not always possible to image using
microscopic analyses (e.g. Macquaker and Keller 2005; Al Balushi and

Macquaker in press).

2.3.2 Optical microscope

In order to obtain more textural and mineralogical information, the thin
sections were analysed optically at low to intermediate power in an optical
microscope under both plane-polarised light (PPL) and cross-polarised light
(XPL). The analysis was carried out using a Nikon Optiphot 2.0-POL
microscope equipped by a Proges C10 Plus digital Camera. Pairs (PPL and XPL)
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of photographs at different magnifications (2X, 4X, 10X and 20X) were recorded

using a Progres Capture Pro. 2.0 software.

2.3.3 Scanning electron microscope (SEM)

Following thin section description, samples were described and analysed
at high resolution in a SEM. The SEM analysis is extremely useful to analyse
very fine grained rock, which enables high magnification images to be captured
that show detailed textural and mineralogical information. Prior to the SEM
analysis, the thin sections were carbon coated to increase electronic conductivity
across analysed samples and prevent sample charging. The SEM analysis was
performed on a JEOL 6400 scanning electron microscope equipped with a Link
four-quadrant backscattered electron detector and Princeton Gamma-Tech (PGT)
energy-dispersive spectrometer. The microscope was operated at 15 mm working
distance at 20 kV and 1.5 nA. Both backscattered electron images (BSEI) and
secondary electron images (SEI) of different magnification (ranging from X20 to
X2500) were recorded digitally using Semafore software. Individual minerals
present in each sample were identified on the basis of their different
backscattered coefficients () and/or by elemental results from the energy
dispersive spectrometer. A backscattered coefficient (1)) is a value describing the
efficiency of a solid to backscatter incident electrons and is a strong function of

electron density (Lewis and McConchie 1994).

The photographs obtained from all petrographical techniques were then
scaled and annotated using a software package of Adobe Illustrator or in Power
Point. Colour and brightness correction to bring out textural and mineralogical
details were carried out using a software package of either Adobe Photoshop CS2

or Microsoft Office Picture Manager.

2.3.4 Pyrite framboid size-distributions

Pyrite framboid size-distribution could indicate the redox-conditions
during sediment accumulation (e.g. Wilkin and Barnes 1996; Wilkin et al. 1996;

Wignall et al. 2005) and thus it was carried out to interpret redox conditions
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during deposition of the Athel Silicilyte and the U Shale. In total, eight samples
were analysed for pyrite framboid size-distributions, six from the Athel Silicilyte

and two from the U Shale.

Pyrite framboids were measured from the prepared thin sections using a
scanning electron microscope; sample preparation and operation conditions were
the same as in subsection 2.3.3. The SEM was set in backscattered electron
mode, which easily enabled identification of pyrite framboids based on their high
backscattering coefficients (1) and morphology (e.g. Wignall and Newton 1998;
Zhou and Jiang 2009; Wignall et al. 2010). Each sample was analysed over 5-10
closely spaced vertical transects across the sample (15-25 mm ). Framboid size
was measured directly from the SEM screen to the nearest 0.1 pm (e.g. Wilkin
and Barnes 1996; Wilkin and Barnes 1997; Wilkin and Arthur 2001; Bond and
Wignall 2010). At least 100 pyrite framboids were measured from each sample
to ensure a maximum accuracy of pyrite framboid size-distributions. The
measured size from the SEM screen is smaller than the true size in median
section, but calculation shows that the deviation from the true framboid diameter
is unlikely to exceed 10 % (Wilkin et al. 1996). The size-frequency distribution
was used to calculate mean and maximum framboid diameters and standard

deviation.

2.4 Geochemical techniques

Various geochemical techniques including X-ray diffraction (XRD), X-
ray fluorescence (XRF), solid laser ablation-inductively coupled plasma-mass
spectroscopy (LA-ICP-MS) and total organic carbon (TOC) analyses were
conducted to quantify the mineralogical, elemental and organic carbon
composition of the Athel Silicilyte. In preparation for the XRD, XRF and TOC
analysis, a powder (50-100 g) from each hand-specimen (from which a thin
section had been prepared) was obtained by machine-crushing to produce a

homogeneous powder.

The XRD, XRF and LA-ICP-MS analyses were carried out at Manchester

Geochmical Unit, University of Manchester, while the TOC analysis was
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performed at the Department of Environmental and Geographical Sciences,
Manchester Metropolitan University. The following subsections provide a
detailed description of each technique, sample preparation and instrument

operating conditions.

2.4.1 X-ray diffraction (XRD)

To identify as well as to confirm bulk-rock mineralogy (from the
petrographic analyses), XRD analysis was undertaken on all samples. This
analysis is widely used to identify minerals with crystalline or semi-crystalline
structure if they are present in sufficient abundance (> 3-4%). An X-ray beam is
diffracted differently by each mineral, dependent upon the atoms making up the
crystal lattice and their arrangement (Fig. 2.3). Atomic layer spacing (d-spacing)
of each mineral can be calculated by applying Bragg’s Law (nA = 2dsin0) and
consequently each mineral present in the sample will produce a unique set of
diffraction peaks corresponding to d-spacings characteristic of its crystal

structure (Lewis and McConchie 1994).

In preparation for the XRD analysis, 4-5 g of powder from each sample
was dissolved in amyl acetate acid, then smeared on a piece of glass and allowed
to air dry. After that, the samples were loaded and analysed on a Bruker Axs D8
Advance diffractometer operating at 40 kV and 40 mA. Each sample was
scanned from 5° to 70° 2-theta at 0.02° per second. The patterns produced by X-
ray diffraction were collected and analysed using software (Eva version 5.0),
which calculates d-spacing and consequently identifies each mineral present by
comparison to a standard database (ICDD: International Centre for Diffraction

Data).

Mineral quantification was carried out using Siroquant software (version
2.0). This is a Rietveld based software that quantifies minerals by generating a
scan with a known mineralogy and match it to collected XRD pattern of the
sample (Taylor 1991). Consequently, Siroquant software quantifies
mineralogical content (in weight percentage) of the collected scan by XRD

analysis. In total 13 samples were analysed in this software out of 117 samples
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that were analysed by XRD. This software showed very small errors, average
error of the 13 analysed samples is 0.8 % (ranges 0.29 % to 1.48 %). The mineral
quantification for the reset of samples was estimated semiquantitatively by
comparing the XRD peak intensities from each sample to those quantified by
Siroquant software in addition to estimation derived from petrographical data

(see subsection 2.7 below).

2.4.2  X-ray fluorescence (XRF)

In order to determine the concentrations of major and trace elements,
XRF analysis was applied to all samples. This analysis is a non-destructive
analytical technique that is widely used to identify and quantify elements present
in minerals and rocks (Fig. 2.3). The XRF analysis can detect elements at very
low concentration (sub ppm), as long as they are included in the used machine
standard. The XRF spectrometer produces X-rays targeting the sample; elements
present in the sample will emit fluorescent X-ray radiation with discrete energies
that are characteristic for each element. These energies are revealed as
characteristic peaks. The different elements present in the sample are identified
by the energy of the peaks (qualitative analysis), while the peak intensity of each
element provides the elemental concentration (quantitative analysis; Brouwer

2003).

In preparation for the XRF analysis, a powder of 12 g from each sample
was mixed with 3 g of Hoechst Wax C. The mixture was formed into a pellet by
pressing it under high pressure. The prepared pellet was then analysed in an
Axios Sequential XRF Spectrometer operating under normal conditions (voltage
and current were varied depending on elements to be identified). Results
acquired from the XRF machine were analysed in SuperQ and ProTrace
softwares for major and trace element concentrations, respectively. This machine
is calibrated by running internal standard, e.g. National Institute of Standards and
Technology (NIST 2711 and NIST1880a), during analysis. The machine has a
very small error (average for the major oxides and trace elements is 1.8 % and

4.5 %, respectively; Table 2.2 & 2.3).
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Table 2.2. Shows comparison between measured major oxide concentrations by XRF and
certified concentration of a reference material (sample AGV-1)

Element NaZO MgO A1203 Si02 KzO CaO Fe203 TiOz

Measured 426 149 1659 583 298 488  6.66 1.08
concentration (%)

Certified 426 153 1715 5884 292 494 677 1.05
concentration (%)

Error (%) 0.0 2.6 33 0.9 2.0 12 1.6 2.9

Table 2.3. Shows comparison between measured trace element concentrations by XRF and
certified concentration of a reference material (sample GBW07405). Error presented are
only for interpreted trace element in this study

Element A% Mn Y Zr Mo La Ce Nd U

Measured 156.4 1370 235 2834 46 362 975 222 66
concentration (ppm)

Certified 166 1360 21 272 46 357 91 24 65
concentration (ppm)

Error (%) 5.8 08 119 42 00 14 71 75 15

Pulse height analyser
and computer

X-ray
detector

Collimator

Collimator Diffracting crystal

Figure 2.3. Schematic illustration of the major components in the XRD and the XRF
analysis. Although the same principles applied for both analyses, a different detector is used
in each analysis. The detector used in the XRD analysis detects diffracted X-rays by
minerals, while in the XRF analysis fluorescent X-rays emitted by elements present in
analysed sample are detected. Modified after Klein et al. (1993).
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2.4.3  Laser ablation-inductively coupled plasma-mass

spectroscopy (LA-ICP-MS)

LA-ICP-MS analysis was employed to identify concentration of rare
earth elements (REEs) that were not included in the XRF standard, only four
REEs (La, Ce, Nd and Y) identified by XRF analysis . The LA-ICP-MS analysis
works by focusing a pulsed laser beam on to a sample surface targeting either a
defined spot or a line along the sample (Fig. 2.4). Pulses of the laser beam cause
very rapid heating, which in turn, causes the matrix to be volatilised or ablated,
creating a laser-induced aerosol. The aerosol is then transported to the ICP in an
argon carrier gas stream where it is decomposed, atomised and then ionised by
removing one electron from each atom. These ions are separated and collected
according to their mass and charge ratios in the mass spectrometer (MS) creating
a mass spectrum. The magnitude of each peak in the spectrum is directly
proportional to the concentration of an element in a sample which then measured

by comparing signal intensities to those generated by calibration standards.

Prior to the LA-ICP-MS analyses, pieces (around 20 by 15 mm and
thickness of 5 mm) from 21 selected hand-specimens (17 from the Athel
Silicilyte and five from the U Shale) were taken from the same area where thin
sections were previously made (to ensure a precise ablation of the required
minerals identified previously from the petrographic analyses). Each piece was
then fitted in a rounded disk made of resin and the samples upper surface was
exposed. To ensure a clear view of textures and minerals present in the sample,
the upper surface was polished and then cleaned using acetone [(CH3),CO] to
remove any dust that might affect elemental concentrations during analysis. The
LA-ICP-MS analysis was performed on a New Wave Research-Merchantek
Product Up 213 laser ablation connected to a Agilent 7500 Series ICP-MS.

Each disk was then uploaded to the ablation chamber, which was purged
with argon gas and connected to a high magnification video camera, enabling a
high-resolution image of the sample to be viewed on the ICP-MS monitor
directly. Since the Athel Silicilyte is predominately composed of very small

silica crystals (1-5 um) and available laser diameter is 100 um, the samples were
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ablated along a line defined from the ICP-MS monitor for 17 seconds at a speed
of 10 um per second. The line was defined along silica-rich layers to ensure that
measured REE concentrations were only from silica crystals and to minimise
REE detection from terrigenous material. Results were collected using ICP-MS
Top Mass Hunter software that is calibrated by a standard (NIST: National
Institute of Standards and Technology 610 Standard Glass Reference).
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Figure 2.4. Schematic illustration of the components in a laser ablation system. The
analysed sample is ablated using Nd:YAG (neodymium doped yttrium aluminium garnet
crystal) laser in the laser chamber purged with argon gas. The laser-induced aerosol in the
ablation chamber is then transported to an ICP-MS for element concentration calculation
(from Agilent 2005).

In order to check the accuracy of the results, the four REEs (La, Ce, Nd
and Y) with a concentration that had been previously determined by the XRF
analyses were analysed again using the LA-ICP-MS technique. The
concentrations of these elements were consistently 5.0 times higher than their
concentration from the XRF analysis (Fig. 2.5; Appendix III). This higher
concentration measured by the LA-ICP-MS technique is attributed to the higher
amount of sample material picked by the laser compared to the standard used
since the sample are softer than the standard. To correct those results obtained
from the LA-ICP-MS analysis, concentration of the four REEs determined from
the XRF analysis were used. The machine used for the XRF analysis shows very
small error for trace element concentration between measured and certified

values of a reference material (average error = 4.5 %; Table 2.3 above). To
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further test the XRF machine accuracy, element (K, Th, and U) concentrations of
selected samples from the XRF analysis was compared to their concentrations
from spectral gamma ray data. A good correlation between XRF and spectral
gamma ray results was found from samples at the same depth. The XRF results
are therefore confidently used to correct LA-ICP-MS results by dividing them by
a factor of 5.0. In addition, the REE results are interpreted in this study using
REE ratios from the same sample, and thus absolute concentration of REEs from

this technique should not affect REE ratios.
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Figure 2.5. Element concentrations from the XRF and the LA-IC-MS analysis from 21
samples. The LA-ICP-MS results were corrected according to mutual element
concentrations from XRF analysis. Element concentrations from the LA-ICP-MS analysis
are 5.0 times higher.

2.4.4 Total organic carbon (TOC)

In order to measure the volume of organic carbon within the Athel
Silicilyte and the U Shale, TOC analysis was performed on 50 selected samples.
Around 0.1-0.2 g of powder from each sample was digested by adding a few
drops of 1 molar hydrochloric acid (HCI) until no more CO, bubbles were
observed. The digested powder was then dried in an oven at 45 °C for 2 hours.
Combustion followed in a Leco TruSpec-CN machine at 950 °C and the evolved
CO, was measured and considered to be representative of the TOC, assuming all

carbonate carbon was removed by the acid digestion. The machine was calibrated
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by running a standard with known TOC value three times prior to sample

combustion.

2.5 Wireline log interpretation

Due to the limited number of cores covering the full stratigraphic
thickness of the Athel Silicilyte, as well as to generate a better understanding of
lateral and vertical variability of the Athel Silicilyte across the basin, subsurface
wireline log data were obtained for this study. Different wells were selected on
the basis of their paleogeographic location in the basin (.e.g. platforms, basin
margins and basin centre, Fig. 2.1) covering the full stratigraphic thickness of the
Athel Silicilyte as well as bounding silt-rich mudstones. In total 12 wells were
chosen including wells from which the cores were sampled. The wells selected
for correlation were ALNR-2, ALNR-3, ALNR-4, ASH-2, ASH-3, ASH-4,
AMSE-1, MKZ-1, BB-4, MMNW-7, MM-248 and TL-2 (Fig. 2.1). Wireline log
data for all wells were supplied by PDO, and were loaded in Petrel Well
Correlation software at the Basin Studies computer station, University of

Manchester.

The log loaded to Petrel are:

1) Gamma-ray (GR): the GR log measures natural radioactivity of
formations. The main radioactive element in rocks is potassium (K),
uranium (U) and thorium (Th), which are normally abundant in clay
mineral and organic-matter rich facies (e.g. shale), whilst they are
relatively less abundant in clean sandstone and carbonate rock. Thus,
GR is a very important tool for identifying lithology. The
radioactivity of the formation is measured in American Petroleum
Institute units (API; standard calibrated units to a reference with
known level of radioactivity). GR logs are displayed here in a scale
from 0-150 APL

2) Sonic: the sonic log measures formation sonic transit time (DT) by
sending compressional wave from the tool through the formation and
measures the wave first arrival time at two receivers. The travel time

will depend on the formation mineralogy and porosity. This log can
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be used in combination with other logs to characterise the formation
mineralogy and porosity. Sonic logs in this study are displayed in a
scale from 40-200 ps/m.

Density: this log measures formation bulk density by emitting gamma
radiation into the formation and records the amount of gamma
radiation returning from the formation. Emitted gamma ray loses its
energy as it collides with the electrons in the formation. Therefore,
the drop in returning energy level is a function of electron density of
the atoms in the formation, which is, in turn, directly related to the
bulk density of the formation. Density logs are displayed here in a
scale from 1.95-2.95 g/em’.

Neutron: the neutron log is produce by bombarding the formation
with high energy neutrons from a radioactive source. Decline in
neutron energy levels in the formation is primarily caused by
collisions with hydrogen atoms. Hence, the decline in neutron energy
levels is directly proportional to hydrogen content. Hydrogen is found
in gas, oil and water (occupying pore spaces) but not in minerals.
Therefore, the response of the neutron log is essentially correlative
with the formation porosity. Because of clay minerals contain bonded
water, the neutron log is reading higher porosity than actually exist in
clay-rich facies. The neutron log is measured in either sandstone or
limestone porosity unit (SPUs and LPUs, respectively). These units
should give the correct porosity of the formation providing
the matrix is pure quartz (SPUs) or calcite (LPUs) and the pores are
filled with fresh waters. Neutron logs are displayed in this study in a
reverse scale from 0.45 to -0.15 LPUs.

Porosity: the porosity logs in this study are calculated using the
density log since the density log shows close porosity values to the
measured porosity (from core plugs) compared with the neutron log.
The bulk density from the density log represents the sum of the
density of the matrix (Pn,) and the density of the fluid (Ps). Porosity
was calculated using the following equation (e.g. Selley 1998):

Porosity (%) = Puma — Py / (Pma — Py)
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Where Py, and Py are calculated to be 2.58 g/em’ 1.16 g/em’, respectively

(densities measured in PDO).

Log shift data to match core data were provided by PDO. However,
MKZ-1 log shift data were not available and therefore elemental concentrations
of U, Th, and K from both the spectra gamma ray and the XRF analysis were
used to determine how far the core data should be shifted to match wireline log

data.

The ALNR-3 well shows two slabs of the Athel Silicilyte separated by
salt (Appendix I). The upper slab is invertical as a result of salt movement and
hence, the Athel Silicilyte GR trend is different from other wells. Generally, GR
values increase from the Lower to Upper Athel Silicilyte. MKZ-1 well also
shows a GR trend similar to the ALNR-3 upper slab and therefore it is also

interpreted to be invertical.

Five major surfaces were interpreted from each well (from top to
bottom): (1) Salt base/Thuleilat Shale top; (2) Thuleilat-Shale base/Athel
Silicilyte top; (3) Upper/Lower Athel Silicilyte; (4) Athel Silicilyte base/U-Shale
top; (5) and U-Shale base. All major surfaces indicate changes lithology (from
top to bottom; salt-mudstone-chert-mudstone) apart from the upper/lower Athel
Silicilyte surface, which is marked by an increase in GR response. Major
surfaces were mainly interpreted by the change in GR response with the aid of
PDO stratigraphic interpretation from well completion logs. All wells were hung
on the Salt base/Thuleilat Shale top surface and major surfaces were then
correlated to investigate thickness variation of Athel Silicilyte and bounding silt-
rich mudstones across the basin. After that, the wireline log signature was
determined for each lithofacies, which are identified from core data, petrographic
and geochemical analyses. Different lithofacies log signatures were then used to
facilitate interpretation of the uncored intervals/wells. After interpreting different
lithofacies from each well, their distribution, abundance and thickness variation
in each well were investigated to interpret their vertical and lateral variability

across the basin. No attempt was made to correlate minor lithofacies between
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wells as they are very thin or show unsystematic alternation. Detailed

interpretation of each well is provided in Appendix .

2.6 Reaction-path modelling

In order to understand the controls on the precipitation of silica in the
Athel Silicilyte, reaction-path modelling was carried out using the React tool in
Geochemist’s Workbench Standard 6.0 software. The reaction-path modelling
was proceeded by theoretically creating an aqueous medium (1kg of water) under
defined pressure and temperature, adding a dissolved species concentration (i.e.
seawater composition) and using 1 mg of acetate as a reactant (i.e. organic
matter). The reaction was then run at a scale from 0O (start) to 1 (end) and its
effect on species concentration, mineral saturation and pH can be plotted against

the reaction path variable.

By modifying seawater composition, e.g. dissolved species concentration
(oxygen, silica, sulphate, iron), different diagenetic reactions will take place (e.g.
iron-reduction and sulphate-reduction). The effect of different diagenetic
reactions on silica precipitation therefore can be tested. Initial parameters used in

the modelling to represent seawater composition are shown in Appendix IV.

2.7 Constituents abundance and lithofacies nomenclature

The combination of microscopic analyses and geochemical analyses
(XRD and XRF) enabled textures and individual minerals to be determined.
After different minerals were identified, their abundance in each sample was
estimated in order to generate a detailed description of the lithofacies variability.
Abundance of each constituent was estimated semiquantitatively using a
percentage estimation chart (e.g. Tuker 2003, p. 33) by comparing optical and
electron microscopic images, ranging from X2 to X2500, with help from the
XRD, XRF and TOC results. The abundance of the constituents in each sample is
reported in Appendix III (Table 1).
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The nomenclature used to describe the lithofacies in this study was
selected in order to be representative of the textures and mineralogical
composition of each lithofacies. The nomenclature used in this study was
proposed by Macquaker and Adams (2003) to describe mudstone (sedimentary
rock containing >50 % grains <63.5 pm) based on the presence of sedimentary
structures and abundance of all constituents forming more than 10 % of rock
volume. A lithofacies composed of a material that represents more than 90 % of
the rock volume is described as “dominated” by that component, “rich” if it is
represent 50-90 % of the rock volume, and “bearing” by the component if it only
represents 10-50 % of the rock volume. Sedimentary features present in a certain
lithofacies are added into this nomenclature by prefixing the rock name with the

name of sedimentary features (Macquaker and Adams 2003).

Due to the low abundance (< 10 %) of individual detrital minerals (e.g.
clays, quartz, feldspar) in the Athel Silicilyte, they are considered together as one
component and termed as “detritus”. For example, a laminated lithofacies that is
composed of 87 % of microcrystalline quartz, 5 % quartz grains and 8 % clay
minerals will be described as “laminated microcrystalline quartz-rich, detritus-
bearing mudstones”. Using this nomenclature enables more precise description of
the lithofacies in terms of the compositions and textures and it helps to identify

and to interpret the variability of the Athel Silicilyte.
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3.1 Introduction

In order to understand the South Oman Salt Basin development and its
spatial and temporal facies distribution, it is important to review the regional
geology of the Huqf Supergroup. This will help in interpreting the origin and
lithofacies variability of the Athel Silicilyte. This chapter therefore briefly
describes the geological setting and stratigraphy of the Huqf Supergroup, and
provides a detailed description of the Ara Group basin development,
palaeogeography, lithostratigraphy, Ara cycles evolution, lithofacies distribution,
chemostratigraphy and chronostratigraphy. At the end of this chapter, the
sediments associated with the Precambrian-Cambrian boundary will be

interpreted based on available published data.

3.2 The Huqf Supergroup: an overview

The Hugf Supergroup is one of the best preserved and most continuous
sections of Late Neoproterozoic to Early Cambrian strata (Schroder et al. 2004;
Amthor et al. 2005; Fike and Grotzinger 2008). Within these rocks, many key
biogeochemical and biological changes are recorded, associated with the early
evolution of life (e.g. Mattes and Morris 1990; Grotzinger et al. 1995; Knoll and
Carroll 1999; Amthor et al. 2003; Schroder et al. 2004; Fike et al. 2006; Schroder
and Grotzinger 2007; Fike and Grotzinger 2008; Wille et al. 2008). Furthermore,
the Huqf Supergroup has a high hydrocarbon potential, especially the upper part
of the Ara Group, which is the main exploration target in the South Oman Salt
Basin (Figs. 1.1 & 3.3; Schroder et al. 2003; Al-Siyabi 2005; Amthor et al.
2005). The Huqf Supergroup, therefore, has been extensively studied for its
scientific and economic importance (e.g. Nicholas and Brasier 2000; Al-Siyabi
2005; Amthor et al. 2005; Fike et al. 2006; Allen 2007; Schroder and Grotzinger
2007; Schoenherr et al. 2009; Gold 2010).

During the late Precambrian to Cambrian, Oman was located to the
southeast of the Arabian Peninsula. Sediments were deposited in basins that form
part of a northeast-southwest trending system of restricted, marine-fed

intracratonic basins (Fig. 3.1; Mattes and Morris 1990; Loosveld et al. 1996;
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Amthor et al. 2005; Allen 2007). The structural alignment of these basins
suggests that this system stretched from the Indian Craton across the Arabian
Shield (Fig. 3.1; Mattes and Morris 1990; Grotzinger et al. 2002; Amthor et al.
2005; Allen 2007). In the Oman Interior, the lower interval of these basins are
filled with sedimentary strata of the Huqf Supergroup (Neoproterozoic to Early
Cambrian in age) and overlie an early Neoproterozoic crystalline basement
(Gorin et al. 1982; Brasier et al. 2000; Allen 2007). The Huqf Supergroup
comprises three main groups (from base to top): 1) Abu Mahara; 2) Nafun and;
3) Ara. Fig. 3.2 shows the Huqf Supergroup stratigraphic, lithologic,
geochronologic, biostratigraphic and chemostratigraphic constraints. The Abu
Mahara and Nafun groups are defined from outcrop and subsurface data, whereas
the stratigraphy of the Ara Group is well constructed from subsurface data (Al-
Siyabi 2005; Amthor et al. 2005). Time and lithostratigraphic equivalent
outcrops of the Ara Group are also found in the Huqf area and in the Oman
Mountains (Fig. 1.1) overlying the upper Nafun Group sediments (Brasier et al.
2000; Nicholas and Brasier 2000; Gold 2010).

The Abu Mahara Group consists of two intervals of glacially-derived
clastic sediments separated by non-glacial deep to shallow-marine clastic and
volcanic rocks (Loosveld et al. 1996; Leather et al. 2002; Allen 2007; Bowring et
al. 2007). Seismic images indicate the presence of large, N-S oriented basins of a
rift origin during deposition of the Abu Mahara Group. The formation of these
basins was probably related to regional extension, possibly due to large-scale
strike-slip tectonics, associated with subsidence and volcanism (Loosveld et al.

1996; Leather et al. 2002; Le Guerroue et al. 2005; Worthing 2005; Allen 2007).

46



Chapter 3. Regional geology

Proto-Tethys Ocean

BT e =, oW
NS ‘ HHTE =

» l'abiall she“ . & 1 . :E HA = ..‘,. 'x.‘.u‘ N

Erosional .~ N\ \

land area

SO  South Oman Salt Basin
GB  Ghaba Salt Basin

FH  Fahud Salt Basin
EGSB East Fulf Salt Basin
WGSB West Gulf Salt Basin
PSB  Punjab Salt Basin
NSSE Najd strike-slip event

Eastern margin -
of megasuturé \ Continental
\detrital belt

1000 km 3603

Figure 3.1. Restored map of NW Gondwana reconstruction at the end of the Neoproterozoic
showing an evaporite belt extending along 30°S palaeolatitude. Oman was bounded to the
south by the Arabian Shield detrital belt and to the west by Central Iran Craton. The open
ocean of Proto-Tethys Ocean was located to the north of Oman. It also shows the Najd
strike-slip tectonic event (dated 600-540 Ma; Husseini and Husseini 1990; Loosveld et al.
1996), which is linked to the development of NE-SW trending system of restricted basins in
the Oman Interior. Modified after Allen (2007).

The Nafun Group comprises a 1 km thick succession that can be
subdivided into two cycles of siliciclastic to carbonate sediments (Le Guerroue et
al. 2006a; Le Guerroue et al. 2006b; Allen 2007). The lower cycle consists of
marine mudstones, siltstones and tidal-wave sandstones of the Masirah Bay
Formation that pass gradationally into the progradational carbonate ramp of the
Khufai Formation (Allen and Leather 2006; Allen 2007). A similar lithological
order is repeated in the upper cycle from the gradational Shuram Formation
siliciclastics into the progradational Buah Formation limestones (Cozzi et al.
2004a; Cozzi et al. 2004b; Allen 2007). On regional seismic lines, the Nafun
Group appears as an extensive sheet above the structurally confined Abu Mahara
Group (Loosveld et al. 1996; Allen 2007). Therefore, the Nafun Group deposits

represent extensive regional subsidence, which enhanced the accumulation of
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open- to shallow-marine sediments (Loosveld et al. 1996; Cozzi et al. 2004a;
Allen 2007). In the absence of any intrabasinal magmatism within the Nafun
Group deposits, the Nafun basin subsidence could be explained by thermal
relaxation of the lithosphere following the Abu Mahara rifting (Loosveld et al.
1996; Allen 2007; Bowring et al. 2007). Alternatively, it could be linked to
dynamic subsidence in a retro-arc setting, related to westward subduction of an
oceanic slab beneath the Arabian Plate from the north-eastern margin of

Gondwanaland (eastern Oman; Grotzinger et al. 2002; Cozzi et al. 2004b).

Renewed tectonism, volcanism and rapid basin subsidence marked the
end of Nafun Group and the beginning of Ara Group accumulation (Amthor et al.
2005; Allen 2007; Bowring et al. 2007). Rapid Ara basin subsidence suggests a
shift from extensive regional subsidence in the Nafun basin to sedimentation in a
more active tectonic setting (Loosveld et al. 1996; Immerz et al. 2000; Allen
2007; Bowring et al. 2007), possibly related to the Najd NW-SE strike-slip
tectonic event in western Saudi Arabia (Fig. 3.1; Husseini and Husseini 1990;
Loosveld et al. 1996) and subduction of the ocean floor beneath the Arabian
Plate (Allen 2007). Thick sequences of felsic volcanic rocks overlying the Buah
Formation of the upper Nafun Group are found in both North Oman (as the lower
part of the Fara Formation) and South Oman (Abu Butabul; Nicholas and Brasier
2000). The presence of such felsic rocks and deep-water facies in the lower Ara
Group are consistent with the interpretation of a transition from the Nafun Basin
to the Ara Basin that was associated with volcanism and fault-related subsidence

(Amthor et al. 2003; Amthor et al. 2005; Allen 2007; Bowring et al. 2007).
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Figure 3.2. Simplified stratigraphic log of the Huqf Supergroup showing its main groups,
formations and lithologies (Mattes and Morris 1990; Loosveld et al. 1996; Schroder et al.
2004). The Ara Group is highlighted in grey. The A4 cycle comprises evaporites at the base,
overlain by carbonates, mudstones and a chert unit of the Athel Silicilyte. The lower A4C
cycle straddles the Precambrian-Cambrian boundary, constrained by U-Pb age-dating of
541 Ma (Bowring et al. 2007), which coincides with a negative 8"°C excursion and extinction
of Cloudina and Namacalathus fossils (Amthor et al. 2003). Sulphur isotopes in sulphate and
pyrite show parallel enrichment during Ara time (Fike and Grotzinger 2008).
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The tectonic style of deformation of the Nafun-Ara transition is
characterised by uplift of large basement blocks that compartmentalised the
broader Nafun basin into three fault-bounded smaller-scale basins: South Oman
Salt Basin, Ghaba Salt Basin and Fahud Salt Basin (Fig. 1.1; Immerz et al. 2000;
Amthor et al. 2005; Allen 2007). The western margin of these salt basins is
delineated by complex transpressional deformation fronts (Western Deformation
Front and Ghudun-Khasfah High; Fig. 1.1), which acted as a clastic-sediment
source in the upper strata of the Ara Group (Loosveld et al. 1996; Immerz et al.
2000; Amthor et al. 2005,). In contrast, the eastern margin of these basins is
characterised by onlap and thinning of the basin strata onto a structural high of

the Huqf-Haushi Axis (Fig. 1.1; Amthor et al. 2005).

Sedimentation during deposition of the Ara Group was characterised by
cyclic alternation of evaporites and carbonates (Fig. 3.2), suggesting a repeated
restriction and flooding from the open seawater, associated with a shift to a more
arid climate during this period (Mattes and Morris 1990; Schroder et al. 2003;
Amthor et al. 2005). Basin restriction from the open ocean was probably caused
by construction of new topography in the subduction zone or by the uplifted
blocks that compartmentalised the broader basin (Allen 2007). Each flooding
event replenished the water mass of the salt basins through short-lived
connectivity with the open ocean. At this time, the Proto-Tethys Ocean was
located towards the north of Oman (Fig. 3.1; see Allen 2007 for more detailed
discussion on the Gondwana assemblage). Evidence for the open seawater
connection with the South Oman Salt Basin includes high bromine
concentrations (45 to 110 ppm) in halite, which is consistent with a marine origin
of the halite-precipitating brine (Schrdoder et al. 2003). Furthermore, the presence
of Cloudina and Namacalathus fossils, which are found exclusively in marine
facies (Germs 1972; Mattes and Morris 1990), in the Ara carbonates suggests

periodic connectivity with the open ocean (Amthor et al. 2003).

3.3 Ara Group tectonism and palaeogeography

During the deposition of the Ara Group, the South Oman Salt Basin (Fig.

3.3) was also further segmented by localised subsidence, related to basement
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block faulting (Immerz et al. 2000; Grotzinger et al. 2002; Allen 2007).
Consequently, the South Oman Salt Basin was subdivided into three
palacogeographical domains. These domains include two carbonate platforms
(Eastern Flank and Birba Platform) separated by a deep, sediment-starved basin
of the Athel Basin (Figs. 3.3-3.5; Amthor et al. 2005; Schroder and Grotzinger
2007). There are several lines of evidence to suggest differential and repeated
subsidence of these domains, which controlled the pattern of sediment

accumulation, in particular:

1. Precipitation of thick evaporites on top of the Birba Platform (Fig. 3.5)
required a high level of subsidence that led to significant creation of
accommodation for evaporites to precipitate (Schroder et al. 2003; Amthor et
al. 2005; Schroder et al. 2005; Bowring et al. 2007).

2. On the Eastern Flank Platform, evaporite-free carbonate sediments are
encountered (Fig.3.5), suggesting reduced accommodation due to lower
subsidence rates (Schroder et al. 2003; Amthor et al. 2005).

3. The Athel Basin contains both shallow-shelf and basinal facies separated by a
shelf edge (Fig. 3.5; Mattes and Morris 1990; Amthor et al. 2005).

51



Chapter 3. Regional geology

T T
55° 56°
=
Fig.3.5
ﬁ/
. ~» Northern
. Fig.34 Carbonate
| S
- Western
Margi
y Eastern Flank
/
Birba”
Plgtform
| % /
/
Southerfi
Carbonate
/Domai Presen.t d.ay 50km
salt limit

Figure 3.3. Enlargement map of the South Oman Salt Basin showing the two carbonate
platforms of Birba and Eastern Flank and between them the Athel Basin. The Athel
Silicilyte and mudstones of the A4C cycle precipitated only in the Athel Basin, while the
time-equivalent carbonate rocks precipitated on the platforms. Modified after Amthor et al.
(2005) and Schroder and Grotzinger (2007).

Platform areas became sites for carbonate deposition, while organic-rich
mudstones and cherts of the Athel Silicilyte accumulated in the Athel Basin
during transgressive and highstand conditions. Evaporites accumulated on
platform areas and in the Athel Basin during lowstand conditions. Repeated
subsidence, restriction and flooding of the South Oman Salt Basin result in at
least six third-order shallowing-upward carbonate-evaporite cycles termed
AO0/A1 to A6, from bottom to top (Fig. 3.2; Amthor et al. 2005). The basal Ara
carbonate unit (A0Q) appears to have been precipitated prior to basin restriction as

it contains no evaporites. Each subsequent cycle contains carbonates (A1C-A6C,
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C stands for carbonate) and evaporites (A1E-A6E, E stands for evaporite).
Hence, each carbonate unit is enclosed between two evaporite units, one from the
same cycle and one from the overlying cycle. Ara Group lithostratigraphy and

basin reconstruction are discussed in detail in subsections 3.4 and 3.5.
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Figure 3.4. (A) A geological cross section showing the South Oman Salt Basin between the
Western Margin and the Eastern Flank (see Fig. 3.2 for cross-section line). The Ara Group
evaporite-carbonate units overly the faulted Buah limestone rocks of the upper Nafun
Group. Buah faulting is related to the tectonic-style deformation and subsidence. Faulting
on the Western Margin shifted the South Oman Salt Basin depocenter to the west. (B) Ara
salt geometry caused by strong diapirism and salt down-building triggered by 2-km thick
accumulation of the Haima clastics. Carbonates, clastics and the Athel Silicilyte of the Ara
Group are entrapped within salt domes and fragmented as a result of salt movement. (A)
modified after Loosveld et al. (1996) and (B) after Schoenherr et al. (2009).

3.4 Ara Group lithostratigraphy in the South Oman Salt Basin

The Ara Group is subdivided into four main formations, from bottom to
top: Birba, ‘U’, Athel, Al Noor and Dhahaban. The Ara Group lithostratigraphy

1s summarised in Fig. 3.2.
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The Birba Formation consists of carbonate and evaporite units of A0-A3
cycles (Amthor et al. 2005). The carbonate units range in thickness from 50-200
m and are mainly composed of dolomites with minor limestones (Amthor et al.
2005). The evaporite units generally comprise 10-20 m thick anhydrite layers at
the base and top of each evaporite unit, with 50-200 m thick halite and potash
salt layers between the anhydrite layers (Schroder et al. 2003; Amthor et al.
2005).

The “U” and Athel formations were deposited during the A4 cycle. The
“U” Formation comprises up to 1000 m thick evaporites (anhydrite and salt;
Schroder et al. 2003), 50-150 m thick dolomites (Schroder et al. 2005) and 80 m
thick organic-rich mudstones of the U Shale (Amthor et al. 2005; Schroder and
Grotzinger 2007). The Athel Formation consists of up to 390 m thick Athel
Silicilyte (Amthor et al. 2005), 120 m thick organic-rich mudstone of the
Thuleilat Shale and 50-150 m thick Athel dolomites (Amthor et al. 2005;
Schréder and Grotzinger 2007). Stratigraphically, the Athel Silicilyte is bounded
by the U-Shale and the Thuleilat Shale, which are all enclosed between A4 and
AS evaporites (Fig. 3.2).

The Al Noor Formation, which was deposited during the A5 and lower
A6 cycles, consists of evaporites, carbonates and siliciclastics. The evaporite unit
comprises more than 1,000 m thick anhydrites, halites and potash salts (Amthor
et al. 2005). The carbonates (10-50 m thick) comprise both thrombolite pinnacle
reefs of shallow-water and deep-water environments. Siliciclastic rocks (ranging
from a few metres to up to 230 m thick) are found at the bottom of A6 cycle
intercalated with evaporites (Amthor et al. 2005).

The Dhahaban Formation, which forms the upper part of the A6 cycle,
consists of shallow- to deep-water carbonates. These carbonates interfinger with
red-brown siliciclastic mudstones towards the west of the South Oman Salt Basin
(Amthor et al. 2005). Siliciclastic material was probably derived from
topographically high areas of the Western Deformation Front and Ghudun-
Khasfah High (Fig. 1.1; Amthor et al. 2005).
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3.5 Ara basin reconstruction

A geological model to illustrate the tectonostratigraphic evolution of the
Ara Group (Fig. 3.5) was developed by Amthor et al. (2005) based on
stratigraphic and seismic reconstructions using the extensive subsurface data
from the South Oman Salt Basin. This model is summarised and grouped into
three main phases: Birba platform growth, “U”/Athel depositional cycle and Al
Noor/Dhahaban depositional cycle.

3.5.1 Phase one

The growth of the Birba platform was initiated by a major tectonic event
that restructured the depositional basin. Volcanic ash beds found at the A0 cycle,
at the base of Birba Formation, are consistent with an active deformational
setting. The Birba platform rim developed into a steep shelf-edge with a vertical
relief of at least 400 m. Towards the southwest of the Birba Platform, an intra-
platform shelf developed (i.e. Southern Carbonate Domain, Fig. 3.5). In front of
the Birba Platform, to the northeast, a starved basin developed, which was
segmented into structural highs and lows with a vertical relief of more than 200
m. During transgressive and highstand conditions, carbonates (A0/1C-A3C) were
precipitated in the intra-platform margin and in the Eastern Flank. In the starved
basin, only argillaceous limestones and minor amounts of mudstones (condensed
sections) were deposited. During lowstand conditions, the Birba Platform acted
as a barrier resulting in restricted conditions in the intra-platform shelf. Hence,
evaporite deposits are only found to the southwest of the Birba Platform (Fig.

3.5).

3.5.2 Phase two

The second phase representing the “U”/Athel depositional cycle (A4)
was marked by a major drop in relative sea level, and tectonically controlled
basin subsidence. Consequently, high areas, i.e. carbonate platforms, became
subaerially exposed. The maximum relief between basin floor and basin margin

could have been as high as 200 metres. As a result, a thick evaporite unit (A4E)
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accumulated on the basin floor, onlapping the exposed basin margins. Following
the onset of the next relative sea level rise, carbonates of the “U” and Athel
formations developed on depositional highs, whilst the U Shale was deposited in
the basinal areas. The Athel Silicilyte was deposited only in the deepest parts of
the basin, within a series of fault-bounded mini-basins (Fig. 3.5), which were
developed as a result of strong differential subsidence in the starved basin. With
the onset of the next relative sea level fall, deposition of the Athel Silicilyte gave

way to the deposition of the Thuleilat Shale and Athel carbonates.

3.5.3 Phase three

The Al Noor and Dhahaban formation (A5 and A6 cycles) deposition was
initiated by a combination of strong basin subsidence and transient flooding,
resulting in the deposition of evaporites both in basinal areas and on carbonate
platforms that were formed during the previous A4 cycle (Schrdoder et al. 2003).
The strong tectonic subsidence created enough accommodation for the lowstand
evaporites to blanket the highstand carbonates (Amthor et al. 2005; Schrdoder et
al. 2005). The Western Deformation Front was undergoing differential
subsidence, which created high-relief areas of a westerly-sourced clastic material
that was deposited interbedded with evaporites. Additionally, the distribution of
the carbonate facies and their geometries, and the presence of isolated carbonate
build-ups and deep-water mudstones within the A5 and A6 cycles all suggest a

significant accommodation differentiation during deposition of these cycles.

Finally, the sedimentation of the Ara Group evaporite-carbonate
depositional cycles was terminated by the deposition of continental Haima
Supergroup clastics (Millson et al. 1996; Amthor et al. 2005). The differential
loading of up to 2 km thick of Haima clastics above the Ara salt resulted in
strong diapirms and down-building of salt (Fig. 3.4B; Heward 1990; Loosveld et
al. 1996; Schoenherr et al. 2009).

The different Ara Group facies of shallow-water carbonates (reservoir
rock) and basinal organic-rich mudstones (source rock) that are enclosed by

evaporites (seal) created an ideal geological setting for hydrocarbon
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accumulation and preservation (Schroder et al. 2003; Al-Siyabi 2005; Amthor et
al. 2005; Schroder et al. 2005).
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Figure 3.5. Schematic diagram illustrating a reconstruction of the Ara basin and the
evolution of the Ara Group cycles. Ara cycles and basin evolution comprise three phases.
Phase 1: carbonates of the A0/A1-A3 (Birba carbonates) deposited during transgressive and
highstand conditions, and evaporites precipitated during lowstand conditions recording
basin restriction. Phase 2: strong subsidence that segmented the starved basin into
palaeogeographic highs and lows, resulting in the precipitation of the Athel Silicilyte in the
basin centre during highstand conditions bounded by transgressive mudstones (U Shale and
Thuleilat Shale). Contemporaneous, carbonate units precipitated on the adjacent platforms.
Phase 3: strong subsidence and complete restriction of the basin, which resulted in
evaporite accumulation on deep basin floors and shallow carbonate platforms. The
interbedding of clastics and evaporites are to the result of tectonism on the Western
Deformation Front, which created a westerly clastic source. Modified after Amthor et al.
(2005).
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3.6 Ara Group chronostratigraphy

The Ara Group contains multiple ash beds that have been used for U/Pb
dating in order to constrain the duration of the Ara Group cycles, as well as
global correlation for the Ara Group stratigraphy (e.g. Amthor et al. 2003;
Bowring et al. 2007). Recently, Bowring et al. (2007) have constructed the
timing of the Ara Group deposition using U/Pb zircon dating from four ash beds
within the Ara cycles (Fig. 3.2). The first ash bed occurs in the middle part of the
A0 cycle, which was dated at 546.72 + 0.21 Ma. The second and third ash beds
occur at the base and top of the A3C cycle, dated at 542.90 + 0.12 Ma and
542.33 £0.11 Ma, respectively. The fourth ash bed occurs at the base of the A4C
and dates at 541 + 0.13 Ma. Based on this, deposition of the Ara group is
estimated to have occurred between 547 Ma to 540 Ma.

The duration of each evaporite-carbonate cycle can be estimated
according to the age of the ash beds found within the Ara cycles. The age
difference between middle A0 and base A3C (three and a half cycles) ranges
from 4.1 to 4.7 million years, which yields an average of 1.2 to 1.3 million years
per cycle. The duration of the A3C half cycle is calculated from the age
difference between its base and top (approximately 0.3 to 0.8 million years). The
age difference between the top A3C and base A4C suggests a duration of 1.1 to
1.6 million years for the A4E (evaporite) half cycle (Bowring et al. 2007).

3.7 Ara Group chemostratigraphy

The base of A4C shows an abrupt decrease in §'3Cearty from +2 %o PDB
(Pee Dee Belemnite) to -7 %o , and then gradually increasing to -2 %o through the
rest of the A4 cycle (Amthor et al. 2003). All carbonate units (A0-A3 and AS5)
show positive values of 8" Ceu from 2.5 %o to 3.5 %o (Fig. 3.2). The negative
8"Can. excursion (lasted for ~ 1 Ma) recorded in A4C is interpreted to reflect
seawater composition that was enriched by isotopically light carbon ('2C). Light
carbon can be derived from organic-matter degradation (e.g. by sulphate-
reducing bacteria in the anoxic deep water), increase in mantle-derived carbon

and a crash in basin primary productivity (e.g. Hsii and McKenzie 1985; Knoll et
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al. 1986; Knoll et al. 1996; Walter et al. 2000). Expansion or overturn of the
anoxic deep water had been invoked to explain the negative excursion recorded
in A4C carbonated (Schroder and Grotzinger 2007, see also Kimura et al. 1997;
Strauss 1997; Bartley et al. 1998). This interpretation is supported by sulphur and
molybdenum isotopic data (below), which suggest development of anoxia as a
result of dominate process of sulphate reduction in the South Oman Salt Basin

deep water.

Sulphur isotope data show parallel enrichment of paired sulphate
(8°*Sso4) and pyrite (5°*Spyr) throughout the Ara Group (Fig.3.2; Fike and
Grotzinger 2008). An increase in 6348504 from around 20 %o CDT (Canyon
Diablo Troilite) to 42 %o is observed, which is associated with an increase in
8**Spyr from around -15 %o to 10 %o. Schroder et al. (2004) carried out a detailed
sulphur isotopic study on the A4C cycle, which shows sulphur isotope average
values of 37.7 %o and 0.81 %o for 6348504 and 634Spyr, respectively. Whereas, the
typical values of 8**Ssos during the Late Neoproterozoic-Cambrian time are in
the range from 15 to 25 %o (Strauss 1993; Canfield 1998; Fike et al. 2006;
Kaufman et al. 2007; McFadden et al. 2008). This segregation in the sulphur
isotope values between sulphate and pyrite during the A4C cycle is interpreted to
have been influenced by the activity of sulphate-reducing bacteria that reduce
SO4~ to HS™ (Schréder et al. 2004). The produced HS is enriched in light sulphur
isotope (**S) and may ultimately be incorporated into pyrites and/or organic-
matter, whereas the residual SO47 is enriched in heavy sulphur isotope (**S) that
is incorporated into evaporite minerals, reflecting the isotopic composition of

seawater (Claypool et al. 1980; Strauss 1993; Strauss 1997; Canfield 1998).

Molybdenum isotope (°**°Mo) data of the mudstones and Athel Silicilyte
of the A4 cycle show a positive transit signal, with an overall value of 61.2
%95 Mo relative to J&M Mo standard (Wille et al. 2008). At the base of the U-
Shale, the 98195 MojgM standard Values spike from 0.79 to 1.30 (J&M Mo standard)
and then decrease through the upper Athel Silicilyte until they reach a value of
1.01 (J&M Mo standard), recorded in the Thuleilat Shale. A similar overall Mo
isotopic composition of 061.1 98195 MojeMm standard 18 found in the Precambrian-

Cambrian Chinese sulphide marker bed, leading to the interpretation of seawater
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being the main source of the Mo signal (Wille et al. 2008). Mo is redox-sensitive
and it is removed from the water column without fractionation in sediments
accumulated under euxinic conditions, and hence it should reflect the seawater
value of 2.3 = 0.2 (Arnold et al. 2004). Whereas, in oxic conditions, sediments
preferentially adsorb isotopically light Mo (e.g. Mn-oxide has an average o
%95Mo value of -0.7; Barling et al. 2001; Arnold et al. 2004). The 8”%"Mo signal
observed in the Athel Silicilyte is therefore interpreted to record intense
upwelling of hydrogen sulphide-rich deep waters (Wille et al. 2008), consistent
with the disappearance of shallow-marine fossils of Cloudina and Namacalathus
in the basin (Amthor et al. 2003). The significance of these data to this study will
be evaluated in Chapter 6 (section 6.5) and consequently linked to the findings.

3.8 Dating the Precambrian-Cambrian boundary

The Precambrian-Cambrian boundary has been interpreted globally based
on biogeochemical, geological and biological characteristics (e.g. Brasier 1989;
Bowring et al. 1993; Strauss 1993; Grotzinger et al. 1995; Knoll et al. 1995;
Strauss 1997; Kimura and Watanabe 2001; Amthor et al. 2003; Bowring et al.
2007; Wille et al. 2008). The A4C unit records changes in biogeochemical
cycles, including negative excursions of marine 8°C (Amthor et al. 2003),
segregation between light and heavy sulphur isotopes (Schrdder et al. 2004; Fike
and Grotzinger 2008) and a transit signal of &**Mo (Wille et al. 2008).
Furthermore, the A4C is marked by the disappearance of the Ediacaran Cloudina
and Namacalathus body fossils, which are common in A0O to A3 carbonate units
(Amthor et al. 2003). Therefore, the Precambrian-Cambrian boundary is placed
at the base of A4C. This boundary is constrained by an absolute U-Pb age of 541
+ 0.13 Ma (Bowring et al. 2007; previously dated at 542 + 0.3 Ma by Amthor et
al. 2003). Negative 513 Cearb €xcursions of similar magnitude and duration to the
A4C and the extinction of Cloudina and Namacalathus are recorded at the
Precambrian-Cambrian boundary in some stratigraphic sections globally (e.g.
Brasier 1989; Brasier et al. 1990; Bowring et al. 1993; Grotzinger et al. 1995;
Knoll and Carroll 1999; Grotzinger et al. 2000; Hofmann and Mointjoy 2001;

Kimura and Watanabe 2001). This interpretation also supports the conclusion
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that the Precambrian-Cambrian transition occurred during the A4C (Amthor et

al. 2003; Bowring et al. 2007; Schroder and Grotzinger 2007).

61



Chapter 4.

Chert accumulation and
distribution

62



Chapter 4. Chert accumulation and distribution

4.1 Introduction

This chapter provides a description of silica geochemistry (diagenesis and
solubility) and provides a brief description of the different types of cherts found
in the sedimentary strata from the Precambrian to the present day. In particular,
chert depositional environments and controls on precipitation and distribution are
discussed. At the end of this chapter, secular changes in chert distribution

throughout the Precambrian and the Phanerozoic is reviewed.

4.2  Silica Geochemistry

The geochemistry of silica has been reviewed in detail by Iller (1979),
Astor (1983), Williams and Crerar (1985), and Williams et al. (1985). Here,

silica polymorphs, diagenesis and solubility are briefly reviewed.

4.2.1 Silica polymorphs and diagenesis

Silica principally has three polymorphs, including opal-A (amorphous
silica), opal-CT (mixed phase of cristobalite and tridymite) and quartz (Iller
1979; Williams et al. 1985). Opal-A is a hydrous form of silica (Si0,.nH,0) with
a water content varying from 2 to 13 wt% and it has no crystal structure.
Amorphous silica is a major constituent of tests and skeletons of diatoms,
silicoflagellates, radiolaria and silicisponges, and it is also found in dissolved
silica-rich settings, e.g. hydrothermal and evaporitic settings (Hein et al. 1978;
Williams et al. 1985; Greensmith 1988; Eversull and Ferrell 2008). Opal-CT is
also a hydrous form of silica, but with a more ordered crystalline structure and
comprising alternating layers of cristobalite and tridymite (Williams and Crerar
1985; Eversull and Ferrell 2008). Quartz is an anhydrous stable form of silica
(Si0,) with a crystalline structure. These different polymorphs of silica are
principally identified by X-ray diffraction (XRD) analysis on the basis of their
structure and crystallinity (e.g. Hein et al. 1978; Helz et al. 1996). The XRD
typical pattern of each silica polymorph is shown in Fig. 4.1. Generally, opal-A
shows a broad peak, and the peak narrows as opal-A is converted to opal-CT and

then to quartz (e.g. Elzea and Rice 1996; Eversull and Ferrell 2008).
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Figure 4.1. XRD patterns of silica polymorphs: opal-A, opal-CT and Quartz. Opal-A shows
a broad peak and the peak narrows as it is transformed to quartz. It also shows structure of
the two end-memebr; amorphous silica and quartz. Amorphous silica shows no crystalline
structre, whilist quartz has well-defined crystalline stucture. These structures shown here
are two dimensional and each silicon atom is actually attached to three oxygen atoms (not
two atoms as shown), three diamensional buliding block is show next to the quartz
structure. XRD patterns are modified after Pisciotto (1981) and structure lattice modified
after Brown et al. (2000).

In sedimentary systems, under ambient temperatures and pressures, silica
usually precipitates inorganically from a medium that is supersaturated with
respect to all silica polymorphs (Williams et al. 1985). Precipitation of opal-A is
kinetically favoured over precipitation of the thermodynamically more stable
phase of quartz (Williams and Crerar 1985; Williams et al. 1985; Hinman 1998).
Biogenic or inorganic Opal-A can then be transformed to crystalline quartz
through a series of dissolution-reprecipitation reactions; opal A to opal-CT and
opal-CT to quartz (e.g. Keller and Isaacs 1985; Williams and Crerar 1985;
Hinman 1998). Transformation of silica phases is mainly controlled by
temperature and time (Hein et al. 1978; Kastner and Siever 1983; Keller and
Isaacs 1985; Williams et al. 1985), and hence the burial depth. Studies of diatom
ooze cores from Deep Sea Drilling Project (DSDP) sites suggest that the opal-A
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to opal-CT conversion occurs at an average temperature (35-50 °C), typically
between 300 to 1000 m burial depth, which can take up to a few million years,
while conversion of the opal-CT to quartz may take more than 50 million years

under similar conditions (Hein et al. 1978).

4.2.2  Silica Solubility

The most important factors affecting silica solubility in waters are pH
and temperature (Fig. 4.2 & 4.3), whilst the affect of pressure is not significant
(e.g. lller 1979; Williams et al. 1985). At 25 °C, the solubility of opal-A is 120-
140 ppm, opal-CT is 25-60 ppm and quartz is 6-10 ppm (Kastner and Siever
1983; Williams et al. 1985). An increase in pH and/or temperature will increase
the solubility of different silica phases and vice versa (Fig. 4.2 & 4.3; e.g. Iller
1979; Williams et al. 1985). The threshold of pH for silica solubility is around
pH 9; silica solubility dramatically increases above 9, whilst it hardly changes
below 9 (Fig. 4.2; Krauskopf 1967; Iller 1979). Correspondingly, high
concentrations of dissolved silica are generally found in high temperature
hydrothermal fluids (e.g. Williams et al. 1985; Konhauser and Ferris 1996;
Konhauser et al. 2001 ), high pH evaporitic and hyperalkaline environments (e.g.
Peterson and von der Borch 1965; Jones et al. 1967). A drop in temperature
and/or pH will initiate silica precipitation. For example, emplacement of
hydrothermal fluids in near surface settings, mixing with less saline waters that
are characterised by lower pH, and/or organic matter degradation (related to pH
drop as a result of H", HS™ and CO, production) will lower silica solubility, and

hence silica will precipitate from solution.
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Figure 4.2. Quartz and amorphous silica (opal-A) solubility at 25 °C as a function of pH.
Solubility of quartz and amorphous silica dramatically increases above pH 9, whilst it
hardly changes below pH 9. Modified after Krauskopf (1967) and Warren (2006).
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Figure 4.3. Amorphous silica solubility (ppm) as a function of temperature (°C).
Amorphous silica solubility increases as temperature increases from 0 to 350 °C. Modified
after Gunnarsson and Arnérsson (2000).
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4.3 Chert accumulation

Chert is a generic term for siliceous sedimentary rocks that have a
chemical, biochemical (microbially mediated) or biogenic origin. Cherts are
chiefly composed of quartz that has different forms, including micro, mega,
fibrous and chalcedonic quartz (Maliva and Siever 1989a; Knauth 1994). These
forms are originally precipitated as amorphous silica from an aqueous solution

and then transformed to quartz during diagenesis (section 4.2.1).

Cherts in sedimentary strata are preserved in various forms, the most
common being bedded and nodular (e.g. Maliva and Siever 1988b; Maliva and
Siever 1989b; Siever 1992; Maliva et al. 2005). Bedded chert is principally found
interbedded with other sedimentary rocks, such as mudstone, carbonate and iron
(in Banded Iron Formations [BIFs]). Nodular cherts occur as a cement filling
voids and cavities, replacing pre-existing minerals, such as carbonate and
evaporite minerals, or a permineralising organic layer (e.g. Knoll 1985;
Simonson 1985; Maliva et al. 1989; Maliva and Siever 1989b; Knauth 1994;
Maliva et al. 2005). Various forms of chert are found throughout the geological
record. The following sections briefly review cherts found in sedimentary strata

from the Precambrian to the present day.

4.3.1 Modern

Modern day primary (i.e. non-diagenetic) chert deposition is mainly
controlled by productivity of siliceous organisms domintated by diatoms, with a
minor contribution from radiolarians and siliceous sponges (Maliva et al. 1989;
Siever 1989; Siever 1991; Kidder and Erwin 2001; Maliva et al. 2005). Chert
deposition in modern settings is principally restricted to marine environments,
while a small amount of silica is precipitated in hydrothermal and hyperalkaline

environments.
Marine environments

Silica deposition on the modern sea floor is mainly biologically

controlled by silica-secreting organisms that are located within areas of high
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primary organic productivity, especially regions of extensive nutrient upwelling
(Maliva et al. 1989). Silica depostion takes place primarily by pelagic
sedimentation in two principal oceanic environments. The first is the open ocean
pelagic realm where silica accumulates as layers of siliceous organisms (siliceous
ooze) with little dilution by terrigenous input. These siliceous oozes might mix or
interlayer with pelagic clay and carbonate nannofossil oozes (Hein et al. 1978;
Maliva et al. 1989). The second environment accounting for biological silica
accumulation is the active continental margin basin, typically fore- and back-arc
basins and deep troughs created by transforms of spreading centres (Maliva et al.
1989). The Gulf of California is a typical example of such an environment,
where high nutrient upwelling triggers high diatom productivity in the surface
waters and the water circulation from the open Pacific ocean ensure the supply of
nutrients and dissolved silica to maintain diatom productivity (Maliva et al.
1989). Large volumes of diatomaceous ooze accumulate on the Gulf floor, where
they are mixed with terrigenous material and phosphorites (Maliva et al. 1989).
Siliceous o0o0ze accumulation in shallow subtidal shelf and platforms
environments is not common as the water is typically dissolved silica poor, thus
limiting siliceous organism productivity and/or there is a high terrigenous input

that dilutes accumulated silica (Maliva et al. 1989).

Hyperalkaline environments

Hyperalkaline environments show small volumes of abiotic (i.e.
inorganic) silica precipitation. For example, the Coorong Lagoon (Mg-rich
carbonate lake) of South Australia is rich in dissolved silica (up to 400-500 ppm;
Peterson and von der Borch 1965). High silica concentrations are linked to high
pH values (9.5-10.2; Fig. 4.2) as a result of CO, consumption by photosynthesis
during humid seasons. In such high pH environments, detrital silicate minerals
coming to the lake by weathering are dissolved leading to high silica
concentrations. In the dry season, the lake dries-up as a result of high
evaporation, and hence dissolved silica is concentrated in porewaters. Below the
sediment-water interface, there is a zone of vegetation decomposition in which

the pH of porewaters is as low as 6.5 as a result of released CO, from vegetation
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decomposition. Eventually, silica precipitates form very thin discontinuous layers

(1 cm thick and 10 cm long; Peterson and von der Borch 1965).

Other examples of hyperalkaline environments are Lake Magadi in
Kenya and Albert Lake basin in the USA, both showing high silica
concentrations (up to 2700 ppm; Jones et al. 1967). Inorganic precipitation of
silica in these hyperalkaline environments is linked to fresh water input, which
lowers the pH (Jones et al. 1967; Eugster 1969). In Lake Magadi a hydrous
sodium silicate mineral (magadiite; NaSi;O;3 (OH)3;.3H,O) precipitates.
Subsequent leaching of sodium by ground waters results in a pure silica

precipitate (Eugster 1969; Schubel and Simonson 1990).

Hydrothermal environments

Silica precipitation is encountered in hot spring environments (siliceous
sinters), such as the Icelandic hot springs (Konhauser and Ferris 1996;
Konhauser et al. 2001; Konhauser et al. 2002) and Yellowstone National Park,
USA (Ferris et al. 1986; Hinman and Lindstrom 1996; Cady and Farmer 1996 ).
Hydrothermal fluids are rich in dissolved silica (400 ppm at 100 °C) and upon
rising to the surface, they become supersaturated with respect to amorphous
silica as a result of rapid cooling, steam loss and evaporation, mixing and
changing in fluid pH (e.g. Konhauser et al. 2004). Consequently, silica
inorganically precipitates filling void spaces and cavities in sinters, and/or on
organic surfaces (microbial mats, leaves and woods; Renaut et al. 1998;

Konhauser et al. 2004; Konhauser et al. 2008).

4.3.2 Phanerozoic

Phanerozoic bedded and nodular cherts were deposited mainly by
recrystallisation of siliceous oozes and replacement of carbonate and evaporite
minerals (Maliva et al. 2005). Dissolution of buried siliceous organisms has been
supplied as the principal source for the silica in nodular cherts (Maliva and
Siever 1989a; Maliva and Siever 1989b; Kidder and Erwin 2001). Generally,
radiolaria and sponges played an important role from the Cambrian to the Late

Cretaceous in removing dissolved silica from seawater and precipitating it as
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sediments, whilst diatoms have dominated since the mid Cretaceous (Maliva et

al. 1989).

Bedded cherts

Bedded cherts are typically found in basinal settings interbedded with
terrigenous material (e.g. clay and silt-sized quartz), carbonates and volcanic ash,
producing rhythmic alternations (ribbon cherts); each bed is typically millimetres
to centimetres thick (Fig. 4.4). Bedded cherts have an origin comparable to that
of present day siliceous oozes produced from pelagic settling of siliceous
organisms under high productivity as a result of high nutrient upwelling in these
settings (section 4.3.1; Maliva et al. 1989; Maliva et al. 2005). Subsequent burial
and diagenesis recrystallised these siliceous oozes to form cherts (section 4.2.1;
Hein et al. 1978; Maliva et al. 1989; Knauth 1994). The alternation between chert

and terrigenous beds are interpreted as a result of seasonal changes in

productivity and/or change in terrigenous supply (lijima et al. 1983; Maliva and

Siever 1989a).
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Figure 4.4. Outcrops pictures showing bedded cherts. (A) a diatomite chert of the Monterey
Formation (Miocene), Berkeley, California, USA. (B) a radiolarian chert of the Hida River
(Triassic-Jurassic), Kamiaso, Japan. Modified after Maliva et al. (1989).

Nodular cherts

Nodular cherts typically occur as discrete replacive bodies mostly within
limestone and dolomite formations (Maliva and Siever 1989b). They range in
size from a few centimetres to meter-sized lenses; the majority are smaller than
half a meter (Fig. 4.5 A; Maliva and Siever 1989b; Knauth 1994). Authigenic
quartz might be finely disseminated throughout the host rock matrix or
concentrated along bedding planes (Gao and Land 1991; Knauth 1994). In some

cases, silica selectively replaces carbonate skeletons, burrows and stromatolitic
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or microbial layers in calcareous sediments (Maliva and Siever 1989b; Gao and
Land 1991; Kidder and Erwin 2001). Preservation of precursor original textures
and microbial layer structures are often evident for these types of chert

replacement.

The mode of nodular chert replacement could suggest that the
intraformational distribution of nodular cherts was controlled by permeability
and organic matter contents (Knauth 1979; Knoll 1985). Fluid transport in
permeable beds could have allowed dissolved silica to concentrate in porewaters
above amorphous silica solubility, and hence trigger chert precipitation. Whilst
organic matter availability could play a role by changing the local pH during
diagenesis (related to the production of acidic CO,, H" and HS"), which would
lead to carbonate dissolution and silica precipitation (Clayton 1986; Knauth
1994). The preservation of uncompacted precursor grains (Fig. 4.5 B) and the
presence of draped laminae around nodular cherts in some example suggest that
silica precipitation took place during early diagenesis below the sediment-water
interface, before significant compaction (Maliva and Siever 1989a; Maliva and

Siever 1989b; Gao and Land 1991; Knauth 1994).

The source of silica in nodular cherts is interpreted to be principally
derived from the dissolution of siliceous organisms (Maliva and Siever 1988a;
Maliva and Siever 1989b; Maliva et al. 2005). Consequently, the distribution of
nodular cherts between different depositional environments reflects evolution
and activity of silica-secreting organisms in the water column (Maliva et al.
1989; Kidder and Erwin 2001; Kidder and Mumma 2003) and this is discussed in
section 4.4. Generally, nodular cherts are common in low energy subtidal and
basinal settings. However, they are also found in early Cambrian to mid-
Ordovician shallow platforms and high energy settings, in addition to low energy

subtidal and basinal settings (Maliva et al. 1989).

71



Chapter 4. Chert accumulation and distribution

Flgure 4.5. (A) Outcrop plcture of nodular chert (dark) in limestone of the Onondaga
Limestone (Middle Devonian), near Nedrow, New York, USA. (B) Optical microscope
image showing chert nodule replacing oolite prior to significant compaction in the Mines
and Gatesburg Formations (Upper Cambrian), Pennsylvania, USA. Modified after Maliva
et al. (1989).

Cherts replacing evaporite minerals

Nodular cherts are also found to have replaced anhydrite and gypsum
minerals in Phanerozoic strata that were deposited in hypersaline environments,
e.g. geode cherts in the Lower Mississippian strata of southern Kentucky and
northern Tennessee, USA (Milliken 1979; Maliva 1987). The presence of
anhydrite and gypsum minerals and their pseudomorphs within quartz crystals
supports an evaporite-replacement origin (Milliken 1979; Maliva 1987; Maliva et
al. 2005). Silicification of evaporite minerals normally begins from the outer part
of the evaporite mineral and then proceeds inwards towards the centre (Milliken
1979; Henchiri and Slim-S'Himi 2006). High concentrations of dissolved silica in
these evaporitic environments result from water volume reduction and high pH
values, which permit dissolved silica to build up (e.g. Hesse 1989; Schubel and
Simonson 1990; Dove 1994). Silica precipitation is linked to a change in
porewater pH, possibly induced by mixing with less saline water (phreatic
fluids), which are characterised by lower pH values, thereby reduce silica
solubility (Fig. 4.2; Milliken 1979; Warren 2006). Consequently, this less saline
water leads to dissolution of evaporite mineral and their replacement with silica

(Eugster 1969; Milliken 1979).

4.3.3  Precambrian

The Precambrian predates the major evolution of silica-secreting
organisms. Although siliceous sponge spicules have recently been found in some

Ediacaran deposits in south Australia (Gehling and Rigby 1996) and in southwest

72



Chapter 4. Chert accumulation and distribution

Mongolia (Brasier et al. 1997), their low abundance in these localities suggests
that they did not play a major role in silica precipitation during the Precambrian.
Therefore, Precambrian seawater must have been riches in dissolved silica than
the Phanerozoic in the absence of any effective biogenic mechanism for its
removal (Siever 1992; Saylor et al. 1998; Maliva et al. 2005; Perry and Lefticariu
2007). The oceanic silica concentrations might have reached opal-CT saturation
(60 ppm) or amorphous silica saturation (120-140 ppm; Holland 1984; Siever
1992; Morris 1993). In order to balance silica input from continental weathering
and hydrothermal fluids, silica removal during the Precambrian must have been
controlled by chemical (inorganic) and/or biochemical processes. These
processes include reactions with clay minerals and zeolites, replacement of
carbonate and evaporite minerals, permineralisation of organic matter, and
coprecipitation with iron minerals in BIFs ( Melnik 1982; Ewers 1983; Birnbaum
and Wireman 1984; Siever 1992; Knauth 1994; Simonson and Hassler 1996;
Simonson 2003; Fischer and Knoll 2009).

Cherts throughout the Precambrian are found in shallow water peritidal
settings and in basinal settings. In particular, basinal cherts are only found in
Archean and Paleoproterozoic strata (> 1.8 Ga) interbedded with BIFs, whereas
shallow water peritidal cherts are common throughout the Precambrian (Knoll
1985; Maliva et al. 2005). Therefore, basinal bedded cherts in the Phanerozoic do
not have an analogue in the Upper Precambrian (< 1.8 Ga; Mesoproterozoic and
Neoproterozoic; Maliva et al. 2005). The cherts found in these two setting are

described below.

Peritidal cherts

Precambrian primary and early diagenetic cherts mostly occur in shallow
peritidal and subtidal carbonate. They mainly precipitated by replacing carbonate
and evaporite minerals, as well as silicifying organic laminae (Knoll 1982; Knoll
et al. 1991; Maliva 2001; Maliva et al. 2005). Different modes of silicification
can be found within some formations and even within some individual samples
(e.g. Knoll 1985; Maliva et al. 1989; Maliva et al. 2005). Their textures and

paragenesis are similar to Phanerozoic carbonate replacement cherts (e.g. Maliva
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2001). For example, shallow water facies of the Draken Formation of the
Akademikerbreen Group (700-800 Ma from Spitsbergen) show early diagenetic
chert that formed as ellipsoidal to irregular nodules (Fig. 4.6A), individually
silicified carbonate minerals and conglomerate void-cementation. Individually
silicified organic laminae are present as well (Fig. 4.6 B), which are interpreted
to indicate a microbial mat and stromatolitic origin (Knoll 1982; Maliva et al.
1989; Fairchild et al. 1991; Knoll et al. 1991; Maliva et al. 2005). Microtextures
of these cherts suggest early diagenetic replacement of carbonates prior to
significant compaction, while silicification of organic laminae and void space
cementation in conglomerates is interpreted to be a direct precipitation from
seawater (Knoll 1985; Maliva et al. 1989; Knoll et al. 1991; Maliva et al. 2005).
Silicification of the precursor carbonate is evident by the presence of dolomite
inclusions, while the preservation of tightly interwoven microbial filaments is
evidence of a microbial mat origin (Maliva et al. 1989; Knoll et al. 1991; Maliva

et al. 2005).

Chert distributions in Upper Precambrian strata largely correlate with
organic-rich facies. Relative permeability is also important, but permeability
alone cannot explain chert distribution (Knoll 1985). The major role played by
organic matter appears to have been to change porewater chemistry during
diagenesis (by dropping pH) causing silica precipitation (Fig. 4.2). In addition,
the high affinity of dissolved silica to nucleate on organic matter contributes to
silica precipitation (Knoll 1985; Amores and Warren 2007; Konhauser et al.
2008; Orange et al. 2009), particularly in environments of pH less than 9 where
silica solubility is insensitive to the change in pH (Fig. 4.2). The affinity of
dissolved silica to precipitate on organic matter is likely the result of hydrogen
bonding between the functional groups in organic matter (hydroxyl and carboxyl)
and dissolved silica (e.g. Leo and Barghoorn 1976; Knoll 1985; Konhauser et al.

2004). This mechanism is explored in more detail in Chapter 7 (section 7.3.2).
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Fi 1gure 4. 6 (A) Outcrop plcture showmg 1nd1v1dually 5111c1ﬁed clasts (dark) in the Draken
Formation, Spitsbergen (700-800 Ma). (B) Optical microscope image showing chert layers
(dark) within stromatolite (dolomite-rich) from the Draken Formation. (A) modified after
Maliva et al. (1989) and (B) after Knoll et al. (1991).

Cherts in BIFs

Archean and Paleoproterozoic BIFs contain more than 15 wt. % iron (on
average 30 wt. %) and commonly comprise 35-50 wt. % silica (James 1954;
James and Trendall 1982; Hamade et al. 2003; Klein 2005; Fischer and Knoll
2009). The banding in BIFs is generally defined by alternation between silica-
rich layers and iron-rich layers, which can have thicknesses ranging from a few
micrometers to a few meters (Fig. 4.7; Trendall and Blockley 1970; Morris 1993;
Perry and Lefticariu 2007; Fischer and Knoll 2009). Cherts in BIFs are mainly
cementing pore spaces (depositional porosity < 95%) and sometimes replacing
precursor minerals (iron and carbonate; Simonson 2003; Maliva et al. 2005).
Therefore, silica precipitation is believed to represent early diagenesis of
precursor sediments close to the sediment-water interface (e.g. Trendall and
Blockley 1970; Simonson 1987; Simonson 2003; Perry and Lefticariu 2007;
Fischer and Knoll 2009).

Banded Iron Formations are interpreted to have been deposited in deep,
semi-isolated basinal marine settings (James 1954; Trendall 1972; James and
Trendall 1982; Morris 1993). The banding between silica-rich layers and iron-
rich layers suggest switching between silica precipitation and iron precipitation.
The presence of geochemical hydrothermal signatures (positive Eu anomalies,
light REE enrichment and mantle-like Nd isotopic values) in iron-rich layers
suggests that iron precipitation took place during episodic hydrothermal activity
(e.g. Klein and Beukes 1992; Morris 1993). Whereas, silica-rich layers likely

represent continuous background silica precipitation from silica-rich
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Precambrian seawater, possibly aided by high evaporation (Trendall and
Blockley 1970; Drever 1974; Hamade et al. 2003) and/or coprecipitated with iron
minerals (e.g. Ewers 1983). There is good geochemical data to support a
seawater source for the silica in BIFs from Ge/Si ratios, which show silica-rich
layers having Ge/Si ratios similar to modern seawater and iron-rich layers having
values similar to metalliferous sediments (Hamade et al. 2003). This suggests
that most of the silica present in BIFs entered the ocean via continental
weathering, whilst iron was sourced from hydrothermal fluids (Hamade et al.
2003). Iron-rich layer precipitation therefore took place during periods of intense

hydrothermal activity and silica-rich layers precipitated during periods of relative

hydrothermal quiescence (e.g. Morris 1993; Hamade et al. 2003).

Figure 4.7. Outcrop picture shong chert layers (grey) of various thickness interbedded
with iron-rich layers (red) from the ca. 2.5 Ga Brockman Iron Formation, Dales Gorge,
Western Australia. Modified after Fischer and Knoll (2009).

4.4 Secular change in chert distribution

The principlal locus of primary and early diagenetic chert accumlation
found throughout the geological record (from Precambrian to present) appears to
have a secular pattern that changed at least three times. The locus of chert
accumlation changed at least once during the Precambrian and twice during the
Phanerozoic (Maliva et al. 1989; Maliva et al. 2005). These secular changes are
most likely controlled by dissolved silica concentrations in seawater, and hence
the evolution of silica-secreting organisms. The secular change in chert

distribution during the Precambrian was discussed by Maliva et al. (2005) and
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during the Phanerozoic by Maliva et al. (1989). The following subsection briefly
describes each secular change and the causes invoked for each change during the

Precambrian and the Phanerozoic.

4.4.1 Precambrian

During the Archean and the Paleoproterozoic, peritidal and basinal cherts
were abundant. The end of widespread chert precipitation in basinal marine
environments, found in banded iron formations, marks the first shift towards the
end of the Paleoproterozoic (approx. 1.8 Ga; Fig. 4.8). During the
Mesoproterozoic and Neoproterozoic, primary and early diagenetic chert
precipitation was restricted to peritidal and shallow subtidal platforms. This shift
might suggest higher dissolved-silica concentrations in seawater during the
Archean and the Paleoproterozoic, which allowed cherts to precipitate in deep
basinal water. High silica concentrations have been attributed to higher
hydrothermal fluxes before ca. 1.8 Ga. This interpretation is supported by the
hydrothermal patterns of REE data and mantle-like Nd isotopic signatures of the
iron formations (e.g. Beukes and Klein 1990; Derry and Jacobsen 1990; Beukes
and Klein 1992; Sugitani 1992). These same data suggest that there was a sharp
decline in the hydrothermal fluxes at or later than ca. 1.8 Ga (Beukes and Klein

1992).

Based on Ge/Si ratios, Hamade et al. (2003), suggested that silica in BIFs
from the ca. 2.5 Ga Dales Gorge Member (Western Australia), was mainly
precipitated from silica-rich Precambrian seawater. In this scenario, the drop in
silica concentrations after ca. 1.8 Ga might be attributed to a secular decrease in
continental weathering. However, Fischer and Knoll (2009) have recently shown
that dissolved silica can bind with iron hydroxides at the seawater surface and
then be transported to basinal water and sediments, where silica then precipitated
as early diagenetic cherts along with iron. If this were the case, then dissolved
silica concentration might not have changed considerably throughout the
Precambrian. Therefore, the presence of basinal cherts during the Archean and
the Paleoproterozoic would be linked to iron precipitation. After all dissolved

iron was precipitated as a result of Paleoproterozoic oceans becoming more
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oxidising, basinal silica precipitation was terminated (Fischer and Knoll 2009).
Consequently, chert precipitation was shifted to peritidal and subtidal settings

during the Mesoproterozoic and the Neoproterozoic.

4.4.2 Phanerozoic

The removal of dissolved silica from seawater primarily by diatoms, with
lesser contributions from radiolarians and sponges, maintains modern oceanic
dissolved silica concentrations at a very low level (Maliva and Siever 1989a;
Siever 1992). In the modern ocean, silica concentration is < 1 ppm at the surface
and up to 10-15 ppm in some bottom waters (Maliva et al. 1989; Siever 1992;
Perry and Lefticariu 2007; Fischer and Knoll 2009). Therefore, the distribution
of cherts during the Phanerozoic is predominantly linked to the activity of silica-
secreting organisms. Throughout the Phanerozoic, the principle loci of chert
accumulation has changed twice (Maliva et al. 1989). These changes are
interpreted to reflect the radiation of different siliceous organisms during the
Phanerozoic (Maliva et al. 1989; Kidder and Erwin 2001; Kidder and Mumma
2003).

The first secular change occurred during the Early Palaeozoic (Late
Ordovician; Fig. 4.8) which is marked by a decline of early diagenetic cherts in
high energy tidal settings, with a concomitant increase in abundance in low-
energy subtidal and deep water settings. The second secular change occurred
during the Late Cretaceous, which is marked by a widespread disappearance of
early diagenetic cherts from low energy subtidal settings whilst they remain
abundant in deep water settings. The first secular change during the Early
Palaeozoic is interpreted to reflect the dominance of siliceous sponges and
radiolaria (Fig. 4.8) in silica deposition in subtidal environments and pelagic
water columns, respectively. The second secular change is believed to correlate
broadly with a major radiation of diatoms (Fig. 4.8) that shifted silica deposition
to deep water environments and reduced oceanic silica concentrations to a low
level. After the radiation of diatoms, siliceous sponges and radiolaria became less

important to silica deposition, and hence there is an absence of early diagenetic

78



Chapter 4. Chert accumulation and distribution

chert in subtidal and peritidal environments from the Late Cretaceous onwards

(Fig. 4.8).
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Figure 4.8 Early diagenetic chert distribution from late Archean to the present day.
Peritidal chert accumulation is abundant in the Precambrian and in the Early Palaeozoic.
Whereas, basinal cherts are only abundant until the end of Paleoproterozoic (approx. 1.8
Ga) and they disappear from the Mesoproterozoic to Cambro-Ordovician. End of BIF
precipitation likely caused basinal chert disappearance from the Mesoproterozoic to
Cambro-Ordovician. Evolution of the different silica-secreting organisms in the
Phanerozoic shifted chert accumulation back to basinal and deep water settings. Therefore,
during the Late Neoproterozoic to the Early Cambrian (Cambro-Ordovician), only
peritidal chert accumulation is abundant and not basinal cherts. Modified after Maliva et
al. (2005) and Fischer and Knoll (2009).
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5.1 Introduction

This chapter outlines different lithofacies identified in this study.
Individual samples are described in terms of their textural and compositional
attributes, using data derived from visual core inspection, wireline logs, as well
as petrographic description of the thin sections (both optical and SEM) and
whole-rock geochemical XRD, XRF and TOC methods. The samples are
grouped into lithofacies type and further grouped into four main lithofacies
associations: (1) silica-rich facies that are present in the Athel Silicilyte; (2) Silt-
rich facies, which are present in the U Shale; (3) evaporite-facies, which are
present in the overlying evaporite unit of ASE; and (4) post-depositionally
modified facies that are present in the Athel Silicilyte.

Each lithofacies description is followed by an interpretation. The silica-
rich facies are interpreted together since they exhibit many of the same
microtextural attributes, differing only slightly in their compositions. The
evaporite-facies are also interpreted together. Lithofacies interpretations focus
mainly on the controlling factors for their sedimentary textures and detrital
content variation in order to interpret the depositional environment. A discussion
of the various mechanisms that might have contributed to the origin of the silica
is reviewed in Chapter 7. The temporal and spatial variability of all lithofacies is
described and interpreted towards the end of this chapter. A summary of the main

findings is also outlined at the end of this chapter.

5.2 Lithofacies

In total nine different lithofacies have been identified; a summary of
lithofacies composition, distribution, and characteristics are given in Table 5.1.
Silica-rich facies is first described, their numbering (LF1-LF3) is based on their
dominate occurrence from the base to the top of the Athel Silicilyte, followed by
silt-rich facies (LF4), evaporite facies (LF5-6) and then post-depositionally

modified lithofacies.
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The well locations in the South Oman Salt Basin are shown in Fig. 5.1.
These wells are used to establish vertical and lateral variability in Fig. 5.2. A
summary of the vertical stacking pattern in one well (ALNR-2) is shown in Fig.
5.3. The following subsections outline a detailed description of each lithofacies
and then their interpretation. Core photographs from each sampled well
accompanied by a reprehensive selection of thin sections are presented in

Appendix II. The compositions of individual samples are given in Appendix III.
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Figure 5.1. A map of the South Oman Salt Basin showing the Athel Basin (grey) and the
carbonate platforms (white). The Athel Silicilyte and the bounding mudstones are only
found in the Athel Basin, whilst the time-equivalent carbonate rocks are found on the
platforms. It also shows wells location in Fig. 5.2 that are interpreted in this study. Upper
left rectangular shows close-up map of wells location in Al Noor and Al Shomou fields. Red
wells are included in wells correlation in Fig. 5.2 and white wells are interpreted but not
used in the correlation (presented in Appendix I). The location of well ALKZ-1 and ALFR-
1 are shown (yellow wells), which both did not encounter the Athel Silicilyte or the
bounding mudstones (wireline data for these two wells are not available for this study).
Modified after Amthor et al. (2005) and Schroder and Grotzinger (2007).
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Figure 5.2. Well correlation from the Birba Platform through the Athel Basin margins and centre (indicated by the black line in Fig. 5.1). Each well shows measure depth (MD) in meters, GR values (0-150 API) filled in red colour and in the
same panel sonic log (40-200 pm/s; reversed scale), interpreted lithofacies in the middle log, density log (1.95-2.95 g/cm’) and in the same panel neutron log (-0.15-0.45 LPU; reversed scale). Also it shows the stratigraphic subdivision for the
studied wells from the Birba Platform and the Athel Basin. On the platform only A4 carbonate (A4C) is present, whilst the U Shale, the Athel Silicilyte and the Thuleilat Shale are only present in the Athel Basin (Fig. 5.1). The Athel Silicilyte
and time-equivalent platform carbonates are encased between two thick evaporite units of the A4 and AS cycles. The Athel Silicilyte thickens towards the basin centre and the Thuleilat Shale thins. The tables below each well show the Athel
Silicilyte thickness (m) and proportion (%) of each lithofacies (LF1-LF4 and LF9) in the Athel Silicilyte succession. LF1 and LF2 are volumetrically abundant in the Lower Athel Silicilyte, whilst LF3 is abundant in the Upper Athel Silicilyte.
LF?2 disappears towards the basin margins (e.g. TL-2, MM-246, MMNW-7 and ALSE-1). LF3 abundance increases towards the basin margins and LF1 abundance decreases, reflect a thinning of the Lower Athel Silicilyte (e.g. MM-248). In the
basin centre both LF1 and LF2 abundance are approximately the same (e.g. ALNR-2). LF9 is relatively more common towards the Upper Athel Silicilyte and in the U Shale and the Thuleilat Shale. The upper part of the Upper Athel Silicilyte
is interbedded with LF4 (silt-rich), especially in wells that encounter thick units of the Thuleilat Shale, located on the basin margins (e.g. ALSE-1, ALNR-3 and TL-2).
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Figure 5.3. Wireline log data (GR, sonic, neutron, density and porosity) of well ALNR-2 and
interpreted lithofacies, the samples taken from this well are shown in red circles.
Lithofacies wireline signatures are derived by matching the studied cores/samples to the
logs corresponding depth. The figure shows core photographs (1-11) and their depth is
shown in black bars next to the wireline log data. Core photograph (1) represents LF5 and
LF6 of the evaporite facies, LF5 is massive dark and mainly composed of anhydrite (optical
and electron microscope images are shown in Fig. 5.15), LF6 is colourless and is mainly
composed of halite. LF5 and LF6 are characterised by GR values ranging from 7-18 API,
sonic from 43-55 ps/m, density from 2.8-3.0 g/cm® (LF5) and 2.0-2.2 g/cm’ (LF6) and
neutron are about zero limestone porosity units (LPUs). (2) Represents LF9, which is
massive and shows no fissility, this lithofacies is mainly composed of dolomite/magnesite
cement and microcrystalline quartz (microscopic images for this lithofacies are shown in
Fig. 5.20). This lithofacies has GR values ranging from 35-75 API, sonic from 51-71 pm/s,
density from 2.47-2.83 g/cm’, neutron from 0.11-0.24 LPUs and calculated porosity values is
zero. (3) Represents LF3 and it is moderately fissile and laminated (microscopic images
corresponding to this lithofacies are shown in Fig. 5.8). LF3 has GR values ranging from
68-93 API, sonic from 69-93 pm/s, density from 2.15-2.24 g/cm’, neutron from 0.23-0.33
LPUs and calculated porosity values is 16-25 %. (4) Represents LF7 (slumped) and it is
massive (microscopic images are shown in Fig. 5.18). (5) Represents LF3 and in the middle
LF9, LF9 is carbonate-bearing and its thickness normally 15 cm. (6) Represents LF1, it is
shows high fissility and very fine lamination, this lithofacies is mainly composed of
microcrystalline quartz with a minor amount of detrital material (< 10 wt. %; microscopic
images are shown in Fig. 5.4). LF1 has GR values ranging from 40-61 APIL, sonic from 70-95
pm/s, density from 2.09-2.28 g/cm3, neutron from 0.19-0.27 LPUs and calculated porosity
values is 9-17 %. (7) Represents LF8 (brecciated), it shows angular clasts (arrowed) of the
same composition as the surrounding fabric, original laminated fabric is destroyed, the
white colour is halite (Ha) cementing fractures (microscopic images are shown in Fig. 5.19).
(8) Represents LF7 and shows some foliation and soft-sediment deformation features (Fig.
5.18). (9) Represents LF2 (lower part of the picture), it is massive, dark and shows no
fissility, LF2 is predominately composed of microcrystalline quartz, it is thickness normally
varies from 20 to 40 cm (microscopic images are shown in Fig. 5.6), also it shows laminated
LF1 (upper part of the picture). LF2 has GR values ranging from 40-60 API, sonic from 55-
65 nm/s, density from 2.36-2.54 g/cm’, neutron from 0.06-0.13 LPUs and calculated porosity
values is 3-12 %. (10) and (11) show highly fissile laminated LF1 and moderately fissile
laminated LF3; respectively. This figure summarises the stratigraphic variability in one
well.
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Table 5.1. A summary of the lithofacies identified in this study.

Lithofacies

Occurrence & thickness

Textures

Average composition

Wireline signature,
Si0,/Al,05 ratio & porosity

Silica-rich facies

LF1: Laminated
microcrystalline quartz-rich
mudstones

(Fig. 54 & 5.5)

LF2: Laminated
microcrystalline quartz-
dominated mudstones
(Fig. 5.6 & 5.7)

LF3: Laminated
microcrystalline quartz-rich,

detritus-bearing mudstones
(Fig. 5.8 & 5.9)

Vertically: Abundant in the Lower
Athel Silicilyte

Laterally: volumetrically thicker in
the basin centre (47% of the Athel
Silicilyte thickness, well ALNR-2)
and thinner towards the basin
margins (24 % of the Athel
Silicilyte thickness, well TL-2)

Vertically: present only in the
Lower Athel Silicilyte as thin
layers (20-50 cm)

Laterally: only identified from
wells in the basin centre and is not
present in wells located in the

basin margin. Represent 1.5-6 % of
the Athel Silicilyte thickness

Vertically: abundant in the Upper
Athel Silicilyte

Laterally: increases towards the
basin margins (LF3= 63% of the
Athel Silicilyte thickness, well TL-
2). In the basin centre, its
proportion roughly similar to LF1
(LF3=50 % and LF1 =47 % of
Athel Silicilyte thickness, well
ALNR-2)

In core: fissile and very finely laminated
Microscopic analyses: wavy
discontinuous lamination, each lamina
extending for a few millimetres to up to
10 mm. Individual laminae comprise thin
alternating strata of silica-rich layers and
more organic/clay-rich layers; each layer
is typically 20-30 pum thick.

In core: dark-coloured, massive and
shows no fissility

Microscopic analyses: wavy
discontinuous lamination, each lamina
extending from few millimetres to up to
15 mm. Each laminae set comprises
silica-rich and more organic-rich layers;
each layer typically being-20 pm thick

In Core: moderately fissile and laminated.
Microscopic analyses: wavy
discontinuous lamination similar to LF1&
LF2. Individual laminae set comprises
silica-rich and more organic/clay-rich
layers. Each layer is slightly thicker than
LF1, being 20-50 pum thick

Microcrystalline quartz
(83 wt. %), clay minerals
(6 wt. %), pyrite (3 wt.
%), detrital quartz grains
(1 wt. %), TOC (2.5 wt.
%) and traces (< 5 wt. %)
of evaporites (halite and
anhydrite) found within
fractures/stylolites

Microcrystalline quartz
(91 wt. %), and clay
minerals (4 wt. %), pyrite
(2 wt. %), organic carbon
(TOC=2 wt. %)

Microcrystalline quartz
(72 wt. %), clay minerals
(12 wt. %), pyrite (4 wt.
%), silt-sized detrital
quartz grains (5 wt. %),
organic carbon (TOC= 3
wt. %)

GR: 40-61 API

Sonic: 70-95 pm/s
Density: 2.09- 2.28 g/cm’
Neutron: 0.19- 0.27 LPUs
Calculated log porosity: 9-
17 %

Si0,/Al,O5 ratio: 42

Core porosity: average 17.3
%

GR: 40-60 API

Sonic: 55-65 um/s
Density: 2.36- 2.54 g/em’
Neutron: 0.06- 0.13 LPUs
Calculated log porosity: 3-
12 %

Si0,/Al, 05 ratio: 78

Core porosity: average 6.4

GR: 68-93 API

Sonic: 69-93 um/s

Density: 2.15- 2.24 g/cm’
Neutron: 0.23- 0.33 LPUs
Calculated log porosity: 16-
25 %

Si0,/Al, 05 ratio: 22

Core porosity: average 19.6
%
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Lithofacies

Occurrence & thickness

Textures

Average composition

Wireline signature,
Si0,/Al,05 ratio & porosity

Silt-rich facies

LF4: Laminated silt-rich,
clay-mineral bearing
mudstones

(Fig. 5.12,5.13 & 5.14)

Evaporite facies

LF5: Anhydrite- and detritus-
bearing mudstones

(Fig. 5.15 & 5.16)

LF6: Halite-dominated
mudstones
(Fig. 5.17)

Vertically: present above and
below the Athel Silicilyte within
the Thuleilat and U Shale,
respectively.

Laterally: The Thuleilat Shale
thickness varies from 150 m to 5
and shows a decrease towards the
basin centre. The U Shale has
thickness varies from 75-150

Vertically: present on the top of
Thuleilat Shale, which is the base
of evaporite cycle (floor anhydrite)
and it is overlain by LF6.

Also it is present at top of each
evaporite cycle (roof anhydrite)
Laterally: in well ALNR-2 it has
thickness of 0.8 m and it can reach
to 20 m on the platforms.

Vertically: above LF5, between
floor and roof anhydrite

Laterally: vary across the basin but
can reach to up to 1,000 m.
Evaporite lithofacies (LF5-6) are
bracketing the Athel Silicilyte and
bounding mudstones as well as age
equivalent platform carbonates.

In core: grey-dark grey, moderately
laminated and fissile

Microscopic analyses: parallel planner
lamination, more continuous and straight
compared with the laminae seen in LF1-
LF3. Cross lamination is present too.
Individual laminae comprise thin
alternating detrital silt-sized grains of
quartz, K-feldspar and mica-rich and
more organic/clay-rich layers; each layer
is typically 40-60 pum thick.

In core: very dark and massive with some
shiny crystals.

Microscopic analyses: no lamination,
euhedral anhydrite crystal is 20-200 um
across. The size of quartz grains is
ranging from 20-500 um

In core: colourless to white and alternate
with relatively darker layers
Microscopic analyses: na

Detrital quartz (50 wt. %),
feldspar (4 wt. %), mica
(2 wt. %), clay minerals
that include kaolonite,
illite and smectite (27 wt.
%), pyrite (8 wt. %),
organic carbon (7 wt. %).

Euhedral anhydrite (42
wt. %), silt and sand-sized
quartz grains (11 wt. %),
microcrystalline-quartz (5
wt. %), euhedral
magnesite (9 wt. %), clay
minerals of predominately
smectite/illite (17 wt. %),
pyrite (6 wt. %), TOC (5
wt. %)

Halite (94 wt. %) and
minor anhydrite, pyrite
and fluorite.

GR: 120-340 API

Sonic: 80-95 pm/s
Density: 2.38- 2.55 g/cm’
Neutron: 0.18- 0.42 LPUs
Calculated porosity: na
Si0,/Al,0; ratio: 5.4
Core porosity: na

GR: 7-18 API

Sonic: 43-55 pm/s
Density: 2.80- 3.00 g/cm’
Neutron: 0.00 LPUs
Calculated log porosity: na
Si0,/Al, 05 ratio: na

Core porosity: na

Similar to LF5. LF6 density
is lower 2.0-2.2 g/cm’
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Lithofacies

Occurrence & thickness

Textures

Average composition

Wireline signature,
Si0,/Al,05 ratio & porosity

Post-depositionally modified
facies

LF7: Slumped mudstones
(Fig. 5.18)

LF8: Brecciated mudstones
(Fig. 5.19)

LF9: Microcrystalline quartz-
, carbonate- and detritus-
bearing mudstones

(Fig. 5.20 & 5.21)

Vertically: equally present in the
Upper and Lower Athel Silicilyte
Laterally: only identified from core
and lateral variation cannot be
constrained using wireline data
Typical thickness in core varies
from 20 to 40 cm

Same as LF7

Vertically: present as thin layers,
15-50 cm, within the Athel
Silicilyte and bounding mudstones.
Rare in the Lower Athel Silicilyte
and more abundant towards upper
part of the Athel Silicilyte. More
common within the bounding
mudstones compared with the
Athel Silicilyte

Laterally: no variation observed

In core: either massive or shows soft
sediments deformation features
Microscopic analyses: small scale folding
and faulting, which caused disruption of
original laminated fabric

In Core: broken angular clasts and
original laminated fabric is destroyed.
Microscopic analyses: each broken clast
is up to 2 mm across and made of
laminated microcrystalline quartz similar
to the LF1-LF3. Small scale folding and
faulting are present in some LF8 samples
similar to LF7.

In core: light-coloured, massive and
shows no fissility

Microscopic analyses: either massive
with cluster of dolomite grains within
microcrystalline quartz framework, or
exhibits wavy discontinuous lamination.
Individual laminae comprise silica-rich
and dolomite/magnesite-rich layers
Laminae geometry and thickness are
similar to LF1-LF3.

Composition can vary
between LF1 to LF3

Same as LF7

Fractures and fault planes
are normally cemented by
magnesite,
hydroxyfluorapatite,
and/or evaporite minerals

Microcrystalline quartz
(31 wt. %), dolomite (36
wt. %), magnesite (5 wt.
%), clay minerals (12 wt.
%), pyrite ( 8 wt. %),
detrital quartz grains (2
wt. %), TOC (2.5 wt. %)
and traces (< 2 wt. %) of
evaporites (halite and
anhydrite)

Depend on composition

Same as LF7

GR: 35-71 API

Sonic: 51-71 pm/s
Density: 2.47- 2.83 g/cm’
Neutron: 0.11- 0.24 LPUs
Calculated log porosity: 0-
10 %

Si0,/Al,O5 ratio: 10

Core porosity: average 4.9
%
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Chapter 5. Lithofacies analysis and distribution

5.2.1 Silica-rich facies

LF1: laminated microcrystalline quartz-rich mudstones

This lithofacies appears fissile and very finely laminated in core (Fig.
5.3.). Under optical and electronic microscope, it exhibits wavy discontinuous
lamination; each lamina extends between 2 and 10 mm (Fig. 5.4). Individual
laminae comprise thin alternating strata of silica-rich layers and more organic
carbon/clay-rich layers; each layer is typically 20 to 30 um thick. A combination
of the petrographic, XRD (Fig. 5.5) and TOC results reveals that LF1 is mainly
composed of microcrystalline quartz (average 83 wt. %), clay minerals (average
6 wt. %), pyrite framboids (average 3 wt. %), detrital quartz grains (average 1 wt.
%), organic carbon (average TOC 2.5 wt. %) and traces (< 5 wt. %) of evaporite
minerals (e.g. halite and anhydrite). The latter are particularly present within
fractures and stylolites. The XRF results show that Si0,/Al,O5 average ratio for
LF1 is 42 (Appendix III).

Microcrystalline quartz crystals are typically 1-5 pm in diameter, and
have euhedral-subhedral outlines. The individual crystals are mainly connected
together with no visible grains (Fig. 5.4. F) forming networks of connected
microcrystalline quartz. The microcrystalline quartz is non-luminescent under
hot cathodoluminescence. Pyrite framboids have diameters ranging from 1.5 to
13.5 um (pyrite size is discussed in section 5.3) and are evenly dispersed
throughout the microcrystalline quartz framework in uncompacted pore spaces
(Fig. 5.4 E). Pore spaces are also present between individual quartz grains and
they are infilled with bitumen that contains a small amount of sulphur (Fig. 5.4

F). Core analysis shows that LF1 has an average helium porosity of 17.3 %.

In total 25 samples were analysed which represent this lithofacies
(Appendix III) and they are principally present in the Lower Athel Silicilyte (Fig.
5.2 & 5.3). These samples in wireline logs are characterised by GR values that
range from 40 to 61 API, sonic values from 70 to 95 um/s, density values range
from 2.09 to 2.28 g/cm’, neutron values range from 0.19 to 0.27 LPUs (limestone
porosity units) and calculated porosity values (from density log) range from 9 %

to 17 % (Fig. 5.3).
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Chapter 5. Lithofacies analysis and distribution

AQ um* II'A\{.L‘ - o
Figure 5.4. Photomicrographs of LF1. (A), (B) and (E) are from sample MKZ-1(4), (C) and
(D) from sample ALNR-2(44) and (F) from sample ALNR-3(13). (A) A scanned-thin section
that reveals lamination geometries. Here the laminae are wavy and discontinuous and each
typically extends from a few millimetres to up to 10 mm. The pale laminae are silica-rich
(arrowed) and the darker laminae are relatively more organic carbon- /clay-rich. (B) Plane-
polarised (PPL) image of (A) that further illustrates lamination composition and geometry.
Note each lamina is typically 20 to 30 pm thick. (C) PPL image also shows silica-rich (pale)
and organic carbon-/clay-rich (dark) layers. (D) Back scattered electron image (BSEI) of
(C), the similar Back Scattered Electron (BSE) coefficients (1) mean that silica framework,
and silica-rich laminae (arrowed), are difficult to distinguish. However, organic carbon-
/clay-rich laminae with lower n and very low n grains of organic carbon are present.
Scattered pyrite framboids with high n are present. (E) BSEI showing close view of the
silica framework and pyrite framboids (Pf), diameter of the pyrite framboids are typically 1
to 13 pm. (F) Secondary electron image (SEI) showing microcrystalline quartz crystals
(typically individual crystal diameter varies from 1 to 5 pm) and they are connected and
form a sheet of silica. Intercrystalline pore spaces are present (arrowed) and they are
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normally infilled with hydrocarbon/bitumen. Energy-dispersive spectrometer indicates that
the organic carbon contains some sulphur, small red peak marked by S, and the long peak
represents silica (Si) from the background.
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Figure 5.5. An XRD plot of LF1. The main minerals identified are quartz (Q; red peaks),
clay minerals (CM [smectite/illite]; very small green peaks) and halite (Ha; pale blue). This
plot was obtained from sample ALNR-2(44). Petrographical results of this sample are
shown in Fig. 5.4.

LF2: laminated microcrystalline quartz-dominated mudstones

In core, LF2 is dark-coloured and homogeneous. Laminations are poorly
developed and the core is not fissile (Fig. 5.3). Individual units of LF2 range in
thickness from 0.2 to 0.50 m. Petrographical analyses reveal that LF2 comprises
stacked wavy discontinuous lamination; each lamina extending from 2 to 15 mm
(Fig. 5.6). Each laminae set comprises thin alternation of silica-rich layers and
more organic carbon- and clay-rich layers; each layer typically being 20 um
thick. This lithofacies is predominately composed of microcrystalline quartz
(average 91 wt. %), and clay minerals (average 4 wt. %), pyrite framboids
(average 2 wt. %), organic carbon (average TOC= 2 wt. %) and traces (= 1 wt.
%) of evaporite minerals cementing fractures (Fig. 5.7). The SiO,/Al,Os3 ratio of
this lithofacies has an average of 78 (Appendix III).

91



Chapter 5. Lithofacies analysis and distribution

The size, shape and other petrographic characteristics of each
microcrystalline quartz crystal within this facies are similar to those in LF1; i.e.
euhedral-subhedral and non-luminescent. The extremely high volume of quartz
in this lithofacies results in a massive (sheet-like) connected network of

microcrystalline quartz with low porosity, average helium core porosity is 6.4 %.

(Fig. 5.4 F).

In total 8 samples were analysed which represent this lithofacies
(Appendix III). These samples are present only in the Lower Athel Silicilyte as
thin layers (20-50 cm thick; Fig. 5.2 & 5.3). This lithofacies is characterised by
GR values ranging from 40 to 60 AP, sonic values from 55 to 65 um/s, density
values from 2.36 to 2.54 g/cm’, neutron values from 0.06 to 0.13 LPUs and
porosity values from 3 % to 12 % (Fig. 5.3).
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Figure 5.6. Photomicrographs of LF2. (A), (B), (C), (E) and (F) are from sample ALNR-
2(33), (D) from sample ALNR-3(16). (A) A scanned-thin section shows wavy discontinuous
lamination. Individual lamina typically extends from few millimetres to up to 15 mm across
the field of view. The pale laminae are silica-rich (arrowed) and darker laminae are
relatively more organic carbon- /clay-rich. (B) PPL and (C) cross-polarised (XPL) of (A)
that also show silica-rich and relatively more organic carbon-rich layers. Here each layer is
10 to 20 um thick. (D) BSEI showing silica-rich lamiae (arrowed) whilst the organic carbon-
/clay-rich laminae have lower n with some black dots. Pyrite framboids have high 1. (E)
BSEI showing close view of the silica framework of (A-C). (F) SEI showing microcrystalline
quartz crystals and the individual quartz crystals are hard to distinguish as they are
connected together to form a sheet of silica. Intercrystalline pore spaces are rare (arrowed).
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Figure 5.7. An XRD plot of LF2. The main minerals identified are quartz (Q; red peaks).
Pyrite and clay minerals were not detected from XRD analysis as thier concentrations are
below detection limit; however, it was identified from the petrographical analyses. This plot
was obtained from sample ALNR-2(33). Petrographical results of this lithofacies are shown
in Fig. 5.4.

LF3: Laminated microcrystalline quartz-rich, detritus-bearing

mudstones

LF3 appears in cores to be moderately fissile and laminated (Fig. 5.3).
Under optical and electronic microscope, it reveals wavy discontinuous
lamination similar to LF1 and LF2, (Fig. 5.8). Individual laminae comprise thin
alternation of silica-rich layers and more organic carbon- and clay-rich layers.
Each layer is slightly thicker than those in LF1 and LF2; being 20 to 50 um
thick. This lithofacies contains a much lower volume of microcrystalline quartz
(average 72 wt. %) compared with LF1 and LF2. The other constituents include
clay minerals (average 12 wt. %), pyrite (mainly framboidal; average 4 wt. %),
silt-sized detrital quartz grains (average 5 wt. %), organic carbon (average TOC
= 3 wt. %) and minor amounts (2-4 wt. %) of evaporite minerals and
hydroxyfluorapatite cement (Fig. 5.9). The SiO,/Al,0O5 ratio of LF3 is lower than
LF1 and LF2, with an average of 22 (Appendix III).
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Microcrystalline quartz crystals have a similar size, shape and optical
characteristics (1 to 5 um, euhedral-subhedral and non-luminescent) to LF1 and
LF2 (Fig. 5.6 F). Detrital quartz grains are loosely packed, not in contact with
each other, and distributed randomly in the microcrystalline quartz framework
(Fig. 5.8 B-D). Pyrite framboids dispersed throughout the microcrystalline quartz
framework and seem to precipitate in uncompacted pore spaces (Fig. 5.8 F). In
this lithofacies, the pore spaces are proportionally higher than LF1 and LF3 and
are infilled with bitumen that shows a small amount of sulphur. This lithofacies

has an average core porosity of 19.6 %.

In total 52 samples were analysed which represent this lithofacies
(Appendix III) and they are mainly present in the Upper Athel Silicilyte, but also
they are present at the base of the Lower Athel Silicilyte near the U Shale/Athel
Silicilyte boundary (Fig. 5.2 & 5.3). These samples are characterised by GR
values that range from 68 to 93 APIL sonic values from 69 to 98 pm/s, density
values from 2.15 to 2.24 g/cm’, neutron values from 0.23 to 0.33 LPUs and
calculated porosity values from 16 % to 25 % (Fig. 5.3). This lithofacies have
higher GR values than LF1 and LF2. Spectral GR data of well ALNR-2 shows an
increase in concentration of all GR components, i.e. potassium, thorium and

uranium (Fig. 5.10).
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L

Figure 5.8. Photomicrographs of LF3. (A) to (D) are from sample ALNR-2(9), (E) from
sample ALNR-2(15) and (F) from sample ALNR-2(22). (A) A scanned-thin section that
reveals lamination geometries. It also shows fractures that were cemented by halite and
anhydrite (yellow arrow) and a small-scale fault (white arrow). (B) PPL image of (A) shows
silica-rich (pale: yellow arrow) and more organic carbon- and clay-rich layers (dark); each
layer is 20 to 50 pm thick, and they exhibit wavy discontinuous laminae. Detrital silt-sized
quartz grains (Q) are common and they are loosely packed within the microcrystalline
quartz framework, black fracture (white arrow) is bitumen/clay minerals-rich. (C) PPL
image shows detrital quartz (Q) and laminae above and below it are compacted. (D) BSEI
showing silica-rich lamiae (arrowed) whilst more organic carbon/clay-rich laminae have
overall lower 1 and contain organic carbon (very low 1). Also it show quartz grains (Q), K-
feldspar grain (KF) and hydroxyfluorapatie (CaP). Pyrite framboids have high n and are
common compared with LF1 and LF2. (E) BSEI shows illite (nodular shape) and kaolinite
(arrowed) clay minerals, as well as quartz grain (Q). Kaolinite and illite here appears to be
replacing a detrital grain (possibly feldspar). (F) SEI shows microcrystalline quartz crystals
(1-5 pm). Intercrystalline pore spaces (arrowed) are proportionally higher than LF1 and
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LF2, which are infilled with bitumen. The pore spaces contain small amounts of sulphur
(similar to LF1 in Fig. 5.4 F). Three very small pyrite framboids (Pf) are present (diameter
ranging from to 3 to 7 pm), which are present within uncompacted pore spaces.
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Figure 5.9. An XRD plot of LF3. The main minerals identified are quartz (Q; red peaks),
clay minerals (CM [smectite/illite]; green peaks), anhydrite (An; purple peaks), pyrite (Py;
dark red peaks) and halite (Ha; grey peaks). This plot was obtained from sample ALNR-

2(9). The petrographical results of this lithofacies are shown in Fig. 5.8.
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Figure 5.10. A plot showing spectral GR of well ALNR-2. Interpreted lithofacies and GR
log are shown to the left of the graph (full lithofacies names are shown in Figs. 5.2 & 5.3).
The increase in GR values towards the Upper Athel Silicilyte, mainly associated with LF3,
results from the increase in all GR components; i.e. potassium, thorium and uranium.
Spectral GR data were averaged every Sm and then they were plotted. Data from well

ALNR-2 core analysis report (provided by PDO).
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Interpretation of the silica-rich facies

The silica-rich facies (LF1-LF3) are in general characterised by wavy
discontinuous laminations, high volumes of microcrystalline quartz (average LF1
=83, LF2 =91 and LF3 = 72 % wt.), relatively low contents of detrital material
(average clay minerals and detrital quartz LF1 =7, LF2 =4 and LF3 = 16 % wt.),
pyrite (average LF1 = 3, LF2 = 2 and LF3 = 4 % wt.) and organic carbon
(average TOC of LF1 = 2.5, LF2 = 2 and LF3 = 3 % wt.). The alternation
between dark and light laminae and the shape of these laminae in addition to the
absence of any inorganic physically induced laminations (e.g. parallel straight
lamination produced by suspension sedimentations, graded lamination produced
by low-density bottom currents and turbidity currents, or cross lamination/ripple
marks structures produced by flowing bottom current), all suggest that
lamination in the Athel Silicilyte is likely produced by accumulation of microbial
layers in a deep low energy environment. These microbial layers could have been
produced by: 1) microbial mat growth at the sediment-water interface, 2)
microbial mat growth at the density contrast interface (seawater-brine interface)
in the water column, or 3) derived from the water column by coagulation of

single-celled plankton during sinking (i.e. marine snow/ sapropelic rain).

The Athel Silicilyte shows no crinkly lamination nor growth features,
such as branching, shallow water domal structure or continuous laminae that
normally characterise microbial mats growing on soft/hard substrata (Davies and
Ludlam 1973; Schieber 1986; Noffke et al. 2002; Schieber et al. 2007a). In
addition, a biomarker study on the Huqf Supergroup by Grosjean et al. (2009)
shows that Athel Silicilyte biomarkers (from rock and oil samples) contain high
amounts of a 2-methylhopanoids biomarker, which is a prominent lipid in the
oxygenic photosynthesis of cyanobacteria (Summons et al. 1999), in similar
quantities to the A4 and other Proterozoic stromatolitic carbonates. Furthermore,
the Athel Silicilyte distinctively contains substantial amounts of 28,30-
dinorhopane and 25,28,30-trinorhopane biomarkers, which suggest that the
biomass was produced in an euxinic environment, possibly by sulphur oxidising

bacteria (Williams 1984).
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The absence of any features suggesting a microbial mat colonising
soft/hard substrata and the unusual combination of photosynthetic and
chemosynthetic biomarkers, together suggest that the microbial layers were not
growing in the deep water at the sediment-water interface. These microbial layers
were likely formed by coagulation of photosynthesising cyanobacteria during
sinking. Once these microbial layers reached the bottom water (below the redox
boundary; redox conditions are discussed in the following chapter), they were
mineralised by sulphate reducing bacteria and the production of hydrogen
sulphide stimulated sulphur oxidising bacteria biomass production. The biomass
production by cyanobacteria and sulphur oxidising bacteria resulted in the
unusual biomarker combination in the Athel Silicilyte. Alternatively, the
microbial layers could also have been produced at the seawater-brine interface,
where the density contrast facilitated growth of microbial mats. Growth of
microbial mats at the seawater-brine interface is well documented from many
modern environments (e.g. Red Sea and Mediterranean; Corselli and McCoy
1989; Erba 1991; Eder et al. 2001) where density contrast acts as trap for pelagic
fall-out (inorganic and organic), which in turn stimulates microbial mat growth at
the seawater-brine interface by chemosynthesis bacteria. The microbial layers
would have been then delivered to the deep water as thin discontinuous layers
due to the increased load of both organic and inorganic material (Erba 1991).
Indeed, the alternation between silica-rich layers and clay-rich layers in the Athel
Silicilyte (e.g. Fig. 5.8) could indicate that the microbial layers (formed by either
of the mechanisms above) were likely delivered from shallow to deep water
through the addition of small quantities of detrital material along with gravity

settling.

The microbial laminae here are intensively silicified and they are
composed of microcrystalline quartz (e.g. Fig. 5.4 D). The microcrystalline
quartz characteristics (1 to 5 um, euhedral-subhedral and non-luminescent)
suggest that quartz precipitated in situ (authigenically). The homogeneity of the
silicification style and the absence of any pre-existing pseudomorphs or textures
indicating that the silica precipitated into pore spaces in all silica-rich facies
across the basin, suggest that the silica in the Athel Silicilyte was a primary

precipitate (syndepositional) in the microbial layers. This interpretation is also
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reinforced by the following observations: 1) preservation of up to 390 m thick
microbially laminated fabric; 2) loose packing of detrital grains (Fig. 5.8 B-D),
suggesting that they accumulated during silica precipitation; and 3) association
with pyrite framboids (either syngenetic or early diagenetic framboids; discussed
further in Chapter 6; section 6.5), which are present within uncompacted pore
spaces (Fig. 5.8 F). In addition, the thickness and the lateral extent of the Athel
Silicilyte (Fig. 5.2) showing similar silicification style and composed of fairly
homogeneous microcrystalline quartz make the Athel Silicilyte unlikely to be a
secondary diagenetic product. If the Athel Silicilyte is a secondary diagenetic
product, it would be expected to show some heterogeneity in the silicification
style across the basin. The heterogeneity would be probably controlled by
permeability and organic matter content. For example, documented diagenetic
cherts are reported to have a few to 10s of centimetre thickness, which are
normally cementing permeable/organic-rich facies and they normally found
interbedded with other type of rocks (e.g. nodular chert in carbonates; section

4.3.2 & 4.3.3; Knauth 1979; Knoll 1985; Maliva et al. 2005).

The relative increase in the average concentration of detrital components,
including both detrital quartz and clay minerals, between LF1 (7 wt. %), LF2 (4
wt. %) and LF3 (16 wt. %) is associated with a decrease in silica concentrations
(LF1 =83, LF2 =91 and LF3 = 72 wt. %) and a decrease in SiO,/Al,O3 ratios
(LF1 =42, LF 2 = 78 and LF3 = 22). This concomitant relation between the
detrital component contents and the microcrystalline quartz contents might
indicate that a higher detrital input to the Athel Basin resulted in a decrease in the
silica precipitation rate in the microbial layers. This will be discussed in Chapter
7 (section 7.3.3), once the geochemical evaluations during precipitation have
been established. The slight decrease in TOC contents between LF1 (2.5 wt. %),
LF2 (2 wt. %) and LF3 (3 wt. %) can be interpreted by the decrease in the
microcrystalline quartz contents in the same order. The extremely high volumes
of precipitated silica likely diluted TOC contents (especially in LF2). Given that
LF3 has higher content of clay minerals and slightly higher contents of organic
carbon, they would explain the higher GR values in LF3 (68-93 API) relative to
LF1 (40-61) API) and LF2 (40-60 API). These higher values likely result from
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the increase in concentrations of K, U and Th that contribute to the total GR

value (Fig. 5.10).

The diminutive pyrite in the silica-rich facies are mostly framboidal and
present within uncompacted pore space (Fig. 5.8 F) suggesting that they
precipitated during early diagenesis, either prior to significant burial or within the
water column (Chapter 6; section 6.5), in a reducing environment. In these
settings, sulphate reducing bacteria utilise organic carbon as a reductant and may
ultimately cause pyrite to precipitate (Berner 1970; Wilkin and Barnes 1997;
Taylor and Macquaker 2000). Here pyrite concentrations are broadly
proportional to the clay mineral content (Fig. 5.11), consequently it is likely
pyrite precipitation was limited by the availability of reactive iron, rather than by
either the availability of sulphate or organic carbon. Crucially, the oil generated
from the Athel is sulphur-rich (1.5 mol % H,S; also see Fig. 5.4 F; Alixant et al.
1998; Amthor et al. 2005; Schroder and Grotzinger 2007). This suggests that the
excess reduced sulphur produced by sulphate-reducing bacteria was incorporated
into the organic matter during the formation of the Athel Silicilyte (Fig 5.4 E;
Raiswell et al. 1993; Henneke et al. 1997; Passier et al. 1999).

M M M M 2=0.28

Pyrite %

Clay minerals %

Figure 5.11. A graph showing the relation between clay minerals and pyrite contents in the
silica-rich facies. As the contents of clay minerals increase, the pyrite (mostly framboidal)
contents increase. Each component is estimated semiquantitatively from the petrographical
results with aid from the XRD, XRF and TOC results. A very weak correlation (r*=0.28) is
probably resulted from the semi-quantitative estimation. Each sample mineralogical
composition is shown in Appendix III.
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5.2.2  Silt-rich facies

LF4: Laminated silt-rich, clay-mineral bearing mudstones

Laminated silt-rich, clay mineral bearing mudstones are identified from
the U Shale and they are also abundant in the Thuleilat Shale, which is
mineralogically and texturally similar to the U Shale (Amthor et al. 2005;
Schréder and Grotzinger 2007). Ten samples were collected for petrographic and
geochemical analysis from the U Shale (Appendix III). Microtexturally these
mudstones exhibit parallel planar laminae (Fig. 5.12), which are more continuous
and straight compared with the laminae described in the silica-rich facies. Ripple
lamination is also present in one sample within the U Shale (Fig. 5.13).
Individual laminae comprise thin alternating intercalations variously composed
of detrital silt-sized grains of quartz, K-feldspar and mica- and finer grained
more organic carbon- and clay-rich layers. Each lamina is typically 40 to 60 um
thick. A combination of the petrographic, XRD (Fig. 5.14) and TOC results
reveals that this lithofacies is mainly composed of detrital quartz (average 50 wt.
%), feldspar (average 4 wt. %), mica (average 2 wt. %), clay minerals including
kaolinite, illite and smectite (average 27 wt. %), pyrite (mainly framboidal;
average 8 wt. %), organic carbon (average TOC =7 wt. %) and traces (< 2 %) of
dolomite, barite and hydroxyfluorapatite. The XRF results show this lithofacies
has an average SiO,/Al,0Os3 ratio of 5.4 (Appendix III).

In this lithofacies the silt-sized detrital grains (ranging in diameter from
30 to 60 um) are moderately-sorted and sub-angular to sub-rounded (Fig. 5.12 C-
F). Dissolution of detrital grains (e.g. feldspar) and replacement by clay minerals
(e.g. kaolinite) are common (Fig. 5.14 F). Pyrite framboids in this lithofacies are
dispersed throughout the detrital quartz framework and have a diameter ranging
from 1.5 to 10 um (subsection 5.3 below) similar to the framboid diameter in the

silica-rich facies (Fig. 5.12 E & F).
In wireline logs this lithofacies has high GR values ranging from 120 to

340 API, sonic values from 80 to 95 um/s, density values from 2.38 to 2.55
g/cm3 and neutron range from 0.18 to 0.42 LPUs (Fig. 5.3).
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5 mm

Figure 5.12. Photomicrographs illustrating the range of mineralogy and textures in LF4.
(A), (B) and (F) are from sample AL-9(9), (C) and (E) from sample AL-9(4). (A) A scanned-
thin section shows parallel continuous lamination, each laminae set consists of silt-rich
layers and organic carbon- and clay-rich layers. (B) PPL image of (A) that further
illustrates lamination composition and geometry, each lamina is typically 40 to 60 pm thick.
(C) BSEI shows the intercalations of the silt-rich layers and organic carbon- and clay-rich
layers. The framework is mainly composed of quartz grains (Q), pyrite framboids (Pf) and
clay minerals. (D) BSEI shows a fracture within the sample that infilled with bitumen and
sulphate minerals (anhydrite; arrowed). Also it shows quartz grains (Q). Pyrite framboids
have high 1. (E) BSEI shows a close view of LF4 framework, which is mainly consists of silt-
sized quartz (Q), micas (M) and pyrite framboids (Pf). The diameters of the pyrite
framboids vary from 1.5 to 10 pm. Clay minerals include kaolinite (Kao) and
smectite/muscovite are common between the grains. It also shows hydroxyfluorapatite
(CaP). (F) BSEI shows quartz grains (Q), grain dissolution (arrowed) and pyrite framboids
(Pf), dark/black areas probably contain much organic carbon and clay minerals.
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Figure 5.13. Photomicrographs illustrate ripple lamination in LF4. (A) A scanned-thin
section shows the ripple lamination at the base (annotated with dotted lines). Here parallel
strata on-lapping more tilted strata. A small fault at the top (annotated) with an offset of a
few millimetres is also present. (B) PPL image that further illustrates the ripple lamination
in (A). This sample consists of alternating silt-rich laminae and organic carbon- and clay-
rich laminae. These photomicrographs are collected from sample AL-9(6).
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Figure 5.14. An XRD plot of LF4. The main minerals identified are quartz (Q; red peaks),
feldspar (kF), clay minerals (smectite/illite [CM] and kaolinite[Kao]), pyrite (Py), calcite
(Cal) and dolomite(Dol). This plot is obtained from sample AL-2(9). Petrographical results
of this lithofacies are shown in Fig. 5.12.

Interpretation of silt-rich facies

The presence of parallel laminations consisting of silt-sized grains layers
and more organic carbon- and clay-rich layers plus the absence of wavy laminae
that were described in the silica-rich facies, all suggest that the depositional
environment during the silt-rich facies accumulation was dominated by
suspension settling of detrital sediments in a low energy environment (e.g.
O'Brien 1996; Noftke 1998; Schieber et al. 2007a). In addition, the presence of
ripple laminae in one sample could record periodic higher energy conditions
during accumulation of this unit, where advective sediment transport processes
were operating (e.g. Macquaker and Bohacs 2007; Schieber et al. 2007b;
Macquaker et al. 2010).

The high TOC values (up to 8 wt. %) in this lithofacies relative to the
silica-rich facies could be interpreted as a result of higher primary productivity in
surface waters, which was likely fuelled by higher nutrition supply (e.g. nitrogen
and phosphorus) delivered along with the detrital material (e.g. Meyers 1993;

Wignall 1994). Optimum sedimentation rate during deposition of the silt-rich
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facies could also contribute to higher TOC values, as result of faster delivery to
the seabed and faster burial, and as a consequence less organic matter was
oxidised during delivery and burial. Anoxic conditions could also contribute to
the high TOC values, as a result less organic matter would be oxidised. However,
persistent bottom water anoxia during accumulation of this unit could not have
occurred since the preserved ripples (Fig. 5.13) indicate that advective transport
processes were operating at the sediment-water interface, at least periodically.
The preservation of such high organic carbon therefore must have been due to a
balance between high organic matter productivity, rapid delivery to the seabed
and episodic burial (Macquaker et al. 1997; MacQuaker et al. 2007; Al Balushi et
al. in press). Furthermore, the absence of microcrystalline quartz here means that

organic matter was not diluted by silica precipitation.

The presence of pyrite framboids in this lithofacies suggests they were
formed during early-diagenesis (at shallow burial depths or within the water
column; discussed in section 6.5) in a reducing environment, as a result of
bacterial sulphate reduction that oxidised organic carbon (e.g. Berner 1970;
Taylor and Macquaker 2000). Higher proportions of pyrite (average 8 % wt.)
relative to the silica-rich facies is consistent with higher clay mineral contents
(average 27 % wt.) in the silt-rich facies, and hence more reactive iron was

available to form pyrite.

5.2.3 Evaporite lithofacies

Six cycles of evaporite deposition have been recognised by previous
workers in the Ara Group, which are found in both the carbonate platforms and
the Athel Basin (Fig. 5.2; Mattes and Morris 1990; Grotzinger et al. 2002;
Amthor et al. 2003; Schroder et al. 2003; Al-Siyabi 2005; Amthor et al. 2005).
Each evaporite cycle in the Ara Group is normally found in the following order
(from base to top): anhydrite- halite- potassium salt- halite- anhydrite (Mattes
and Morris 1990; Schroder et al. 2003). This study only identified anhydrite
(LF5) and halite (LF6) in ALNR-2 cores from the base of the overlying evaporite
cycle (ASE).
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LF5: Anhydrite- and detritus-bearing mudstones

In core this lithofacies is very dark and massive (Fig. 5.3). Only one
sample from this lithofacies was described petrographically. The petrographical
(Fig. 5.15), XRD (Fig. 5.16) and TOC results indicate that this lithofacies is
composed of euhedral anhydrite (average 42 wt. %), silt and sand-sized quartz
grains (average 11 wt. %), microcrystalline-quartz (average 5 wt. %), euhedral
magnesite (average 9 wt. %), clay minerals that are predominately smectite/illite
(average 17 wt. %), pyrite (average 6 wt. %), organic carbon (average TOC =5
wt. %), and traces (< 5 wt. %) of barite and halite. The average SiO,/Al,O; ratio
for this lithofacies is 3.5 (Appendix III). Individual euhedral anhydrite crystals
have diameters of between 20 and 200 um (Fig. 5.15D). The size of quartz grains
ranges from 20 to 500 um (Fig. 5.15). Quartz grains show intense dissolution
features on both grain centre and edges (Fig. 5.15 F).

This lithofacies is present towards the transition from mudstones to the
next evaporite cycle in well ALNR-2 core overlain by LF6 (halite; Fig. 5.3). Its
total thickness in well ALNR-2 core is 0.8 m, however, on the platforms
anhydrite units are reported to have a total thickness of up to 20 m (Schroder et
al. 2003). LF5 is interpreted from wireline logs together with LF6 since they

have a very similar log signature.
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Figure 5.15. Photomicrographs of LFS5 from sample ALNR-2(2). (A) PPL image and (B)
XPL image show anhydrite crystals (An). Anhydrite shows moderate relief in PPL and
bright second order interference colour in XPL. (C) BSEI shows anhydrite crystals and
quartz grains (Q) in a matrix composed of clay minerals (illite/smectite) and
microcrystalline quartz. Magnesite crystals (low n; Mg) and barite (very high n; Ba) are
present too. (D) BSEI shows show euhedral anhydrite crystals (An; individual crystal size is
ranging from 20-200 pm) and barites (Ba). Fractures (arrowed) are normally infilled with
bitumen and/or halite. (E) BSEI shows a euhedral magnesite (Mg) surrounded by
microcrystalline quartz and clay minerals. Anhydrites (An) of various sizes and pyrites
(very high n) also present. (F) BSEI shows close view of a quartz grain (Q), note the
dissolution affect on the quartz grains at the edge and the centre (arrowed).
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Figure 5.16. An XRD plot of LF5, the main minerals identified are Anhydrite (An; purple
peaks), quartz (Q; red peaks) and magnesite (Mg; orange peaks). Pyrite and clay minerals
were not detected from the XRD analysis as their concentrations are below detection limit,
however, it was identified from the petrographical analyses. This plot is obtained from
sample ALNR-2(2). The petrographical results of this sample are shown in Fig. 5.15.

LF6: Halite-dominated mudstones

Halite-dominated mudstones are colourless to white in core and alternate
with relatively darker units, on a scale of 3-4 cm (Fig. 5.3). One sample was
collected for geochemical analysis. Mineralogy of LF6 is described from the
XRD analysis, which indicates that this lithofacies is predominately composed of
halite (average 94 wt. %) and minor amounts (< 6 wt. %) of anhydrite, pyrite and

fluorite (Fig. 5.17).

This lithofacies overlies LF5 in well ALNR-2 core. Its thickness is
difficult to estimate since the core only recovered the first few centimetres of this
unit (Fig. 5.2), but seismic and wireline logs suggest that it can reach to up to
1,000 m (Mattes and Morris 1990; Schroder et al. 2003). This lithofacies and
LFS5 are characterised by GR values ranging from 7 to 18 API, sonic values from
43 to 55 us/m, density values from 2.8 to 3.0 g/em’ and 2 to 2.2 g/em’ for LF5

and LF6, respectively, and neutron values are about zero LPUs (Fig. 5.1).

110



Chapter 5. Lithofacies analysis and distribution

Ha

- J\ _JLRY .

2-Theta - Scale
Figure 5.17. An XRD plot of LF6. The main minerals identified are halite (Ha; pale blue
peaks), pyrite (Py; red peak), and fluorite (F; yellow peaks). This plot is obtained from
sample ALNR-2(1).

Interpretation of the evaporite facies

The precipitation of LF5 (anhydrite) and LF6 (halite) marked a gradual
increase in the basin water salinity, which is interpreted as a result of high
evaporation and basin restriction (e.g. Kendall 1992; Schreiber and El Tabakh
2000). Anhydrites cementing the upper part of the Thuleilat Shale (LF4) mark
the early stage of salinity rise. The euhedral textures of anhydrites are interpreted
to be formed by replacement of gypsum precursors (e.g. Shearman 1985; Mattes
and Morris 1990). The subsequent rise in salinity (> 35%; Mattes and Morris
1990) resulted in halite (LF6) precipitation on top of the anhydrite unit (e.g.
Rosell et al. 1998). The dark and colourless units observed in core are probably
composed of anhydrite-rich and halite-rich units, respectively. These alternations
between the anhydrite- and the halite-rich units are interpreted to record salinity
fluctuations, where the anhydrite units represent relatively lower salinity and the

halite units represent a relatively higher salinity.

The dissolution of quartz grains in LF5 (Fig. 5.15 F) is interpreted to
reflect high alkalinity, as a result of evaporation (e.g. Warren 2006). Such highly
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alkaline environments will dissolve detrital quartz grains supplied to the basin
and concentrate dissolved silica in the water body, e.g. Coorong Lagoon in
Australia (Peterson and von der Borch 1965), Lake Magadi in Kenya (Eugster
1969; Warren 2006) and Albert Lake in the USA (Jones et al. 1967; Warren
2006).

5.2.4 Post-depositionally modified lithofacies

LF7: Slumped mudstones

In core, slumped mudstones show soft sediment deformation (Fig. 5.3). In
total seven samples were collected from this facies. Higher resolution
petrographical analyses reveal that small scale intraformational folding and fault
are present, which disrupt the original laminated fabric (Fig. 5.18). The slumped
mudstones have a similar composition to the silica-rich facies (LF1-LF3), and are
mainly composed of microcrystalline quartz, clay minerals, detrital quartz grains
and pyrite (Table 5.1). LF7 is identified only from the cores of well ALNR-2 and
ALNR-3. It is present equally in the Upper and the Lower Athel Silicilyte (Fig.
5.2 and 5.3), with a thickness ranging from 20 to 40 cm. LF7 has similar wireline
log characteristics to LF1 to LF3 and hence it could not be interpreted from the
uncored intervals/wells. Core porosity values of this lithofacies are similar to

silica-rich facies depending on microcrystalline quartz contents.
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Figure 5.18. Photomicrographs illustrating the features of LF7. (A), (B) and (E) are from
sample ALNR-2(35), (C) from sample ALNR-2(12) and (D) and (E) from sample ALNR-
2(13). (A) A scanned-thin section shows primary laminae disrupted by soft sediment
deformation (white arrow) underlying undeformed wavy laminae (bottom of the image).
Here the pale laminae are silica-rich in contrast to the darker laminae that are relatively
more organic carbon- and clay-rich. Yellow arrow shows concave structure. (B) PPL image
of (A) that shows a close-up view of the convolute lamination; laminae are pushed upward.
(C) PPL image shows small scale intraformational folding (annotated) and faulting (yellow
arrow). Silt-sized grains with high relief are quartz. Fracture (white arrow) is rich with
bitumen and clay minerals. (D) PPL image shows another slumped sample. White arrow
indicates a fault plane, note that the laminae to the bottom right are undisrupted, and the
yellow arrow show small scale folding. (E) BSEI of (A) and (B) show microcrystalline
quartz (Si) and pyrite framboids (Pf). Lamination is not clear. (E) BSEI of (D) that show
microcrystalline quartz, quartz grains (Q) and organic carbon (arrowed).
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Interpretation of slumped lithofacies

The presence of small scale intraformational folds, soft-sediment
deformation and the absence of brittle deformation, all suggest that deformation
occurred shortly after initial lithification had been initiated, but prior to full
lithification (e.g. Mills 1983). These features of soft-sediment deformation in
LF7 were likely produced by downslope movement of the sediments under the
influence of either gravity along (e.g. Mills 1983; Fries and Parize 2003;
Neuwerth et al. 2006) or by the combined effects of gravity and storms (e.g.
Martel and Gibling 1993). While the latter is possible, the absence of rip up
clasts, flat pebble conglomerates, or shallow water structures (ripple laminae or
domal microbial structure) in the Athel Silicilyte makes it unlikely that there was
a storm influence. The rarity of slumped facies in ALNR-2 core (< 0.5 % of the
total Athel Silicilyte thickness) could suggest the slope angle was very gentle and

did not produce a very thick slumped facies.

LF8: Brecciated mudstones

Brecciated mudstones in core comprise broken angular clasts of the
laminated microcrystalline quartz lithofacies (LF1-LF3; Fig. 5.19). Four samples
were collected from this lithofacies for higher resolution analyses. Petrographical
analyses show that brecciation has disrupted much of the original bedding fabric
(Fig. 5.3). Each broken clast is up to 2 mm across and has an angular shape (Fig.
5.19). Small scale folding and faulting are present in some samples of LF8
similar to LF7 (Fig. 5.19 C). The fault planes and fractures associated with LF8
are typically cemented by magnesite, hydroxyfluorapatite, and/or evaporite
minerals (Fig. 5.19 E & F). This lithofacies is identified only from the cores of
well ALNR-2 and it is present equally in the Lower and the Upper Athel
Silicilyte. This lithofacies has thickness varies from 0.20 to 0.4 m and has core
porosity values similar to silica-rich facies (LF1-LF3) depending on

microcrystalline quartz contents.

114



Chapter 5. Lithofacies analysis and distribution

Figure 5.19. Photomicrographs illustrating features in LF8. (A), (B), (D) and (F) are from
sample ALNR-2(37) and (C) and (E) from sample ALNR-2(26). (A) A scanned-thin section
shows in situ breccia that consists of broken angular clasts (yellow arrow). The upper part
of photograph shows fracture, which is post-dated brecciation and cemented by halite. It
also shows stylolite (postdate brecciation) and cemented by magnesite (white arrow). (B)
PPL image of (A) shows laminated angular clasts (up to 2 mm across) and they are made of
microcrystalline quartz. Magnesite (high relief) presents between the broken clasts
cementing fractures induced during brecciation. (C) PPL image of another sample showing
breccia and very small scale faulting (white arrow) and foldings (yellow arrows). Each clast
consists of laminated microcrystalline quartz. Small scale fold and faulting in this sample
indicates brecciation predates full lithification. (D) BSEI of (A) and (B) show
microcrystalline quartz within the broken clasts and magnesite cement (low 7). Pyrites
(very high 1) are present, which are scattered within clasts and matrix. (E) BSEI of (C)
shows microcrystalline quartz (Si), hydroxyfluorapatite (CaP) and small scale folding.
Hydroxyfluorapatite in this sample is cementing the fracture between broken clasts and
shows euhedral texture. (F) BSEI shows a close-up view of magnesite (Mg) and
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microcrystalline quartz (Si) in (D). Magnesite shows euhedral texture and it is present
within the fractures between laminated microcrystalline quartz clasts.

Interpretation brecciated lithofacies

The presence of angular broken clasts of the same composition as
surrounding rocks (LF-LF3) suggests in situ brecciation of the lithified rocks.
Small scale folding and faulting in some samples (Fig. 5.19 C) might suggest
brecciation before full rock lithiofication (soft breccia). The brecciation of
lithified rocks can be triggered by dissolution of intraformational evaporite
(Matton et al. 2002), reworking by storms and waves (Bouchette et al. 2001), or
by tectonism, e.g. earthquakes and instability of the basin floor (Rodriguez-
Pascua et al. 2000). Given the absence of shallow water structures and primary
interbedded evaporites and the abundance of faults (identified from core and
seismic data; Amthor et al. 2005) in the Athel Silicilyte, brecciation is interpreted
to be a direct in situ fault breccias that were tectonically triggered. Tectonism
throughout the period of Ara Group sedimentation, related to the subduction of
Proto-Tethyan oceanic crust along the formerly passive continental margin
around the periphery of eastern Gondwana (section 3.3; Loosveld et al. 1996;
Immerz et al. 2000; Allen 2007), would have led to localised faulting and
fracturing. Fluid movement along fractures and fault planes probably led to
cementation by magnesites, hydroxyfluorapatites and evaporites (Fig. 5.19 E &

F).

LF9: Microcrystalline quartz-, carbonate- and detritus- bearing
mudstones

This lithofacies in core is light grey and homogeneous. Laminations are
poorly developed and it is not fissile (Fig. 5.3). In total, 11 samples (9 from the
Athel Silicilyte and 2 from the U Shale) were collected for higher resolution
analyses. This lithofacies under optical and electronic microscope is either
largely homogeneous with clusters of dolomite crystals being present within a
microcrystalline quartz framework or it exhibits wavy discontinuous lamination.
Laminae geometry and thickness are similar to LF1-LF3 (wavy discontinuous
laminations, 20 to 50 um thick; Fig. 5.20). Individual laminae comprise thin

alternating silica-rich and more magnesite/dolomite-rich layers and are crosscut
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by stylolites (Fig. 5.20 B). A combination of the petrographic, XRD (Fig. 5.21)
and TOC results reveal that LF9 is composed of microcrystalline quartz (average
31 wt. %), dolomite (average 36 wt. %), magnesite (average 5 wt. %), clay
minerals (average 12 wt. %), pyrite (both framboidal and euhedral; average 8 wt.
%), detrital quartz grains (average 2 wt. %), organic carbon (average TOC = 2.5
wt. %) and traces (< 2 wt. %) of evaporite minerals (halite and anhydrite) found
within fractures/stylolites. The XRF results show that SiO,/Al,O; average ratio
for LF1 is 10 (Appendix III).

The microcrystalline quartz crystals have a similar size and shape (1-5
um, euhedral-subhedral) to those in LF1-LF3. In contrast, the dolomite and
magnesite crystals are typically 10-50 um in diameter and form euhedral-
subhedral crystals (Fig. 5.20). These euhedral dolomite/magnesite crystals appear
to be precipitated in the pore spaces and then continued growing on the original
microcrystalline quartz fabric, post-dating microcrystalline quartz precipitation
(Fig. 5.20 C-F). This lithofacies has a higher proportion of framboidal and
euhedral pyrite compared with the silica-rich facies (Fig. 5.20 C & D). In
addition, pyrites and dolomites concentrate locally within individual samples
(Fig. 520 C & D). Dolomite crystals appear to be intergrown with pyrite
framboids (Fig. 5.20E), whereas magnesite crystals were intergrown with
framboidal and sometime with euhedral pyrites (Fig 5.20 D & F). This lithofacies
has an average core porosity of 4.9 %, lower than the average of the silica-rich

facies.

This lithofacies is present in the Athel Silicilyte and the U Shale as thin
layers; typical thickness range from 0.15 to 0.50 m (Fig. 5.3). It is relatively
more common in the upper part of Athel Silicilyte succession and in the
bounding silt-rich units (Fig. 5.2 and 5.3). In wireline logs, LF9 is characterised
by GR values ranging from 35 to 75 API, sonic values from 51 to 71 pm/s,
density values from 2.47 to 2.83 g/cm’, neutron values from 0.11 to 0.24 LPUs
and calculated porosity values are typically 0-10 % (Fig. 5.3).
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Figure 5.20. Photomicrographs of LF9. (A), (C), (E) are from sample ALNR-2 (10), (B)
from sample ALNR-2(40), (D) from sample ALNR-2 (45) and (F) from sample ASH-4(1).
(A) PPL image shows clustered dolomite grains (Dol) within microcrystalline quartz
framework (Si). (B) PPL image shows laminated LF9, laminae comprise thin alternating
strata of silica-rich layers and dolomite-rich layers. The dolomite-rich layers have a higher
relief than the silica-rich layers. Stylolite (arrowed) crosscuts the dolomite-rich layers. (C)
BSEI of (A) shows dolomite cements (Dol) and microcrystalline quartz framework (Si).
Note framboidal pyrite (high n) is abundant where dolomite cement is presents (lower part
of the image), and it is rare in the microcrystalline quartz framework (upper part of the
image). (D) BSEI shows magnesite (Mg) and microcrystalline quartz (Si). Note, magnesite is
associated with pyrite framboids (arrowed) and it appears to precipitate over quartz
framework. (E) A close up view of (C) shows pyrite framboids (Pf), and dolomite (Dol) is
surrounding pyrite. Note, dolomite encloses microcrystalline quartz (Si). (F) BSEI shows
magnesite grains (Mg) precipitated within microcrystalline quartz framework (Si) and
euhedral pyrite (arrowed) is surrounding magnesite grain, whereas, pyrite framboids (Pf) is
only present within microcrystalline quartz framework.
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Figure 5.21. An XRD plot of LF9. The main minerals identified are quartz (Q; red peaks),

dolomite (Dol; light blue peaks), magnesite (Mg; dark red peaks), clay minerals
(smectite/illite [CM]; blue peaks) and pyrite (Py; green peaks). This plot was obtained from
sample ALNR-2(21). Petrographical results of this lithofacies are shown in Fig. 5.20.

Interpretation of carbonate-cemented lithofacies

The presence of silt-sized euhedral-subhedral dolomite/magnesite
crystals, that are crosscut by stylolites and were intergrown with early diagenetic
framboidal pyrite, suggests that they precipitated during early-stage, shallow
burial diagenesis before significant compaction. Magnesite associated with
euhedral pyrite (which are formed during late stage diagenesis; e.g. Macquaker et
al. 1997; Chapter 6), is interpreted to be formed during relatively late-diagenesis
at deeper burial depth.

The higher proportion of pyrite in LF9, both euhedral and framboidal
(average 8 % wt.), is interpreted to reflect organic matter diagenesis dominated
by bacterial sulphate reduction (Berner 1970; Taylor and Macquaker 2000;
Wilkin and Arthur 2001). The metabolic activities of sulphate reducing bacteria
probably resulted in the removal of sulphate ions (SO4*; dolomite kinetic
inhibitor, equation 5.1 below), and lead to an increase of the total alkalinity and
pH of the porewaters (Baker and Kastner 1981; Compton 1988; Slaughter and
Hill 1991; Wright 1999; Warthmann et al. 2000; Wright and Wacey 2005). Iron
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reduction, associated with pyrite formation, will contribute to higher pH values
since this reaction is a strong alkalinity pump (via OH™ production, equation 5.2
below; Lovley 1991; Macquaker et al. 1997). Dolomite and magnesite
precipitation (equation 5.3 & 5.4, respectively) could have taken place deeper in
the sulphate reduction zone where sulphate ion concentrations decrease and
bicarbonate ion concentrations increase (Wright 1999; Wright and Wacey 2005).
Of course, calcium and magnesium ions are available in seawater for dolomite
and magnesite precipitation. This lithofacies is enriched with Mn (average 570
ppm) compared with the silica-rich facies (average 47.5 ppm, detailed results in
Chapter 6; section 6.3.2), which is further support that carbonate precipitation
took place in an oxygen-depleted environment (e.g. Hild and Brumsack 1998;

Tribovillard et al. 2006).

2CH 0+S0°% —2HCO +HS +H" (5.1
2Fe O, +CH,0 + 3H,0 — HCO [+4Fe® +70H - (5.2)
Ca®+Mg* +2HCO; +20H " — CaMg (CO,) ,+2H,0 (5.3)
Mg* +2HCO; +20H ~ — 2MgCO , +2H,0 (5.4)

The increase in the abundance of LF9 towards the upper Athel Silicilyte
and in the bounding silt-rich units (Fig. 5.2) is interpreted as a result of higher
detrital input, and hence availability of reducible iron. This also supports the role

of iron in carbonate precipitation in the Athel Silicilyte.

5.3 Pyrite framboid size-distribution

Pyrite framboidal size-distributions could indicate redox conditions
during sediment deposition, and therefore Athel Silicilyte pyrite size-
distributions are described in order to investigate redox conditions during Athel
Silicilyte precipitation. Pyrite morphology and size-distribution are outlined in
this chapter, since this data collection is based on microscopic analysis.

However, the significance of these data is discussed in Chapter 6 (section 6.5),
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along with elemental concentrations. The results in this subsection are described

based on lithofacies group, silica-rich facies (LF1-LF3) and silt-rich facies (LF4).

Three types of pyrite were identified during electronic petrographical
analysis (BSEI) from the silica- and the silt-rich facies. The first type is the
typical pyrite framboids (closely packed, spherical aggregates of uniform-sized
microcrysts; Fig. 5.22 A & B). The second type of pyrite is similar to type one,
but the microcrysts are scattered or less densely packed, which often show larger
variability in diameter (Fig. 5.22 C). The third type is diagenetic pyrites, which
occur as euhedral crystals and shows no microcrysts (Fig. 5.22 D). Among those
types, type one is more abundant, whilst types two and three are less common,
and the latter is mainly found in the silt-rich facies (LF4), as well as at the top

and at the base of the Athel Silicilyte near the mudstone transition boundaries.

Petrographical results reveal that these framboids are present within
uncompacted pore spaces of the silica-rich facies (Fig. 5.22). No secondary
pyrite growth is seen in type one resulting in preservation of the primary textures
of the framboids with no infilling or overgrowths of pyrite (Fig. 5.22). Pyrite
contents, mostly framboidal, do not change significantly throughout the Athel
Silicilyte (ranging from 2 to 8 wt. %; average 3 wt. %; Appendix III). In the silt-
rich facies (LF4), pyrite contents can reach to up to 11 wt. %, with an average of

8 wt. % (Appendix III).

Statistics of pyrite framboid (type one) size distributions, i.e. number of
framboids counted (n), average and maximum framboid diameter and standard
deviation (SD), are shown stratigraphically in Fig. 5.23 with the GR log of well
ALNR-2. These results were collected from the prepared thin sections using
electronic microscopic techniques. Each sample was analysed over 5-10 closely

spaced 15-25 mm vertical transects.

All samples, from the silica- and the silt-rich facies, have an average
framboid diameter ranging from 3.4 to 4.0 pm. Maximum framboid diameter
rarely exceeds 8.5 um, only one sample (ALNR-2(44)) shows a diameter of 13.5
um (Fig. 5.23). The average diameters of pyrite framboids do not significantly
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vary between silica-rich facies (Fig. 5.23). These framboids are characterised by
very narrow size distribution, SD ranges from 1.1 to 1.5 and less than 5 % of the

measured framboids have diameter-size more than 7 pm.

Figure 5.22. Back scattered electron images of identified pyrites from the silica-rich facies
(A-C) and the silt-rich facies (D). (A) is from sample ALNR-2(12), (B) from sample ALNR-
2(8), (C) is from sample ALNR-3 (6) and (D) from sample AL-9(6). (A) and (B) show pyrite
framboids (type one), which are closely packed, spherical aggregates of uniform-sized
microcrysts, that are present within uncompacted pore spaces. (C) Shows scattered pyrite
microcrysts (type two) in the microcrystalline framework. (D) Shows pyrite framboids and
euhedral pyrite (type three; arrowed) in the silt-rich facies.
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Figure 5.23. Shows pyrite framboid size distributions of the analysed samples from well
ALNR-2. The silica-rich facies samples were selected from the Lower and Upper Athel
Silicilyte from different depths in order to cover the full stratigraphic thickness. Two
samples (three m apart) analysed from the silt-rich facies (the U Shale) from cores of well
AL-9, but they are plotted in well ALNR-2 to compare pyrite framboid size distributions
with the results from the Athel Silicilyte. Sample abbreviation, number of pyrite framboids
(n), average diameter, framboid maximum size and standard deviation of each sample are
shown on their size-distribution graph. All samples show more than 95 % of pyrite
framboids are less than 7 pm with an average ranging from 3.4 to 4.0 pm.

5.4 Temporal and spatial variability of the Athel Silicilyte

The wireline log signatures of each lithofacies were previously described
in section 5.2 and summarised in Table 5.1. The log signatures of each lithofacies
can be differentiated, and hence the interpretation of uncored wells/intervals is
facilitated. In total 12 wells were interpreted to establish the temporal and the
spatial variability of the Athel Silicilyte from the Athel Basin (Fig. 5.1). These
wells are distributed across the Athel Basin (Fig. 5.1); five wells from the basin
margins (AMSE-1, MKZ-1, MMNW-7, MM-248 and TL-2), six wells from the
basin centre (ALNR-2, ALNR-3, ALNR-4, ASH-2, ASH-3, and ASH-4) and one
well from the Birba Platform (BB-4). The lithofacies variability in the basin
centre and on the basin margin is summarised in Fig. 5.24, while each well
variability, as well as Athel Silicilyte thickness and the proportions of each

lithofacies in the Athel Silicilyte succession, are shown in Fig. 5.2.

The Athel Silicilyte is only present in the Athel Basin (Fig. 5.24) bounded
below by the U Shale and above by the Thuleilat Shale, whereas time-equivalent
carbonates are present on the platform. These units are all enclosed between two
thick evaporite units (anhydrite [LF5] and halite [LF6] lithofacies) of the A4E
and the ASE cycles (Fig. 5.24). The Athel Silicilyte is typically thicker in the
basin centre than on the basin margins (e.g. 390 m thick in the basin centre [well
ALNR-2] and 190 m thick on the basin margin [well MMNW-7]; Fig. 5.2).
However, well ASH-3 in the basin centre encounters relatively thinner unit of the

Athel Silicilyte (166 m thick; Fig. 5.2).

Expansion of the core interpretations to wireline log signatures supports
the interpretation that laminated microcrystalline quartz-rich mudstones (LF1)

are principally present in the Lower Athel Silicilyte (Fig. 5.2 & 5.24). They tend
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to be volumetrically more significant in the basin centre than on the basin
margins (e.g. their proportion is 47 % in the basin centre [well ALNR-2] and 18
% on the basin margin [well ALSE-1] of the total Athel Silicilyte thickness; Fig.
5.2). This is also reflected on the thinning of the Lower Athel Silicilyte towards
the basin margins (Fig. 5.2). Laminated microcrystalline quartz-dominated
mudstones (LF2) are also present in the Lower Athel Silicilyte only in the basin
centre (their proportion ranges from 1.5 % to 6.0 % of the total Athel Silicilyte
thickness; Fig. 5.2), and they are absent on the basin margins (Fig. 5.2 % 5.24).
Laminated microcrystalline quartz-rich, detritus-bearing mudstones (LF3) are
mainly present in the Upper Athel Silicilyte and at the base of the Lower Athel
Silicilyte (just above the U Shale/Athel Silicilyte boundary; Fig. 5.24). LF3
passes vertically into laminated silt-rich, clay-mineral bearing mudstones (LF4)
associated with a gradual increase in GR values (from around 85 to >150 API).
However, LF3 is also interbedded with LF4 in a 1 to tens of metre scale in some
wells, especially in wells located on the basin margins (e.g. ALSE-1, ALNR-3
and TL-2; Fig. 5.2 & 5.24). The proportion of LF3 in Athel Silicilyte succession
increases towards the basin margin (e.g. 50 % in the basin centre [well ALNR-2]
and 63 % on the basin margin [well TL-2] of the total Athel Silicilyte thickness;
Fig. 5.2).

Across the entire Athel Basin area, the silica-rich facies (LF1-LF3) in the
Athel Silicilyte are bounded between the silt-rich facies (LF4), which are present
in the Thuleilat Shale and the U Shale. The Thuleilat Shale thickness across the
basin varies from 175 m (e.g. well ALSE-1 on the basin margin; Fig. 5.2) to 3 m
(e.g. well ANLR-2 and ASH-3 in the basin centre; Fig. 5.2) and it shows a
decrease in thickness towards the basin centre. However, two wells (ALNR-4
and ALNR-3; Fig. 5.2) in the basin centre encountered a thick (85-175 m) unit of
the Thuleilat Shale. The U Shale thickness variation across the basin is hard to
constrain since wireline logs do not always cover the full stratigraphic thickness.
Where there is a complete stratigraphic coverage, the U Shale has a thickness

varying from 75-150m (e.g. TL-2 and ALSE-1; Fig. 5.2).

Slumped (LF7) and brecciated (LF8) mudstones are only identified from

cores, both of which were sampled from the basin centre (well ALNR-2 and

125



Chapter 5. Lithofacies analysis and distribution

ALNR-3). Their lateral variability could not be interpreted based on wireline
logs, since their log signatures depend on their composition, which varies
between LF1-LF3. Microcrystalline quartz-, carbonate- and detritus- bearing
mudstones (LF9) become relatively more common towards the Upper Athel
Silicilyte and within the enclosing silt-rich facies, whilst they show no lateral
variability from the basin centre to the basin margins (0.5 % to 1.5 % of the total

Athel Silicilyte thickness across the basin; Fig. 5.2).

Interpretation of Athel Silicilyte variability

Laminated microcrystalline quartz-rich mudstones (LF1) and laminated
microcrystalline quartz-dominated mudstones (LF2) have high microcrystalline
quartz contents (average LF1 = 83 and LF2 = 91 wt. %), lower detrital contents
(LF1 =7 and LF2 = 4 wt. %) and high Si0,/AL,O; ratios (LF1 = 42 and LF2 =
79), and they are concentrated in the Lower Athel Silicilyte (section 5.2.1).
Whereas, laminated microcrystalline quartz-rich, detritus-bearing mudstones
(LF3) have relatively lower microcrystalline quartz contents (72 wt. %), high
detrital contents (17 wt. %) and low SiO,/Al,Os3 ratios (22), and they are
concentrated in the Upper Athel Silicilyte. A similar trend showing a decrease in
microcrystalline quartz content and an increase in detrital content is observed
towards the basin margins. In addition, laminated silt-rich, clay-mineral bearing
mudstones (LF4) are interbedded with LF3 towards the upper Athel Silicilyte on
the basin margins. These observations show that there is an increase in detrital
contents and a decrease in microcrystalline quartz contents towards the Upper
Athel Silicilyte and towards the basin margins. This vertical and lateral
variability of Athel Silicilyte lithofacies therefore suggests that silica

precipitation dominated where there was less input of detrital material.
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Figure 5.24. Summary logs, constructed from well-correlation in Fig. 5.2, showing
lithofacies vertical and lateral variability in the Athel Basin (margin and centre). The Athel
Silicilyte is only present in the Athel Basin enclosed by the U Shale and the Thuleilat Shale,
whereas time-equivalent carbonates (A4C) are present in the platform (i.e. Birba Platform),
which are all enclosed by two thick evaporite units of the A4 and the AS cycle. Laminated
microcrystalline quartz-rich mudstones (LF1) are mainly concentrated in the Lower Athel
Silicilyte and they become volumetrically less significant on the basin margins. Laminated
microcrystalline quartz-dominated mudstones (LF2) are present in the Lower Athel
Silicilyte in the basin centre, while they are absent on the basin margins. Laminated
microcrystalline quartz-rich, detritus-bearing mudstones (LF3) are mainly concentrated in
the Upper Athel Silicilyte, as well as at the base of the Lower Athel Silicilyte, and they
become volumetrically more significant towards the basin margins. At the basin margins,
the upper most of the Athel Silicilyte is interbedded with the silt-rich facies (LF4).
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In addition, well correlation (Fig. 5.24) shows that the Athel Silicilyte is
generally thickening towards the basin centre, whilst the Thuleilat Shale is
thinning in the same direction. However, within the basin centre they also show a
quite significant variability. For example, well ASH-3 (Fig. 5.2) encounters
relatively thinner units of the Athel Silicilyte (166 m thick) and the Thuleilat
Shale (3 m thick) relative to the other wells in the basin centre (Fig. 5.2). Their
thickness variation in the basin centre is quite ambiguous and likely related to the
basin topography during deposition. The Athel Basin is thought to contain
palaeogeographic lows and highs, which were developed due to strong
differential fault-related subsidence during Ara tectonism, resulting in a series of
fault-bounded mini-basins and non-depositional high areas (Fig. 5.25; see also
Fig. 3.5 and subsection 3.5.2; Mattes and Morris 1990; Loosveld et al. 1996;
Amthor et al. 2005). Certainly, well ALKZ-1 and ALFR-1 were drilled within
the Athel Basin centre (Fig. 5.25), which both neither encounter the Athel
Silicilyte nor the bounding mudstones. This is interpreted to reflect a presence of
topographic highs that represent areas of non-deposition during the A4C cycle
(Mattes and Morris 1990; Lake and Richard 1998; Amthor et al. 2005). The
significant variation in the basin floor topography therefore might explain the
variation in thicknesses of the Athel Silicilyte and the Thuleilat Shale in well
ASH-3. This well could have been drilled in a topographically higher area where
relatively less accommodation was available during deposition. The significant
relief on the basin floor is also evident by the presence of soft-sediment
deformation features in slumped lithofacies (LF7; Fig. 5.18) that was possibly

produced by sediment downslope movements.
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Figure 5.25. Paleotopograhical map of the Athel Basin based on regional 3D-seismic data.
This map shows paleotopographical high areas in red (Birba Platform and intra-bainsal
high). The deep basin (mini-basins) is in blue and dark green. The Athel Silicilyte
precipitated only in the deepest parts of the basin. AKZ-1 and ALFR-1 encounter no Athel
Silicilyte or U/Thuleilat Shale due to the presence of topographical high areas (yellow
colour) within the Athel Basin (Fig. 5.1). Modified after Amthor et al. (2005).

Notwithstanding the thickness variability of the Athel Silicilyte and the
Thuleilat Shale, the microcrystalline quartz content overall decreases towards the
Upper Athel Silicilyte (ranging from 3 to 30 wt. %; Appendix III) and towards
the basin margins, whilst detrital contents increase. This relation could suggest
that higher detrital input reduced the silica precipitation rate in the microbial
layers. Based on this, the source and the controls on distribution of detrital
material in the Athel Basin must be considered. This is discussed in the following
paragraph, whilst the role of detrital input on reducing silica precipitation will be

considered in Chapter 7 (section 7.3.3).

The source of the detrital material could be fluvial or windblown.
However, the climate aridity during Ara sedimentation (Mattes and Morris 1990;
Schroder et al. 2003) and the absence of any evidence for fluvial channels on

adjacent rocks (Nicholas 2006; Gold 2010), together suggest that fluvial detrital
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input is unlikely. Based on the fine-silt sized detrital grains (section 5.2.2) and
the climate aridity, the detrital material was most likely windblown. The spatial
distribution of detrital accumulation was likely controlled by relative sea-level.
A4 represents a transgressive-regressive cycle (section 3.5). The evaporite unit
(A4E) accumulated during periods of relative sea-level low and basin restriction
on top of the carbonate platforms and in the Athel Basin (Fig. 5.24; Mattes and
Morris 1990; Schroder et al. 2003). Whereas, the Athel Silicilyte precipitated
only in deep waters (mini-basins; Fig. 5.25) within the Athel Basin during
relative sea-level rise (section 3.5; Amthor et al. 2005; Schréder et al. 2005).
Therefore, detrital input in the mini-basins was likely restricted during maximum
relative sea-level rise as palaeo-shoreline step onshore. This is consistent with the
increase in detrital contents towards the basin margins, i.e. more proximal
waters. The increase in detrital contents towards the upper Athel Silicilyte could
suggest shallowing upward, consistent with the accumulation of silt-rich unit of
the Thuleilat Shale and low-stand evaporites on top of the Athel Silicilyte. The
Upper/Lower Athel Silicilyte boundary, marking the relative increase in detrital
contents, therefore probably indicates the maximum water depth during Athel

Silicilyte precipitation.

5.5 Summary

The summary of this chapter is:

e The Athel Silicilyte and bounding mudstones (U and Thuleilat Shale) are
only present in the deep Athel Basin, whereas time-equivalent carbonates are
present in the proximal setting (the Birba Platform).

e Six lithofacies were identified in the Athel Silicilyte that reflect variability in
detrital material contents (silica-rich facies), sediment remobilisation
(slumped and brecciated lithofacies) and diagenetic modification (carbonate-
bearing lithofacies). The silica-rich facies being the most abundant
(representing more than 97 % of the total Athel Silicilyte thickness).

e The silica-rich facies are predominately composed of microcrystalline
quartz, and show wavy discontinuous lamination of microbial origin,
suggesting that silica precipitation took place in microbial layers. These

microbial layers were likely produced by coagulation of photosynthesising
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single-celled plankton during sinking or formed by microbial mat bloom at
the seawater-brine interface.

e The homogeneity of silica-rich facies (apart from variation in detrital
contents), the loose packing of detrital grains and the preservation of thick
laminated fabric (166-390 m thick) suggest that the Athel Silicilyte
precipitated syndepositionally in microbial layers during low detrital input.

e The increase in detrital contents towards the upper Athel Silicilyte and
towards the basin margins (from 3 to up to 30 wt. %; Appendix III) suggest
relatively higher detrital input in the Upper Athel Silicilyte and on the basin
margins. Detrital input was likely controlled by the relative sea-level, an
increase in detrital contents suggests a drop in relative sea-level or that
precipitation took place in more proximal settings.

e The bounding mudstones were deposited during an increase in detrital input
to the Athel Basin, which probably inhibited silica precipitation in the
microbial layers.

e Significant thickness variations of the Athel Silicilyte and bounding
mudstones in the Athel Basin centre are probably due to the presence of
intrabasinal high and low areas that controlled accommodation availability
during deposition.

e Brecciation and soft sediment deformation most likely indicate that the basin
was tectonically active resulting in significant relief within the basin floor.

e Carbonates cementing the Athel Silicilyte and the bounding mudstones are
interpreted as early diagenetic products, precipitated deep in the sulphate

reduction zone due to the availability of reducible iron.
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6.1 Introduction

This chapter investigates: 1) where the sediment that forms the Athel
Silicilyte (silica-rich facies; LF1-LF3) and the U Shale (silt-rich facies; LF4)
were derived, and 2) the redox conditions that were likely to have existed during
the deposition of these units. The materials that formed these sediments may
have been derived from the following sources: 1) detrital input to the basin, 2)
primary production within the basin (organic carbon), and 3) as chemical
precipitates in response to either hydrothermal activity in the basin or diagenesis
occurring in the water column or in the porewaters. The principle problem
addressed here is the source of the silica present in the Athel Silicilyte. The
sediments forming the U Shale are most likely to consist of terrigenous (detrital)

material.

Here, major, trace and Rare Earth Element (REE) concentrations are used
to investigate the geochemical signatures of hydrothermal and seawater
precipitates. In addition, they are used to assess redox conditions during Athel
Silicilyte and U Shale accumulation. These elemental concentrations are also
reviewed in the context of the mineralogical variability described previously in
Chapter 5. To achieve the above aims, a background is first outlined describing
how elemental concentrations can inform this discussion and secondly the data
from the Athel Silicilyte and the U Shale are presented. Finally, the implications

of these data for the origin of these sediments are discussed.

6.2 Background

6.2.1 Detrital monitor

Elements, such as aluminium (Al), titantum (Ti), potassium (K) and
zirconium (Zr), are normally concentrated in detrital aluminosilicate phases (e.g.
Taylor and McLennan 1985; Condie and Wronkiewicz 1990; Murray 1994).
These elements are usually immobile during diagenesis and therefore their
concentrations should reflect the intensity of the detrital input (Taylor and

McLennan 1985; Hild and Brumsack 1998; Tribovillard et al. 2006).
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6.2.2 Hydrothermal signature

Sediments that accumulate in hydrothermal environments are commonly
enriched in elements such as Fe and Mn (e.g. Bonatti 1983; Adachi et al. 1986;
Murray 1994; Sugitani et al. 2002). These element enrichments or depletions are
monitored relative to another detrital concentration proxy such as Al,O0s/(Al,O5 +
Fe,Os + MnO) or Fe,O03/TiO,. Typically sediments that are deposited in
hydrothermal environments are characterised by Al,03/(Al,O3 + Fe;O3 + MnO)
ratios less than 0.35 and Fe,O3/Ti0, ratios higher than 20 (Bonatti 1983; Adachi
et al. 1986; Chavagnac et al. 2005).

In addition, hydrothermal sediments typically have distinctive REE
signatures in shale-normalised patterns (here discussed relative to Post-Archean
Australian Shale [PAAS]; Taylor and McLennan 1985), including light REE
(LREE; La to Sm) enrichments and pronounced positive Eu anomalies
(McLennan 1989; German et al. 1990; Klinkhammer et al. 1994; Bau and Dulski
1999). LREE enrichments are interpreted as the entry of REE into hydrothermal
fluids during plagioclase leaching, which strongly fractionates the heavy REE
(HREE; Gd to Lu) relative to the rest of REE (Klinkhammer et al. 1994). The
positive Eu anomalies imply contributions of the reduced Eu®" that is enriched in
plagioclase (e.g. German et al. 1990; German et al. 1991a; Chavagnac et al.
2005; Slack et al. 2007). Eu is only reduced (Eu’" to Eu’") under strongly
reducing conditions, such as those found in the mantle or lower crust, which will
result in an increase in the ionic radius (German et al. 1991a; Klinkhammer et al.
1994). Reduced Eu has a higher mobility and substitutes for elements with a
similar ionic radius (e.g. Sr) in plagioclase. Consequently, dissolution of
plagioclase will result in fluids characterised by pronounced positive Eu

anomalies.

6.2.3 Seawater signature

Seawater precipitates show REE characteristics (in PAAS-normalised
patterns) similar to modern seawater, including: 1) depleted LREE relative to

HREE; 2) weak-moderate positive La and Eu anomalies; 3) strong negative Ce
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anomalies; and 4) positive Y anomalies (e.g. German et al. 1995; Bolhar et al.
2004; Friend et al. 2008). The LREE-depletion in seawater precipitates is
believed to be due to the progressive enrichment from LREE to HREE as a result
of increasing affinity for solution complexation and decreasing affinity for
surface complexation with the increase in atomic mass (e.g. Lee and Byrne 1992;
Sholkovitz et al. 1994). The LREE are therefore scavenged preferentially by Fe-
and Mn-oxyhdroxide particles from the water column relative to the HREE,
leaving seawater depleted in LREE (German and Elderfield 1989; Sholkovitz et
al. 1994). Positive La and Eu anomalies are also attributed to the higher affinity
to solution complexation of these elements relative to their neighbouring
elements, which in turn might be due to the configuration of inner 4f electrons
(De Baar et al. 1991; Sholkovitz et al. 1994; Bau et al. 1995; Alibo and Nozaki
1999). The negative Ce anomalies result from oxidation of Ce’” to the stable
form of Ce*", which is removed by adsorption onto Fe- and Mn- oxy-hyroxides
(German and Elderfield 1989; Sholkovitz et al. 1992; German et al. 1995).
Whereas, Ce in anoxic conditions is characterised by weak negative to positive
anomalies (e.g. German and Elderfield 1990). Positive Y anomalies in seawater
are attributed to the fractionation during weathering of the continental material
and/or due to the inefficient removal of Y from seawater relative to its neighbour

(Ho) due to their different stabilities (Bau et al. 1995).

6.2.4 Redox monitor

Elements, such as U, V, Mo and Mn, have a transfer rate from seawater to
sediments that is controlled by redox state during deposition (e.g. Morford and
Emerson 1999; Algeo 2004). They are therefore commonly used to assess redox
conditions during sedimentary rock accumulation (e.g. Klinkhammer and Palmer
1991; Jones and Manning 1994; Crusius et al. 1996; Rimmer 2004; Tribovillard
et al. 2006). Assessing redox conditions typically means determining whether the
conditions were either oxidising (oxic) or reducing (anoxic). Reducing conditions
can be non-sulphidic or sulphidic (free H,S within the water column); in the

latter case, they are also called euxinic.
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Uranium is present as dissolved uranyl ions (U®") in oxic seawater, which
bind to carbonate ions forming UO,(COs);" (Langmuir 1978; Morford and
Emerson 1999; Tribovillard et al. 2006). Dissolved U is neither reduced to the
stable U*" nor is it scavenged by particulates in oxic settings (Anderson et al.
1989; Algeo 2004). Whereas, under highly reducing conditions in presence of
hydrogen sulphide, U®" is reduced to the thermodynamically favoured U*'
leading to U enrichment in the sediments by adsorption onto organic carbon

(Klinkhammer and Palmer 1991; Morford et al. 2001).

Vanadium is present as V>* in the form of vanadate H>VO,4 in oxic
waters, which is adsorbed to both manganese and iron oxyhydroxides (Wehrli
and Stumm 1989; Tribovillard et al. 2006) and possibly kaolinite (Breit and
Wanty 1991). In anoxic waters, vanadate however is reduced to vanadyl (VO*)
ions, which might then be removed from the water column to the sediments by
surface adsorption processes or by the formation of organometallic ligands
(Emerson and Huested 1991; Morford and Emerson 1999). In euxinic basins,
free H,S can cause V to be further reduced to V" and then precipitate as a solid
oxide (V;,0;) or a hydroxide V(OH); resulting in further V enrichment (Breit and
Wanty 1991; Wanty and Goldhaber 1992).

Molybdenum is present as Mo®" in oxic water in the form of molybdate
(MoOy4?), which is easily captured by Mn-oxides/hydroxides (MnO,/MnOOH;
Crusius et al. 1996; Morford and Emerson 1999). Subsequent reduction of Mn-
oxides/hydroxides at the redox boundaries release adsorbed Mo to porewaters or
water column (depending on redox boundary position; Crusius et al. 1996). Mo
scavenging from waters to the sediment occurs in the presence of HS™ where
sulphur replaces oxygen on molybdate (MoOxS4.x,X=0-3), resulting in a complex
that makes the Mo compound more likely to adsorb onto organic matter and
authigenic Fe-sulphides (e.g. pyrite; Helz et al. 1996; Erickson and Helz 2000;
Zheng et al. 2000; Algeo and Lyons 2006).

Manganese is delivered to seawater as oxide coatings on the detrital
phases and by hydrothermal fluxes (Calvert and Pedersen 1993; Russell and
Morford 2001; Tribovillard et al. 2006). Reduction of the Mn-oxyhydroxides in
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reducing conditions liberates soluble Mn”" into waters, which diffuses away from
anoxic waters leading to Mn-depletion in the sediments, if not trapped by
carbonate minerals (Jenkyns et al. 1991; Calvert and Pedersen 1996; Hild and
Brumsack 1998; Morford et al. 2001). Dissolved Mn** in oxygenated waters is
oxidised to insoluble Mn®" and Mn*" (e.g. Calvert and Pedersen 1996; Morford
and Emerson 1999; Tribovillard et al. 2006).

These elements are reduced according to their redox potential value,
which quantifies the affinity of an element to acquire an electron and thus to be
reduced. Elements with higher redox potential are reduced first compared with
elements that have lower redox potential value. For example, Fe*" reduction to
Fe* has a redox potential value of + 0.77 volts and reduction of Mn** to Mn**
has a redox potential value of +1.23 volts (Krauskopf 1982). Therefore, Mn*" is

N ) .
reduced before Fe’ , and vice versa for oxidation.

Mobility of the redox-sensitive elements varies for each element during
reoxygenation events. For example, U can be lost from sediments if oxygen
penetrates to a depth where authigenic U has accumulated, which can erase the
primary U signal by migration of U from sediments to the overlying water
column (Anderson et al. 1989; Morford et al. 2001; McManus et al. 2005).
Oxygen penetrating sediments has a lesser effect on the other redox-elements
(e.g. V and Mo) and if they are remobilised, they would be transported only for a
short distance (< 5 cm; Thomson et al. 1998; Morford et al. 2001; Tribovillard et
al. 2006). For precise redox-condition construction, therefore, multi-element

distribution (U, V, Mo and Mn) should be used.

6.3 Results

6.3.1 Data presentation and normalisation

All samples were analysed for major and trace element concentrations
(117 samples) and only selected samples (21 samples) were analysed for REE
concentrations. Major and trace element concentrations were measured using

XRF analysis. From each sample 12 g of powder was obtained and mixed with
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3g wax. The mixture was pressed under high pressure in a pellet, which was
analysed in an Axios Sequential XRF Spectrometer operating under various
voltages and currents depending on elements to be identified. The average error
of this technique is 1.8 % for major oxides and 4.5 % for trace elements (section
2.4.2; Tables 2.2 & 2.3). The REE concentrations were measured using LA-ICP-
MS. The samples were prepared by obtaining a small piece (20 by 15 mm) from
each hand specimen. Each piece was fitted in a rounded disk made of resin and
the samples upper surface was exposed. The upper surface was ablated along a
defined line of only silica-rich laminae, for 17 seconds at a speed of 10 um/s, on
a New Wave Research-Merchantek Product Up 213 laser ablation connected to a
Agilent 7500 Series ICP-MS. The REE results were corrected using the XRF
results by comparing mutual analysed elements from both techniques (section

2.4.3).

Concentrations for the major elements are reported in wt. %, trace
element and REE are reported in ppm. Standard deviation (£) is always reported
next to the average. The major and the trace element average concentrations are
reported and plotted per lithofacies, per facies group (i.e. silica- and silt-rich
facies), and per well in order to investigate the variability between lithofacies, as
well as the vertical and the lateral variability. The average REE concentrations
are only reported per lithofacies and facies group (most of analysed samples are
from well ALNR-2). A summary of the major and trace element concentrations
is given in Table 6.1 and REE summery is given in Table 6.2. Concentrations of

the individual samples are given in Appendix III.

Elemental concentrations are compared with PAAS average compositions
in order to constrain either their enrichment or depletion relative to this standard.
PAAS is considered to represent the average crustal composition and is used as a
baseline for rocks deposited under oxic conditions (Taylor and McLennan 1985).
Redox-sensitive element results were normalised to Al contents to highlight
fluxes of these elements relative to a detrital fraction and to eliminate the effect
of dilution by authigenic components. They were then compared to PAAS values
by calculating the enrichment factor (EF); EF of element X = (X/Al) sampie/(X/Al)

paas. If EFx is greater than 1, then element X is described as enriched relative to
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PAAS and as depleted if the EFy is less than 1 (Tribovillard et al. 2006). The
REE results are also normalised to their concentrations in PAAS to investigate
REE characteristics, i.e. LREE depletion relative to heavy HREE and La, Ce, Eu
and Y anomalies. Such characteristics are used to interpret sediment source and

redox conditions during precipitation. These were calculated according to

methods by Bau and Dulski (1996) and Bolhar et al. (2004) as follows:

EUanom, = [Eu/(2/3Sm + 1/3Tb)]paAs-Normalised
Ceanom. = [Ce/(2Pr - Nd)]paas-Normalised

Laanom. = [La/(3Pr - 2Nd)]paAs-Normalised

Y anom. = Y/Ho

LREE-depletion/enrichment = (Pt/Yb)paas-Normalised

Anomalies are described as positive if their value is more than 1, and
negative if it is less than 1, apart from Y anomalies, which are described as
positive if Y/Ho ratio is more than 27 (PAAS ratio) and negative if it is less than
27. LREE is described as enriched if (Pr/YDb)paas-Normalised 1S more than 1 and
depleted if it is less than 1.
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Table 6.1. The average concentrations of the major and selected trace elements summarised per lithofacies, lithofacies group and per well. Standard deviation
values are shown in parentheses. n stand for number of samples, na for not available and dash (-) not applicable.

LF-LF3 Well Well Well Well Well Well

LF1! LF2! LF3! LF4' LF9' (silica-rich  ALNR-2 ALNR-3 ALNR-4 ASH-2 ASH-4 MKZ-1 PAAS?

;allwells)  (LF1-LF3)  (LF1-LF3)  (LF1-LF3) (LF1-LF3) (LF1-LF3) (LF1-LF3)

n=25 n=28 n=>52 n=7 n=9 n=2_85 n=28 n=14 n=_§ n=2_8 n=20 n=7 n=1
LOI (wt. %)  5.67(1.67)  4.17(1.90) 837(2.81) 183(1.50)  26.4(645)  7.25(2.94) 890(3.71) 7.04(2.16) 6.61(222) 7.70(2.04) 5.61(1.48) 5.85(1.05) na
Na,O 0.39(0.18)  0.35(0.20)  0.50(0.33)  048(0.02)  142(2.89) 046(029)  0.57(0.44) 043(0.18)  037(0.14)  0.34(0.04) 047(020)  0.28(0.09)  1.19
MgO 0.49 (0.44)  0.31(0.29)  0.64(0.40) 126(0.25)  6.66(3.78)  0.57(0.41)  038(0.19)  0.51(0.33)  0.58(0.38)  1.12(0.66)  0.68(0.45)  0.48(0.19)  2.19
ALO; 225(0.65)  1.26(0.51)  3.88(1.20) 10.6(0.87)  420(1.67) 321(1.62)  3.02(1.20) 2.85(1.22) 2.80(0.90) 4.35(1.30) 3.71(1.53)  1.61(0.54) 188
SiO, 86.3(2.80)  90.6(3.20)  78.6(4.70)  54.7(1.39)  422(12.8) 81.7(640)  79.3(6.53)  83.1(526)  83.2(4.65)  78.8(5.35) 832(5.11) 87.9(240) 624
P,0s 0.05(0.05)  0.04(0.03)  0.13(0.11)  0.21(0.15)  0.74(031)  0.10(0.10)  0.16(0.11)  0.05(0.04)  0.13(0.08)  0.11(0.06)  0.08(0.12)  0.04(0.04)  0.16
SO; 2.18(0.71)  1.33(0.50)  3.72(1.23)  5.16(0.73)  2.09(0.69)  3.06(1.38)  3.53(1.47) 297(1.39) 295(0.85)  3.59(1.21) 2.85(1.20) 1.43(032) na
Cl1 0.78 (0.40)  0.73(0.32)  0.82(0.49)  0.03(0) 0.55(0.33)  0.81(0.45)  0.85(0.59)  0.68(0.37)  0.72(0.35)  0.64(021)  0.80(0.35)  1.18(0.36) na
KO 0.51(0.17)  0.30(0.11)  0.96(0.29)  2.61(0.30)  1.06(0.50)  0.78(0.40)  0.83(0.35)  0.71(0.32)  0.64(0.22) 1.10(0.34)  0.77(0.34)  0.37(0.09)  3.68
Ca0 0.16 (0.09)  0.09(0.06)  0.35(0.28)  1.08(0.69)  12.4(6.91)  027(025)  021(0.14)  038(0.43)  0.52(024)  0.18(0.09)  0.25(0.19)  0.14(0.04)  1.29
Fe,0; 0.96 (0.35)  0.53(0.18)  1.66(0.59)  4.93(0.58)  1.69(0.65)  1.38(0.70)  1.44(0.68)  1.40(0.72) 1.18(0.32) 1.76(0.53)  1.37(0.59)  0.60(0.19)  7.18
TiO, 0.14(0.05)  0.07(0.02)  0.32(0.12)  0.92(0.07)  0.32(0.17)  0.25(0.15)  025(0.11)  025(0.16)  028(0.09)  0.38(0.19)  023(0.12)  0.09(0.03)  0.99
Total 99.9(0.08)  99.8(0.13)  99.7(1.51)  99.9(0.45)  99.7(0.27)  99.8(1.16)  99.4(2.06)  99.9(0.13) 100 (0.04) 100 (0.13) 99.9(0.09)  99.9(0.03) na
V (ppm) 139 (50.8) 749 (413) 274 (102) 1056 (245) 391 (229) 220 (129) 236 (115) 218 (125) 202 (104) 285 (94.4) 198 (112) 119 (52.6) 150
Mn 32.6(132)  23.0(153)  56.8(194) 175 (47.9) 570 (177) 474(22.8) 47.7(077) 51.9(243)  50.2(202)  62.3(204)  42.0(19.1)  233(8.38) 1400
Zr 21.9(6.21)  24.0(13.4)  449(13.6)  115(13.0) 99.7(45.6)  37.3(19.1)  383(12.6) 36.8(19.9)  365(10.7)  50.1(20.2)  33.4(15.8) 17.8(4.03) 210
Mo 252(10.6)  19.2(6.14)  31.2(14.6)  122(14.6) 12.1(8.85)  30.2(242) 26.7(103)  35.0(153)  19.6(6.32)  25.7(6.34) 338(172) 17.5.73) 150
U 5.16(1.85)  3.07(1.06)  10.7(4.74)  229(6.80) 831(3.45)  852(5.19) 9.57(6.12) 737(4.64) 102(2.17) 112(415)  730(3.60) 3.81(1.18)  3.10
Fe,04/TiO, 725(2.15)  723(142) 5.74(2.87)  540(090) 592(2.17)  638(2.67) 6.48(3.17)  7.09(3.05) 436(0.79) 551(2.73) 6.72(2.17)  6.68(1.41) na
EZ::B(/)(;F:R?;) 0.70 (0.05)  0.70(0.05)  0.70(0.06)  0.67(0.03)  0.70(0.04)  0.70 (0.06)  0.68 (0.06)  0.69 (0.08)  0.70(0.02)  0.71(0.07)  0.69(0.17)  0.73 (0.04) -
U (EF) 146(5.11)  165(8.64)  17.8(9.59)  13.6(4.49)  14.0(7.44) 165(827) 20.6(11.4) 12.7(223) 232(4.82) 154(3.35) 11.9(445)  150(5.67) -
V (EF) 798 (2.60)  7.37(2.38)  8.87(2.75)  129(290) 14.8(12.8) 836(2.72) 9.82(3.14)  8.08(1.49)  8.69(1.83)  8.15(1.68)  6.30(220) 920(Q.57) -
Mo (EF) 145 (54.8) 210 (72.9) 102 (40.9) 151 (26.5) 489 (48.6)  125(56.0) 123 (51.5) 179 (79.0) 80.8(21.7)  78.3(23.8) 115 (33.0) 140 (29.4) -
Mn (EF) 0.20(0.07)  0.20(0.07)  020(0.06)  0.23(0.08) 223(1.29) 021(0.12)  021(0.06) 020(0.06) 024(0.07)  0.19(0.04) 0.16(0.08)  0.20(0.03) -

"' LF1: microcrystalline quartz-rich lithofacies, LF2: microcrystalline quartz-dominated lithofacies, LF3: microcrystalline quartz-rich and detritus-bearing lithofacies; LF4: silt-rich, clay-mineral bearing mudstones and
LF9: microcrystalline-, carbonate- and detritus-bearing lithofacies.
2PAAS data from Taylor and McLennan (1985).
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Table 6.2. A summary of the average REE composition and anomalies per lithofacies. PAAS, modern oxic/anoxic and hydrothermal fluids compositions are
included for comparison. Standard deviation values are shown in parentheses.

LF1 LF2 LF3 LF 4_ ] LF9 Silic_a-rich PAAS! ls)(;clittl“:c E:zitil"llc Black Sela Isl?liltlwh Hydrother{nal Hydrotherlmal
(silt-rich) (LF-LF3) @2500m)’ (2500 m)" (180 m) (165m)" (H.Temp.) (L.Temp.)

ppm ppm ppm ppm ppm ppm ppm pmol/kg pmol/kg pmol/kg pmol/kg pmol/kg pmol/kg
n=3 n=1 n=9 n=>5 n=3 n=13 n= n=1 n=1 n=1 n=1 n=1 n=1

La 8.73(6.90)  8.60 18.3 (13.1) 36.9(8.94)  14.0(7.98)  154(12.0) 382 29.0 387 76 58.2 1301 545

Ce 14.1(11.8)  14.84 323 (21.5) 65.7(154) 27.5(163)  26.8(202) 796 4.50 432 145 384 2670 1258

Pr 155(1.37)  1.52 3.49 (2.31) 777(1.56)  320(2.09) 2.89(2.18)  8.83 3.90 5.10 na na 311 130

Nd 6.55(5.15)  7.79 14.2 (9.56) 30.9(6.36)  14.3(8.04) 119882 339 18.0 237 59.3 233 1219 490

Sm 130(1.08)  1.17 2.63 (1.79) 6.59 (1.44)  4.00(2.01) 222(1.66) 355 3.20 442 11.9 429 282 102

Eu 026 (0.21) 024 0.61 (0.47) 1.39(036)  1.04(0.51)  0.50(0.43)  1.08 0.86 1.22 3.32 1.18 1419 156

Gd 0.87(0.72)  0.82 1.73 (1.29) 4.86(124)  3.11(091) 146(1.17)  4.66 4.80 6.76 16.1 6.08 290 87.7

Tb 0.13(0.07)  0.14 0.28 (0.20) 0.83(0.23)  0.61(0.12)  023(0.18)  0.77 0.87 1.14 na na 38.8 10.1

Dy 0.85(0.43)  1.07 1.87 (1.69) 476(138)  451(1.43) 157(147) 468 6.60 8.43 193 5.24 214 55.4

Y 6.08 (2.63)  7.85 13.7 (8.39) 31.6(7.31)  374(136) 11.5(7.76) 27 229 238 na na 1880 628

Ho 0.19(0.08) 022 0.40 (0.26) 1.28(0.38)  1.23(039)  033(024) 099 1.90 233 na na 342 9.72

Er 0.52(022) 0.72 1.26 (0.78) 3.14(091)  336(122) 1.05(0.73) 285 6.60 7.95 14.8 3.98 75.7 253

Tm 0.08 (0.02)  0.10 0.18 (0.12) 0.56 (0.15)  0.51(0.22)  0.15(0.11) 041 1.00 122 na na 8.71 3.10

Yb 0.59 (0.24)  0.70 1.35(0.92) 321(0.79) 3.78(1.81)  1.13(0.84)  2.82 6.90 8.40 13.9 4.71 44.3 17.6

Lu 0.08 (0.02)  0.10 0.20 (0.13) 0.44 (0.10)  0.56(0.28)  0.16(0.12) 043 1.20 1.46 226 0.65 5.03 253

ZREE 41.9 (30.9) 459 92.6 (61.0) 200.0 43.5) 119.1(29.5) 77.3(56.7) 212 - - - - - -

Pr/Yb 0.76 0.69 0.84 0.79 0.35 0.81 - 0.18 0.19 0.36 0.41 2.24 2.36

La apom. 121 4.03 1.40 1.24 1.27 1.56 - 2.89 3.01 2.09 2.95 1.01 0.94

Ce anom. 1.47 1.64 1.11 0.99 1.33 1.23 - 0.16 0.12 1.35 0.80 0.97 1.05

Eu an0m. .11 1.08 1.30 1.12 1.26 1.24 - 1.10 1.11 1.19 1.15 25.9 8.68

Y/Ho 32.51 35.61 35.24 25.41 30.98 34.64 273 121 102 na na 55.0 64.6

'Data source: PAAS from Taylor and McLennan (1985)., South Pacific from Zhang and Nozaki (1996) at the location (27°15.37S, 175°25.04E), North Pacific from Alibo and Nozaki (1999) at the location of
(34°419N, 139°549E), the Black Sea from German et al. (1991b) at the station BS3-6, Saanich Inlet from German and Elderfield (1989) and high and low temperature hydrothermal fluids from Bau and Dulski (1999)
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6.3.2 Major and trace elements

All silica-rich facies (LF1-LF3) contain high SiO; concentrations (81.7 £
6.4) and minor concentrations of detrital components (Al,Os = 3.21 £+ 1.62, K,O
= 0.78 £ 0.4, TiO, = 0.25 + 0.15 and Zr = 37.3 + 19.1; Table 6.1). Detrital
parameters show a good positive cross-correlation (r* = 0.83 — 0.95 for ALO; vs.
K,0, TiO,, and Zr; Fig. 6.1), as well as with Fe,O3; concentrations (r2 = (0.83 for
ALO; vs. Fe;0s; Fig. 6.1 B). However, they show a negative correlation with
Si0, (r2 = 0.80 for Al,O3 vs. Si0»; Fig. 6.2 A). There are systematic decreases in
Si0; concentrations from microcrystalline quartz-dominated lithofacies to (LF2)
microcrystalline quartz-rich lithofacies (LF1) to microcrystalline quartz-rich and
detritus-bearing lithofacies (LF3), whilst concentrations of detrital parameters
increase in the same order (Fig. 6.2 A). Stratigraphically, silica-rich facies from
well ALNR-2 show a decrease in SiO, concentrations towards the Upper Athel
Silicilyte, as well as at the base of Athel succession near the U Shale and Athel
Silicilyte boundary, associated with an increase in detrital parameter
concentrations (Fig. 6.3). There is no systematic relation between SiO, and

detrital parameter (e.g. Al,O3) between different wells (Fig. 6.2 B).

The silt-rich facies (LF4) is characterised by relatively lower SiO,
concentrations (54.7 + 1.39) and much higher detrital parameters concentrations
(ALL,O3=10.6 + 0.87, K;O=2.61 £0.3, TiO,=0.92 £ 0.05 and Zr = 115 + 13.0).
In microcrystalline-, carbonate- and detritus-bearing lithofacies (LF9), the
concentrations of Si0; are much lower (42.2 + 12.8), whilst the concentrations of
MgO (6.66 + 3.78) and CaO (12.4 + 6.91), are higher relative to the silica-rich
facies. In comparison to PAAS, the silica-rich facies are significantly enriched in
Si0; and strongly depleted in detrital parameters, whilst the silt-rich facies have

similar concentrations to PAAS (Fig. 6.1).
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Figure 6.1. (A-D) plots of ALOj; vs. K,0, Fe,03, TiO, and Zr, respectively. All elements
show positive correlation (r* ranges from 0.43 to 0.95). These element concentrations show
an increase from microcrystalline quartz-dominated lithofacies (LF2) to microcrystalline
quartz-rich lithofacies (LF1) to microcrystalline quartz-rich and detritus-bearing
lithofacies (LF3) and highest in silt-rich, clay-mineral bearing mudstones LF4, whilst
microcrystalline-, carbonate- and detritus-bearing lithofacies (LF9) show concentrations
similar to LF1-LF3. The concentrations in the silica-rich facies (LF1-LF3) are strongly
depleted relative to PAAS, but they are relatively closer in the silt-rich facies (LF4).
Average PAAS composition is obtained from Taylor and McLennan (1985).
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Figure 6.2. (A) Plot showing SiO, vs. ALO; concentration. An increase in SiO,
concentrations is associated with a decrease in Al,O; concentrations. The silica-rich facies
are characterise by high SiO, (up to 95 %) concentrations (LF2 being the highest and LF3
being the lowest) relative to the silt-rich facie and PAAS. The silt-rich facies are
characterised by relatively lower SiO, concentrations and higher Al,O; concentrations
similar to PAAS. SiO, and Al,O3; show negative correlation (r2 = (.80). LF4 shows the lowest
concentrations of SiO, that show no correlation with AL,O; contents (r* = 0). (B) shows the
same plot as (A), but only for the silica-rich facies (LF1-LF3) plotted per well. No
significant variation in concentrations is observed between different wells. Note; LF4 and
LF9 are not included in (B) as they identified only from a single well (LF4 from well AL-9
and LF9 from well ALNR-2).
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Figure 6.3. A stratigraphic plot of SiO, and selected detrital element (Al,Os, TiO, and Zr)
concentrations of the silica-rich facies in well ALNR-2 throughout the Athel Silicilyte
succession to investigate vertical variability. Grey horizontal bar is the boundary between
the Upper and Lower Athel Silicilyte (identified by increase in GR response; see Fig. 5.3). A
decrease in SiO, concentrations is associated with a concomitant increase in detrital
parameter concentrations. The concentrations of detrital parameters are relatively higher
in the Upper Athel Silicilyte and at the base of the Lower Athel Silicilyte near the boundary
between the Athel Silicilyte and the U Shale. Data gap in the Upper Athel Silicilyte make
this relation less clear, however, the average concentrations of samples from the Upper
Athel Silicilyte show an overall lower SiO, concentrations and higher detrital element
concentrations (Appendix III).

In order to assess whether hydrothermal signature present or not, the
average ratio of Al,O3/(Al,0; + Fe,O3 + MnO) and Fe,05/TiO, were calculated
for all lithofacies (LF1-LF4 and LF9). The silica-rich facies (LF1-LF3) have an
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average ratio of AlLO3;/(Al,O3 + Fe,O3 + MnO) equal to 0.70 £ 0.06 and
Fe,03/TiO; equal to 6.38 + 2.67. These ratios neither change significantly per
lithofacies, nor between wells (Fig. 6.4 and Table 6.1).
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Figure 6.4. A plot shows Al,03/(Al,0;+Fe;03; + MnO) vs. Fe,03/TiO, ratios of the silica-rich
facies (LF1-LF3), the silt-rich facies (LF4) and microcrystalline-, carbonate- and detritus-
bearing lithofacies (LF9). The average ratio of Al,0;/(Al;05+Fe,O;+MnO) and Fe,05/TiO,
is 0.70 (0.06) and 6.38 (2.67), respectively, for the silica-rich facies (for the average per sub-
lithofacies see table 6.1). All lithofacies ratios fall within the continental margin field
identified by Murray (1994).

The average concentrations of redox-sensitive elements are enriched in
the silica-rich facies (U = 8.52 £ 5.19, V=220 £ 129, Mo =220 + 129 and Mn =
47.4 £ 22.8) silt-rich facies (U = 22.9 £ 6.80, V = 1056 + 245, Mo = 122 + 14.6
and Mn = 175 £ 47.9), and LF9 (U= 8.31 +3.45, V =391 + 229, Mo = 12.1 +
8.85 and Mn = 570 £ 177) relative to PAAS (U = 3.10, V = 150, Mo = 1.5 and
Mn = 1400; Fig. 6.5; Table 6.1). The silica-rich sub-lithofacies (LF1-LF3) are
also on average enriched relative to PAAS, apart from 4 samples that are U-
depleted and 22 samples that are V-depleted (all being LF1-LF2; Fig. 6.5;
Appendix III). To ensure that there is no misinterpretation of the redox-sensitive
element results, they must be normalised to Al contents and then compared to
PAAS. This was achieved by calculating the enrichment factor (EF; section 6.3.1

above) to eliminate the fractions of redox-sensitive elements that are bound in

145



Chapter 6.

detrital material and to remove a dilution

Inorganic geochemistry
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Figure 6.5. Cross plots of redox-sensitive element concentrations. (A) a plot shows U vs. V
and (B) a plot shows Mo vs. Mn for the silica-rich facies (LF1-LF3), silt-rich facies (LF4)
and microcrystalline-, carbonate- and detritus-bearing lithofacies (LF9), as well as for
PAAS for comparison purpose. U, V and Mo are enriched in most lithofacies compared to
PAAS (apart from some samples that belong to LF1 and LF2), whilst Mn is strongly
depleted. (C) and (D) show the same plots as (A) and (B) for the silica-rich facies only
plotted per well. No relation in elemental concentrations is observed between different
wells. PAAS values are obtained from Taylor and McLennan (1985).

Results from EF calculations show that redox-sensitive elements (U, V
and Mo) are enriched relative to PAAS in the silica-rich facies (U = 16.5 + 8.27,
V =8.37+2.72 and Mo = 125 £ 56.0), the silt-rich facies (U =13.6 £4.49, V =
12.9 £2.9 and Mo = 151 £26.5), and LF9 (U=14.0+7.44, V =14.8 + 12.8 and
Mo = 48.9 + 48.6; Fig. 6.6 A & B). Mn is the only depleted redox-sensitive
element in the silica-rich facies (EF = 0.21 £+ 0.12) and the silt-rich facies (EF =
0.23 + 0.08), but it is enriched in LF9 (EF = 2.23 + 1.29; Fig. 6.6 B). The EF
values neither show systematic increase/decreases per lithofacies nor between
wells (Fig. 6.6). Stratigraphically, silica-rich facies from well ALNR-2 are
enriched with U, V and Mo and Mn-depleted. The EF values of each element do
not vary significantly throughout the Athel Silicilyte succession (Fig. 6.7).
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Figure 6.6. Cross plots of redox-sensitive element enrichment factor (EF) values. (A) Plot
shows EF values for U vs. V and (B) Mo vs. Mn for the silica-rich facies (LF1-LF3), silt-rich
facies (LF4) and microcrystalline-, carbonate- and detritus-bearing lithofacies (LF9). All
lithofacies are enriched with the respect to U, V and Mo and Mn-depleted relative to PAAS.
LF9 is only Mn-enriched, apart from two samples. The EF values show no relation per
lithofacies. (C) and (D) show the same plots as (A) and (B) for the silica-rich facies only

plotted per well. Also, no relation in the EF values is observed between different wells.
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Figure 6.7. A stratigraphic plot of redox-sensitive element EF values for the silica-rich
facies from well ALNR-2 throughout the Athel Silicilyte succession. U, V and Mo are all
enriched and Mn is depleted relative to PAAS. The EF values for each element show no
significant variation throughout stratigraphic section of the Athel Silicilyte from well
ALNR-2.

6.3.3 Rare Earth Elements

The total REE (3.REE) concentrations in the silica-rich facies (77.3 +
56.7) are lower than in the silt-rich facies (200 + 43.5), whilst microcrystalline-,
carbonate- and detritus-bearing lithofacies (LF9) show similar values (119 =+

29.5) to the silica-rich facies (Fig. 6.8 A). Only the silt-rich facies samples show
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> REE close to PAAS (212), whereas the silica-rich facies and LF9 are relatively
depleted (Fig. 6.8; Table 6.2). The > REE concentrations show a good positive

correlation with TiO, concentrations (r2 =0.68; Fig. 6.8 A).

Anomalies of Y in the silica-rich facies (34.6 £ 5.01) are higher than the
PAAS ratio (27), as well as in LF9 (31.0 + 7.73; apart from one sample having a
value of 22.1). There is no significant variation in Y anomalies between silica-
rich sub-lithofacies (Fig. 6.8 B; Table 6.2). In the silt-rich facies, Y anomalies
(25.4 £ 4.50) are close to the PAAS value. There is no correlation between Y

anomalies and TiO, concentrations (r* ~ 0; Fig. 6.8 B).
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Figure 6.8. (A) and (B) plots show TiO, concentrations vs. XREE concentrations and Y/Ho
ratios; respectively. The XREE concentrations in the silica-rich facies (LF1-LF3) and
microcrystalline-, carbonate- and detritus-bearing lithofacies (LF9) are lower than PAAS,
whereas XREE in the silt-rich facies (LF4) reach PAAS concentration. The XREE show a
good positive correlation with TiO, (r* = 0.68). The silica-rich facies and LF9 have Y/Ho
ratios higher than PAAS (apart from one LF9 sample), whereas the silt-rich facies have
similar values to the PAAS. There is no correlation between Y/Ho and TiO,. The PAAS
data are from Taylor and McLennan (1985).

Patterns of the PAAS-normalised REE in the silica-rich facies and LF9
show an overall shift in the ratios (from 0.1 to 1) towards the Upper Athel
Silicilyte (Fig. 6.9 A). This also represents an increase in the ) REE
concentration, whereas the ratios in the silt-rich facies patterns are clustered
around 1 (Fig. 6.9 B). LREE are depleted (monitored by Pr/Ybpaas-normalised) 10
the silica-rich facies (0.81 £ 0.26; except in four samples), in the silt-rich facies
(0.79 £ 0.11) and in LF9 (0.35 £ 0.33; Fig. 6.10 A & 6.11 A). Positive La
anomalies are developed in the silica-rich facies (1.56 + 0.78; except in two

samples), in the silt-rich facies (1.24 = 0.29) and in LF9 (1.27 £ 0.21; Fig. 6.10 A
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& 6.11 A). Ce anomalies are also on average positive in the silica-rich facies
(1.23 £ 0.36; except three samples that showing negative or no anomalies, 0.98-
0.99), in the silt-rich facies (1.33 £ 0.50; except in one sample) and in LF9 (1.33
+ 0.50; Fig. 6.10 B & 6.11 B). Positive Eu anomalies are also developed in the
silica-rich facies (1.24 £+ 0.36; except in two samples), in the silt-rich facies (1.12
+ 0.10) and in LF9 (1.26 £ 0.39; except in one sample; Fig. 6.10 B & 6.11 B)
There are no significant variations in these anomalies within the silica-rich sub-

lithofacies (Fig. 6.10; Table 6.2).
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Figure 6.9. Patterns of the PAAS-normalised ratios for the REE in (A) the silica-rich facies
(LF1-LF3) and microcrystalline-, carbonate- and detritus-bearing lithofacies (LF9) from
well ALNR-2 and (B) the silt-rich facies. The silica-rich facies show an overall increase in
PAAS-normalised ratios from 0.1 to 1 towards the Upper Athel Silicilyte and the patterns
are generally characterised by LREE-depletion, positive La, Ce, Eu and Y anomalies (see
also Fig. 6.8 and 6.9 for anomalies value). The depths (log depth) are in metre. The silt-rich
facies show PAAS-normalised ratios around 1 and the patterns show similar REE
characteristics (LREE-depletion, positive La, Ce and Eu anomalies but negative Y
anomalies) to the silica-rich facies.
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Figure 6.10. (A) and (B) plots shows Pr/Yb ratios vs. La anomalies and Ce anomalies vs. Eu
anomalies, respectively, for the silica-rich facies (LF1-LF3) , silt-rich facies and
microcrystalline-, carbonate- and detritus-bearing lithofacies(LF9). All lithofacies are on
average characterised by LREE-depletion (Pr/Ybpaas-normaiised Yatios < 1; apart from four
samples from LF2 and LF3). La anomalies are positive in all lithofacies (apart from two
samples from LF2 and LF4). Ce anomalies are positive (or very weak negative) in all
lithofacies. Positive Eu anomalies are also developed in most samples (apart from three
samples from the silica-rich facies and LF9 that show very weak negative anomalies).
Average values per lithofacies are shown in Table 6.2 and plotted in Fig. 6.11.

6.4 Origin of rock components

6.4.1 Detrital inputs

Previous observations from the core and the petrographical data revealed
that the silica-rich facies (LF1-LF3) exhibit wavy discontinuous lamination,
suggesting that this facies likely precipitated during accumulation of microbial
layers, which were derived from the water column. The silica-rich facies, up to
390 m thick, are composed of syndepositionally (primary) microcrystalline
quartz (average = 80 wt. %) with minor contents of detrital material (quartz
grains and clay minerals; average = 13 wt. %), pyrite (4 wt. %) and organic
carbon (average TOC = 3 wt. %). The microcrystalline quartz contents decrease
from microcrystalline quartz-dominated lithofacies (LF2) to microcrystalline
quartz-rich lithofacies (LF1) and are lowest in quartz-rich and detritus-bearing
lithofacies (LF3) (91, 83 and 72 wt. %, respectively), whilst the detrital contents
increase in the same order (4, 7 and 17 wt. %, respectively). The silt-rich facies
(LF4), present in the bounding mudstones (U and Thuleilat Shale), exhibit
straight parallel laminations. The silt-rich facies are mainly composed of detrital
material (> 83 wt. %), including silt-sized quartz, feldspar and clay minerals with

minor contents of pyrite (8 wt. %) and organic carbon (TOC = 7 wt. %). Their
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deposition likely took place during intense detrital input to the Athel Basin
(section 5.2.2). Microcrystalline-, carbonate- and detritus-bearing lithofacies
(LF9) contains significant amounts of precompaction carbonate cement (average
=41 wt. %), microcrystalline quartz (31 wt. %), detrital material (14 wt. %), with
minor contents of pyrite (8 wt. %) and organic carbon (TOC = 3 wt. %). LF9 is
mainly found as thin layers (0.15-0.5 thick m) within the Athel Silicilyte and the
bounding mudstones. Carbonate cement is interpreted to be precipitated during

early-stage, shallow burial diagenesis (section 5.2.4).

The strong enrichments of SiO; (81.7 = 6.4) and the strong depletions of
detrital parameters (AL,O; = 3.21 £ 1.62, K,O = 0.78 = 0.4, TiO, = 0.25 £ 0.15
and Zr = 37.3 £ 19.1; Table 6.1) in the silica-rich facies relative to PAAS (Fig.
6.1; Table 6.1) are consistent with the core/petrographical observations that they
are mainly composed of microcrystalline quartz with small amounts of detrital
material. The high concentrations of detrital parameters (close to PAAS values)
in the silt-rich facies (Al,03=10.6 £ 0.87, K,O =2.61 £ 0.3, TiO,=0.92 + 0.05
and Zr = 115 + 13.0), are also consistent with high detrital contents in this facies.
Detrital parameters show very strong cross-correlation (r* = 0.83 - 0.95 for Al,O;
vs. K,0, TiO,, and Zr; Fig. 6.1 A-C), suggesting that the detrital material are
derived from the same source, weathering products from the surrounding
hinterland. In addition, the total Fe,O3; concentrations (Fe2+ and Fe3+) show a
strong correlation with the ALOs (r* = 0.83, Fig. 6.1 D). Such a relationship is
consistent with the previous conclusion from the petrographical observations that
iron was delivered to the Athel Basin with aluminium-rich minerals and that

pyrite formation was limited by iron availability (section 5.2.1; Fig. 5.11).

Although the silica-rich facies are strongly depleted in all the detrital
parameters, there is a gradual increase in detrital parameter concentrations from
LF2 to LF1 and highest in LF3 (e.g. Al,O3 concentrations = 1.26 £ 0.51, 2.25 +
0.65 and 3.88 £ 1.2, respectively; Fig. 6.2 A), as well as an increase toward the
Upper Athel Silicilyte and near the bounding mudstones boundaries (Fig. 6.3),
suggesting an increase in background detrital input. The increase in the detrital
parameter concentrations is associated with a decrease in SiO, concentrations

from LF2 to LF1 and lowest in LF3 (90.6 + 3.2, 86.3 = 2.80 and 78.6 + 4.70,
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respectively), which is supported by strong negative correlation between Al,O3
and SiO, (r* = 0.80; Fig. 6.2 A). This relation confirms the previous conclusion
from petrographical observations that the higher detrital input towards the Upper
Athel Silicilyte reduced the amount of precipitated silica in the microbial layers
(section 5.4). However, the elemental concentrations cannot provide supporting
evidence for the lateral variation, since samples only cover small intervals of the
Athel succession towards the basin margin (see Chapter 2; Fig. 2.2). These
intervals can be dominated by one lithofacies type and do not represent the

average composition of the Athel Silicilyte succession in that well.

The high enrichment of SiO; in the silica-rich facies relative to PAAS
(Fig. 6.2), therefore suggests the presence of another source responsible for their
enrichment. Since silica-rich deposits can be found in hydrothermal settings,
where hydrothermal fluids supply dissolved silica, and in marine settings, it is
crucial to investigate if the silica in the Athel Silicilyte was sourced by
hydrothermal fluids or from seawater. Therefore, the signatures of hydrothermal
and seawater sources were investigated using major element and REE results.
However, the presence of detrital material in marine or hydrothermal precipitates
can contaminate original REE signatures (Webb and Kamber 2000; Bolhar et al.
2004). Hence, before interpreting REE data from this study, detrital
contamination to the REE system must be investigated. Detrital contamination
therefore is considered first and then hydrothermal and seawater signatures are

discussed.

6.4.2 Detrital contamination to REE

In detrital-free precipitates (such as BIFs, cherts and stromatolitic
carbonates), REE are almost transferred quantitatively (i.e. unchanged) from
seawater to sediments (e.g. McLennan 1989; Bolhar et al. 2004). REE have low
mobility during diagenesis (Parekh et al. 1977; McLennan 1989; Alt and Teagle
2003). Certainly, quantitative modelling suggests that extremely high water/rock
ratios (> 1000) are required to alter REE signatures during diagenesis (Banner et
al. 1988). Hence, detrital-free precipitates are likely to preserve the signature of

original fluids that they precipitated from (e.g. McLennan 1989; German et al.
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1990; Webb and Kamber 2000). In contrast, REE compositions in deposits with
significant detrital contents should reflect the REE composition of PAAS (Taylor
and McLennan 1985; McLennan 1989). In addition, detrital material should
depress Y/Ho ratios to the PAAS ratio of around 27, due to the preferential Y
complexation to particulate matter relative to Ho (e.g. Zhang et al. 1994; Nozaki

etal. 1997).

The silica-rich facies and LF9 samples have up to 10 times lower ZREE +
Y concentrations (77.3 = 51.9 and 119 + 29.5, respectively) than PAAS (212).
They are also characterized by Y/Ho ratios (34.6 £ 5.01 and 31.0 = 7.73,
respectively) higher than the average PAAS value (27), apart from one LF9
sample that was obtained from just beneath the silt-rich Thuleilat Shale, which
contains more than 15 wt. % detrital material. Most importantly, the Y/Ho ratios
show no correlation with the TiO, (detrital parameter) concentrations (r* = 0; Fig.
6.8 A). These observations suggest that detrital contamination is negligible in the
silica-rich facies and LF9. Furthermore, REE were deliberately measured only
from the silica-rich laminae, which contain no detrital material (Chapter 2;
section 2.4.3), to eliminate the effect of detrital contamination. Consequently, the
REE signature of silica-rich facies and LF9 should reflect the signature of fluids
that they precipitated from. The increase in the XREE concentrations towards the
Upper Athel Silicilyte and the good correlation with the TiO; could be attributed
to a decrease in the silica dilution effect. The increase in the detrital content is
associated with a decrease in the microcrystalline content as previously

established.

The silt-rich facies, however, have XREE (200 + 43.5) and Y/Ho ratio
(254 £ 4.50) similar to PAAS (Fig. 6.8 A & 6.9 B). Therefore, the REE
composition in this facies is dominated by detrital input, which is consistent with
the previous petrographical results. Hence, the REE results from silt-rich facies

cannot be used to interpret the water chemistry during deposition.
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6.4.3 Hydrothermal source

The average ratio of Al,03/(Al,0; + Fe;O3 + MnO) and Fe,O3/TiO; in
silica-rich facies is 0.70 + 0.06 and 6.38 + 2.67; respectively (Table 6.1). These
average values are not consistent with cherts that precipitated in hydrothermal
settings (e.g. spreading ridges), but resemble the cherts accumulated in
continental margins (Fig. 6.4; section 6.2.2). Cherts found close to the East
Pacific Rise, for example, have Al,03/(Al,O3 + Fe;O3 + MnO) ratio as low as
0.01, as a result of high Fe and Mn content in the hydrothermal fluids; whereas
cherts precipitated at continental margins have an average ratio of 0.7 (Bonatti

1983; Adachi et al. 1986; Murray 1994).

In addition, the silica-rich facies (LF1-LF3) and microcrystalline-,
carbonate- and detritus-bearing lithofacies (LF9) are characterised on average by
LREE-depleation (Pr/Ybpaas-normatised 1atios = 0.81 = 0.26 and 0.35 + 0.33;
respectively) and weak positive Eu anomalies (1.24 + 0.36 and 1.30 + 0.42;
respectively; Fig. 6.11 & 6.12; Table 6.2). These characteristics are inconsistent
with hydrothermal precipitates, which are typically characterised by LREE-
enrichment and pronounced positive Eu anomalies (e.g. McLennan 1989;
German et al. 1990; Klinkhammer et al. 1994; Bau and Dulski 1999). For
example, low (42° C) and high (360° C) temperature hydrothermal fluids show
LREE-enrichments (Pr/Ybpaas-normalised Tatios = 2.36 and 2.24; respectively) and
pronounced positive Eu anomalies (8.68 and 25.9; respectively; Fig. 6.11 & 6.12;
Table 6.2). These distinctive REE signatures characterising hydrothermal fluids
are attributed to the strong fractionation of HREE relative to the rest of REE and
supply of reduced Eu (section 6.2.2; e.g. German et al. 1990; Klinkhammer et al.
1994). Therefore, in the absence of any hydrothermal signature from major
element and REE results, silica was unlikely to have been sourced from

hydrothermal fluids during Athel Silicilyte precipitation.

6.4.4 Seawater source

The silica-rich facies (LF1-LF-3) and microcrystalline-, carbonate- and

detritus-bearing lithofacies (LF9) are characterised on average by LREE-
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depletion (0.81 + 0.26 and 0.35 £ 0.33; respectively), positive La anomalies (1.56
+ 0.78 and 1.27 £ 0.21; respectively), weak positive Eu anomalies (1.24 + 0.36
and 1.30 + 0.42; respectively) and positive Y anomalies (34.6 + 5.01 and 31.0 +
7.73; respectively; Fig. 6.11 & 6.12; Table 6.2). These characteristics are
consistent with the modern seawater REE signature (section 6.2.3; e.g. German
et al. 1995; Bolhar et al. 2004; Friend et al. 2008). For example, water samples
from the South and the North Pacific oceans (at a depth of 2500 m) show LREE-
depletion (0.18 and 0.19; respectively), positive La anomalies (2.89 and 3.01;
respectively), weak positive Eu anomalies (1.10 and 1.11; respectively) and
positive Y anomalies (121 and 102; respectively; Fig. 6.11 & 6.12; Table 6.2).
Such characteristics are related to the different affinity of each element in the
REE group relative to its neighbour to solution/particle complexation, resulting
in preferential scavenging by particles (section 6.2.3; e.g. German and Elderfield
1989; De Baar et al. 1991; Sholkovitz et al. 1994). In addition, marine
precipitates (microbialites) in ancient (Archean) and modern (Holocene)
environments show similar REE characteristics to modern seawater (Kamber and
Webb 2001; Shields and Webb 2004). The similarity in REE characteristics
between ancient precipitates and modern seawater (and precipitates) led to the
suggestion that the seawater REE composition has hardly changed throughout the
Archean to the present day (Webb and Kamber 2000; Shields and Webb 2004;
cf. Picard et al. 2002).

Based on: 1) silica-rich facies (and LF9) show REE concentrations
characteristic of modern seawater, 2) REE composition of Precambrian seawater
was similar to modern seawater and 3) the silica-rich facies are not enriched with
detrital material or hydrothermal products, the Athel Silicilyte is interpreted to
reflect a seawater precipitate. Consequently, silica present in the Athel Silicilyte
was most likely to be derived from seawater. The silica source is discussed in
more depth in Chapter 7 (section 7.2) by integrating all evidence from this

chapter and Chapter 5, and by performing mass-balance calculations.
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Figure 6.11. (A) and (B) plots showing Pr/Yb ratios vs. La anomalies and Ce anomalies vs.
Eu anomalies, respectively of the average silica-rich facies, silt-rich facies, LF9, South
Pacific (depth 2500 m), North Pacific (depth 2500 m), Black Sea (depth 180 m), Saanich
Inlet (depth 165 m), high temperature hydrothermal fluid (360 °C) and low temperature
hydrothermal fluid (42 ° C). Note, some REEs (Pr, Tb, Y, Ho, and Tm) are not reported in
the Black Sea and Saanich Inlet, consequently the next neighbouring element to the missing
element was used to calculate the different anomalies. These data are presented in Table
6.2.
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Figure 6.12. PAAS-normalised patterns of the REEs of (A) high (360 °C) and low (42 °C)
temperature hydrothermal fluids, (B) oxic seawater at a depth of 2500 m from the South
and North Pacific, (C) anoxic basins (the Black Sea and Saanich Inlet) and (D) the average
silica- and the silt-rich facies. Data source are shown in Table 6.2 caption.
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6.5 Redox conditions

In this section, redox conditions during Athel Silicilyte and U Shale

deposition are discussed using REE and redox-sensitive element concentrations,
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as well as pyrite framboid size-distribution results that were outlined in Chapter 5

(section 5.3).

REE characteristics of the Athel Silicilyte and modern seawater were
discussed in section 6.4.4 to establish the silica source. Both the Athel Silicilyte
and modern seawater show similar REE characteristics, including LREE-
depletion, positive La, Eu and Y anomalies (Fig. 6.11 & 6.12). However, the
silica-rich facies and microcrystalline-, carbonate- and detritus-bearing
lithofacies (LF9) show positive/weak negative Ce anomalies (1.23 = 0.36 and
1.33 £ 0.50; respectively) and weaker LREE-depletion relative to modern
seawater, which is characterised by strong negative Ce anomalies (South Pacific
= 0.16 and North Pacific= 0.12) and strong LREE-depletion (Fig. 6.11 & 6.12;
Table 6.2). The Ce anomaly values of the silica-rich facies and LF9 are
comparable to the values from modern anoxic basins, the Black Sea (1.35) and

Saanich Inlet (0.8; Fig. 6.11 B & 6.12 C; Table 6.2).

The positive/weak negative Ce anomalies in the silica-rich facies and LF9
throughout the Athel Silicilyte succession (Fig. 6.10; Appendix III), suggest that
the redox conditions were anoxic during precipitation of these lithofacies. In
anoxic conditions, Ce is not oxidised and remains stable (as Ce’"), resulting in
weak negative (and sometime positive) Ce anomalies in anoxic environments.
Whereas, in oxic environments, Ce is oxidised to the stable form of Ce*" and
removed from waters by adsorption onto Fe- and Mn-oxyhydroxides, resulting in
negative Ce anomalies in the water column/porewaters (e.g. Elderfield 1988;
German and Elderfield 1989; McLennan 1989; Sholkovitz et al. 1992). The weak
LREE-depletion in the silica-rich facies and LF9 relative to modern seawater is
also attributed to anoxic conditions. Below the redox boundary, dissolution of
settling Fe- and Mn-oxyhydroxide particles, which are enriched with LREE
relative to HREE (due to the fact that LREE has a higher affinity to particle
complexation) releases LREE back to the water column, resulting in weak
LREE-depletion in anoxic environments relative to oxic environments (German
and Elderfield 1989; Sholkovitz et al. 1992; Bolhar et al. 2004). The Black Sea,
for example, shows strong negative Ce anomalies and strong LREE-depletion in

the oxic water column, but below the redox boundary it shows positive Ce

159



Chapter 6. Inorganic geochemistry

anomalies and weak LREE-depletion, accompanied by a sharp increase in the

dissolved Mn and Fe concentrations (German et al. 1991b).

The positive/weak negative Ce anomalies and the weak LREE-depletion
in the Athel Silicilyte lithofacies (LF1-LF3 and LF9) and the U Shale (silt-rich
facies; LF4), therefore suggest that they precipitated in an anoxic environment.
Nevertheless, positive/weak negative Ce anomalies (and LREE-depletion) can be
produced in an anoxic water column and in anoxic porewaters that are overlain
by an oxic/dysoxic water column (German and Elderfield 1990). Therefore,
anoxic conditions probably existed at least below the sediment-water interface.
However, because of this latter possibility, it is not possible to infer water
column anoxia based solely on the REE results (e.g. German and Elderfield
1990; Sholkovitz and Schneider 1991; Sholkovitz et al. 1992). More robust
evidence for whether anoxia was in the water column or only in the porewaters is
provided from redox-sensitive elements and pyrite framboidal size-distributions,

which is discussed in the following paragraphs.

Redox-sensitive elements (U, V and Mo) are enriched relative to PAAS
in the silica-rich facies (LF1-LF3; average EF for U = 16.5 £ 8.27, V = 8.37 £
2.72 and Mo = 125 £ 56.0), in the silt-rich facies (LF4; average EF for U = 13.6
+ 449, V = 129 + 2.9 and Mo = 151 = 26.5), and in microcrystalline-,
carbonate- and detritus-bearing lithofacies (LF9; average EF for U = 14.0 &+ 7.44,
V =14.8 + 12.8 and Mo = 48.9 + 48.6; Fig. 6.6 A & B; Table 6.1). Mn is the
only depleted redox-sensitive element (average EF in the silica-rich facies = 0.21
+ 0.12, the silt-rich facies = 0.23 £ 0.08), but it is enriched in LF9 (average EF =
2.23 £1.29; Fig. 6.6 B; Table 6.1).

The strong enrichment of U, V and Mo and depletion of Mn relative to
PAAS suggests their enrichments took place in euxinic environments. In oxic
environments, U, V and Mo exist in soluble forms as U®", V>* and Mo®’, and
hence they diffuse away from precipitation sites, resulting in their depletion (e.g.
Jones and Manning 1994; Morford et al. 2005). Whereas, in an anoxic
environment with the presence of dissolved sulphide (euxinic), they are reduced

to the stable forms of U*", V" and Mo*" leading to their enrichment in
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sediments by adsorption onto organic matter and iron sulphide (section 6.2.4; e.g.
Morford et al. 2001; Algeo 2004). Mn in anoxic conditions is reduced to soluble
Mn?*, which diffuses away from the reduction sites to oxic water where it is
oxidised to the insoluble Mn" and Mn™ (e.g. Morford et al. 2001; Tribovillard et
al. 2006). However, dissolved Mn in anoxic waters could be bound to carbonate
minerals and result in Mn-enrichment (section 6.2.4; e.g. Jenkyns et al. 1991;
Hild and Brumsack 1998). This would explain the relative enrichment of Mn in

microcrystalline-, carbonate- and detritus-bearing lithofacies (LF9).

Enrichment of the redox sensitive elements could occur in euxinic
sediments under dysoxic or oxic water column. However, their very strong
enrichment (particularly Mo; enriched on average by 125 fold above oxic PAAS)
throughout the Athel succession (Fig. 6.7) suggests that the water column was
euxinic. The redox element concentrations in this study are also comparable to
other modern sediment concentrations where the water column is euxinic (e.g.
the Black Sea and Cariaco Basin in Venezuela; Lyons et al. 2003; Algeo and
Lyons 2006). The consistent enrichments of U, V, Mo and Mn- depletion in all
silica-rich sub-lithofacies (LF1-LF3) as well as the fact that each element
enrichment does not change significantly (per lithofacies, well or
stratigraphically; Fig. 6.6 & 6.7; Table 6.1) suggest that the euxinic conditions
were dominant throughout the Athel Silicilyte precipitation in the water column

of the mini-basins (Fig. 3.6 & 5.25).

Additional evidence for euxinia in the water column comes from
framboidal pyrites. In particular, their size-distributions could help to interpret
whether redox conditions existed in porewaters or in the water column (e.g.
Wilkin et al. 1996; Wilkin and Barnes 1997; Wignall and Newton 1998; Zhou
and Jiang 2009; Bond and Wignall 2010; Wignall et al. 2010). To understand
how this technique might be used to construct redox conditions, it is necessary to

review pyrite formation processes and their locus beforehand.

The formation of pyrite framboids requires reduced iron and sulphide,
which in turn depends on the availability of terrigenous iron, dissolved sulphate

and organic carbon quantity/quality for the metabolic activities of sulphate and
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iron reducing bacteria (e.g. Westrich and Berner 1984; Canfield et al. 1992;
Taylor and Macquaker 2000). Pyrite formation is believed to occur during the
replacement of progressively more sulphur-rich phases, Fe-monosulphide —
greigite — pyrite (e.g. Berner 1970; Rickard and Luther 1997). The formation of
Fe-monosulphide and pyrite require reducing conditions, whereas greigite
formation requires weakly oxidising conditions in order to supply sulphur
intermediates, like elemental sulphur and polysulphides (Raiswell 1982; Canfield
and Thamdrup 1994; Wilkin and Barnes 1996; cf. Millero 1991; Rickard and
Luther 1997).

The sites of maximum simultaneous production rates of these reactants
are at the redox boundary, which separates oxygen- bearing and hydrogen
sulphide-bearing waters (e.g. Jorgensen et al. 1991; Wilkin et al. 1996; Wilkin
and Barnes 1997). These redox boundaries are normally located within a few
centimetres beneath the sediment/water interface. However, in restricted (silled)
basins and where mixing of water masses is limited, the oxygen renewal rate to
bottom waters can be less than the rate of organic matter oxidation. Consequently
the redox boundaries can move upward above the bottom sediments into the
water column and therefore the locus of pyrite formation (e.g. Wilkin et al.
1996). At these settings, pyrite framboids are unable to reach appreciable sizes
before they sink to the sea bed as a result of pyrite hydrodynamic instability in
the water column (Wilkin et al. 1996). Additional confirmation that pyrite
framboids are not formed in the sediment overlain by euxinic water column
comes from sulphur isotopes. The sulphur isotopic composition of pyrite
framboids found suspended and in laminated sediments (top 30 cm) in the Black
Sea, are characterised by sulphur isotopic compositions that resemble dissolved
sulphide just below the chemocline, heavier by 4-7 %o relative to deep-water
dissolved sulphide (Muramoto et al. 1991; Lyons and Berner 1992; Calvert et al.
1996).

A detailed study of pyrite framboid sizes was conducted by Wilkin et al.
(1996) from recently deposited sediments in euxinic (e.g. the Black Sea and
Framvaren Fjord, Norway), dysoxic (Peru Margin) and oxic (e.g. Wallops Island,

Virginia, USA) environments. The average framboid diameter in euxinic
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sediments is 5.0 um, whilst in dysoxic and oxic sediments is 7.7 um. Framboid
size in euxinic sediments is also characterised by a narrow size distribution
(fewer than 4% of framboids are >10 pum) and consequently have a smaller
standard deviation (= 1.7 um), whereas framboid diameter in dysoxic and oxic
sediments have a broader size distribution (10-50% of framboids are > 10 pum)
and consequently have a larger standard deviation (+ 4.1 pm). Pyrite framboid
size-distributions therefore can help to reconstruct redox conditions for ancient

sedimentary rocks.

In order to investigate redox-conditions in this study using this technique,
eight samples (6 from the Athel Silicilyte [silica-rich facies] and two from the U
Shale [silt-rich facies]) were selected for detailed framboidal pyrite size-
distributions. Pyrite size was measured from the prepared thin sections using
electronic microscopic analysis (each sample was analysed over 5-10 closely
spaced 15-25 mm vertical transects; section 2.3.4). At least 100 pyrite framboids
were measured from each sample to ensure a maximum accuracy of pyrite

framboids size-distributions (Fig. 5.23).

Detailed SEM analysis reveals that there is no secondary pyrite growth in
the framboids, resulting in the preservation of the primary textures (Fig. 5.22).
All analysed samples from the silica- and the silt-rich facies are characterised by
very small average framboid diameters, range from 3.4 to 4.0 um (Fig. 5.23).
Less than 5 % of the measured framboids have diameter-size more than 7 pm
and therefore they are characterised by very narrow size distribution, standard

deviations range from 1.1 to 1.5 (Fig. 5.23).

The absence of secondary pyrite growth and the preservation of original
framboid textures in the silica- and in the silt-rich facies suggest that framboids
did not continue to grow at deeper burial depths during mid-late diagenesis.
Consequently their size distributions can be used to interpret the redox conditions
during deposition. The small size and narrow distribution of pyrite framboid
from the silica- and the silt-rich facies are interpreted to be a result of: 1) short
growth times of pyrite framboids in the water column as a result of their

hydrodynamic instability, or 2) lack of reduced sulphur and/or iron. Lack of
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reduced sulphur is unlikely since the oil produced from the Athel is S-rich (1.5
mol % H,S; Alixant et al. 1998), suggesting that reduced sulphur was available,
in order to incorporate into organic carbon. The contents of pyrite in the silt-rich
facies (average = 8 wt. %) is higher than in the silica-rich facies (average of LF1-
LF3 = 4 wt. %), and consequently reducible iron availability was likely to be
higher during silt-rich facies deposition. However, the average pyrite framboid
size does not vary significantly between the silica- and the silt-rich facies (Fig.
5.23), and therefore the availability of reduced iron was unlikely controlled
pyrite size, but likely to have controlled pyrite proportions. The small size
framboidal pyrite in the silica- and in the silt-rich facies therefore probably
resulted from short growth times at the redox-boundary that was likely to have
been located in the water column. Consequently, pyrite framboid hydrodynamic
instability in the water column led to short growth times, before they sank and
ceased to grow. Small sizes of pyrite framboids throughout the Athel Silicilyte
stratigraphic section in well ALNR-2 (Fig. 5.23) could indicate that the redox
boundary was located in the water column throughout Athel Silicilyte

precipitation.

The results from REE, redox-sensitive elements and pyrite framboid size
distributions all point to euxinic conditions during Athel Silicilyte precipitation.
These euxinic conditions were likely extended to the water column in the mini-
basins within the Athel Basin (Fig. 3.6 & 5.25). Such conditions most likely
resulted from the dominant role of sulphate reducing bacteria that were
mineralising the organic matter during Athel Silicilyte precipitation. Further
support for this conclusion comes from the strong segregation in & **S between
sulphate [37.7 %o CDT] and sulphide [0.81 %0 CDT]) and the increase in 0
%95Mo from 0.79 to 1.30 [J&M Mo standard] at the base of the U Shale and
throughout the Athel Silicilyte (reviewed in section 3.7; Schroder et al. 2004;
Wille et al. 2008;). The dominate process of sulphate reduction bacteria may
have led to the strong segregation in sulphur isotopes (light sulphur isotopes in
hydrogen sulphide incorporated into pyrites and heavy sulphur isotopes
incorporated into sulphate minerals), and may also have resulted in the
enrichment of bottom waters with dissolved hydrogen sulphide that caused the

removal of Mo isotopes without fractionation from the water column (Arnold et
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al. 2004), and hence the spike in o %%Mo. In addition, the time-equivalent
shallow water carbonates (A4C) record negative 613C0arb.values (from +2 %o to -6
%o [PDB]) that lasted for around one million years, as well as record the
disappearance of marine fossils (Cloudina and Namacalathus) at this time
(section 3.7 & 3.8; Amthor et al. 2003). This negative carbon isotope excursion
has been interpreted as being due to the overturn or expansion of the euxinic
bottom waters enriched with light carbon (?C), thus affecting the A4C isotopic
record. The disappearance of sessile shallow marine organisms could therefore
have been caused by the expansion of toxic hydrogen sulphide-rich bottom
waters (Wille et al. 2008). The record of anoxia in the shallow water carbonates
could suggest that the euxinic conditions in the mini-basins were very extreme
during Athel Silicilyte precipitation. In addition, these biogeochemical
observations (S, C and Mo isotopes) and marine fossil extinction in the South
Oman Salt Basin have been recorded globally in Precambrian-Cambrian strata,
which has led previous workers to suggest a global anoxia at this time (Brasier
1989; Kimura et al. 1997; Knoll and Carroll 1999; Kimura and Watanabe 2001;
Amthor et al. 2003; Schroder and Grotzinger 2007; Wille et al. 2008; Halverson
et al. 2009).

6.6 Summary

The main findings of this chapter are:

e Elemental concentrations show a very good agreement with the mineralogical
compositions identified in Chapter 5. The silica-rich facies are characterised
by high SiO; concentrations and low concentrations of detrital parameters,
whereas silt-rich facies show higher concentrations of detrital parameters.

e The variations of elemental concentrations stratigraphically in well ALNR-2
are also consistent with the lithofacies vertical variability. Since only short
intervals were sampled from the other wells, lateral variability cannot be
confirmed using elemental concentrations.

e Major element and REE results do not suggest a hydrothermal source for the
silica in the Athel Silicilyte. The REE results in the Athel Silicilyte show

characteristics similar to modern seawater, and therefore the Athel Silicilyte
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could reflect a seawater precipitate. Hence, silica present in the Athel
Silicilyte was likely to have been derived from seawater.

e The strong enrichments of the redox-sensitive elements, Ce anomalies, weak
LREE-depletion and the pyrite framboid size-distribution throughout Athel
Silicilyte succession, suggest that the water column was euxinic. In addition,
these observations also recorded in the studied interval (= 10 m thick) of the
U Shale, suggest euxinic conditions also existed during it interval of

deposition.
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7.1 Introduction

Detailed petrographical analysis, wireline log interpretation and trace
element analysis outlined in Chapters 5 and 6 were used to sedimentologically
and geochemically characterise the Athel Silicilyte and its spatial distribution in
the Athel Basin. The results from these analyses reveal that the Athel Silicilyte
comprises of up to 390 m of microbially laminated microcrystalline quartz, with
minor amounts of detrital quartz that are loosely packed, clay minerals, pyrite
and organic carbon (section 5.2.1; Table 5.1). In addition, the Athel Silicilyte
shows strong enrichments of redox-sensitive elements, positive Ce anomalies and
narrow size distributions of framboidal pyrites (section 5.3 and 6.3.2). These
results together have been used to argue that the Athel Silicilyte precipitated
syndepositionally during very low detrital input euxinic conditions (section 5.2.1

and 6.5).

This chapter builds on this interpretation to determine the possible
sources of silica in the Athel Silicilyte and silica precipitation mechanism. This
discussion is further constrained by performing mass-balance calculations to
estimate the mass of silica required to form the Athel Silicilyte, and the likely
mass of silica that would have been released from the silicate mineral
transformation reactions in this setting during burial. Reaction path modelling
results (using Geochemist’s Workbench software; section 2.6) are also included
in this chapter, in order to test how sulphate reduction might constrain the pH of
the bottom seawater column, and how microbial respiration might influence

silica precipitation reactions in this context.

7.2  Silica source

The possible sources of silica present in cherts found in sedimentary
strata of Proterozoic and Phanerozoic ages were reviewed in section 4.3, and are:
1) dissolution of siliceous organism tests (e.g. radiolaria, diatoms and sponges),
2) direct precipitation from silica-rich hydrothermal fluids, 3) silica release
during burial from either silicate mineral dissolution (e.g. feldspar /muscovite

dissolution) or another silicate mineral transformation (e.g. smectite
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transformation to illite and/or illite transformation to muscovite), and 4) direct
precipitation at low temperatures from a dissolved silica-rich water column (e.g.
from either marine or lacustrine waters). These possible sources are discussed in

terms of their suitability for the precipitation of the Athel Silicilyte below.

In the absence of mineralised skeletal remains within any sample of the
Athel Silicilyte, a biogenic source for the silica seems unlikely. The Athel
Silicilyte has been dated at the Precambrian-Cambrian boundary (Amthor et al.
2003; Bowring et al. 2007), prior to the major evolution of silica-secreting
organisms (Siever 1992; Maliva et al. 2005). Therefore, the silica present in the
Athel Silicilyte does not favour the dissolution of biogenic precursor. Although
siliceous sponge spicules have been found in some Ediacaran-aged sediments
(Gehling and Rigby 1996; Brasier et al. 1997), they are volumetrically
insignificant and therefore unlikely to have played a major role in silica
precipitation until at least the Late Ordovician (discussed previously in Chapter

4, section 4.4 ; Maliva et al. 1989; Kidder and Erwin 2001).

Evidence for a hydrothermal source was considered in Chapter 6 (section
6.4.3) using the geochemical data (major elements and REEs) collected in this
study. These data are inconsistent with a hydrothermal source. In particular: 1)
major element ratios (AlLOs/[ALOs; + Fe,O3 + MnO] and Fe,03/TiO;) are
inconsistent with those found in cherts that precipitated from hydrothermal fluids
at the spreading-ridges (Fig. 6.4; Bonatti 1983; Adachi et al. 1986); and 2) the
absence of hydrothermal REE characteristics (Eu anomalies and LREE-
enrichments; Fig. 6.10 & 6.11; e.g. German et al. 1990), and therefore a
hydrothermal origin for the Athel Silicilyte is ruled out.

Silica sourced from silicate mineral dissolution/transformation is likely to
be significant in silicate mineral-rich successions beneath at least 1 km burial
depth (e.g. Murray et al. 1992; Maliva 2001; de Kamp 2008). Cherts formed in
this way are normally found replacing pre-existing minerals or occurring as a
diagenetic cement (e.g. chert-shale couplet; Murray et al. 1992). The absence of
any pre-existing pseudomorphs or textures within the Athel Silicilyte suggest that

the silica is neither replacive nor has precipitated as a cement in the pore spaces
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during early-late diagenesis. The Athel Silicilyte therefore was unlikely sourced
from silica released during silicate minerals dissolution and diagenesis. This
interpretation is further supported by mass-balance calculations in section 7.2.1

below.

Given that the Athel Silicilyte is a syndepositional precipitate (based on
the preservation of homogeneous laminated fabric, loose packing of detrital
grains and association with syngentic pyrite; section 5.2.1), the possibility that
the Athel Silicilyte precipitated directly from the water column can be explored.
Such an interpretation is consistent with the previous REE observations
discussed in Chapter 6 (section 6.4.3). The REE characteristics of the Athel
Silicilyte mimic seawater precipitates, including LREE-depletion and positive
La, Eu, Y anomalies (Fig. 6.11; section 6.4.3; e.g. Elderfield 1988; McLennan
1989; Webb and Kamber 2000; Bolhar et al. 2004; Friend et al. 2008). There is
therefore good support for the notion that silica in the Athel Silicilyte was
derived directly from Precambrian seawater. It has long been recognised that
Precambrian seawater must have been rich in dissolved silica compared to
modern seawater as a result of the absence of any effective biogenic mechanism
for silica removal (Siever 1991; Siever 1992; Saylor et al. 1998; Maliva et al.
2005; Perry and Lefticariu 2007). Values of 60-140 ppm of dissolved silica have
been proposed for Precambrian seawater (Siever 1992; Morris 1993). These
figures are estimated based on experimental determinations of solubility and
silica sorption on clay minerals and zeolites, which were likely to have been a

major sink for dissolved silica in the Precambrian oceans (Siever 1992).

The next question is whether the available dissolved silica-rich seawater
mass in the Athel Basin was sufficient to supply the silica mass in the Athel
Silicilyte. In order to answer this question, it is vital to broadly estimate the silica
mass present in the Athel Silicilyte and then the corresponding required seawater
mass can be determined at various silica concentrations (at 60, 100 and 140 ppm)
that could possibly exist in the Athel Basin. After estimating the required
seawater mass, the available seawater mass in the Athel Basin can be estimated

in order to investigate if it was enough to precipitate the silica present in the
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Athel Silicilyte. The necessary mass-balance calculations required to answer the

above questions are discussed in the following section.

7.2.1 Mass-balance calculations

Silica mass in the Athel Silicilyte

In order to broadly estimate the mass of silica in the Athel Silicilyte,

various parameters are constrained. These parameters are summarised in Table

7.1 and reviewed in the following paragraphs.

1)

2)

Areal distribution of the Athel Silicilyte: in order to estimate the area where
the Athel Silicilyte is present, a palaecogeographical map of the Athel Basin
was used (Fig. 7.1; Amthor et al. 2005). Within the Athel Basin, the Athel
Silicilyte is only present in the deepest parts of the basin in the fault-bounded
mini-basins (section 5.4; Fig. 3.5 & 7.1). Whereas, on the intrabasinal highs,
the Athel Silicilyte is not encountered and is assumed not to accumulate (Fig.
7.1). This interpretation is suggested by the drilled wells in the mini-basins
(Fig. 5.2) that encountered the Athel Silicilyte, whereas wells that were
drilled in the intrabasinal high areas encountered no Athel Silicilyte (e.g. well
ALKZ-1 and ALFR-1; section 5.4). Therefore, the deep areas in the
palaeographical map, where the Athel Silicilyte is likely present aided by the
locations of drilled wells, are considered in this calculation (Fig. 7.1). The
deepest areas are shown in blue and dark green colour in Fig. 7.1 within the
dashed line. The estimation of the area where the Athel Silicilyte might be
present (blue and dark green areas) can be quite erroneous given the limited
number of drilled wells. To account for this uncertainty, a low, medium and
high case are estimated, where the low case only considers blue areas (= 20
% of the total area), the high case considers blue and dark green areas (= 40
% of the total area) and the medium case is the average of the low and the
high case. The total estimated area for the low case is 0.86 x 10° m’, the

medium case is 1.29 x 10° m? and the high case is 1.72 x 10’ m®.

The average thickness of the Athel Silicilyte: based on the interpreted wells
from the Athel Basin shown in Fig. 5.2, the Athel Silicilyte has a thickness
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3)

4)

range from 166 to 390 m from nine wells (TL-2, MM-248, MMNW-7, ASH-
3, ASH-4, ALNR-2, ALNR-3, ALNR-4 and ALSE-1). These wells are
included in the well-correlation (Fig. 5.2) and likely define the thickness of
the Athel Silicilyte on the basin margins and in the basin centre. The average
calculated thickness from these nine wells is 279 £ 91 m. A low and high
case are calculated by subtracting and adding standard deviation value,
respectively, and the medium case is the average thickness (low = 188,

medium = 279 and high = 370 m).

The volume of microcrystalline quartz in each lithofacies: petrographical
techniques indicate that microcrystalline quartz is only present in
microcrystalline quartz-rich lithofacies (LF1), microcrystalline quartz-
dominated lithofacies (LF2), microcrystalline quartz-rich and detritus-bearing
lithofacies (LF3) and in microcrystalline-, carbonate- and detritus-bearing
lithofacies (LF9; section 5.2; Table 5.1). The average proportions in each
lithofacies were semiquantitatively estimated using XRD and point count
data (Table 5.1; section 5.2). The average microcrystalline quartz content in
LF1 is 83 £ 2.7 wt. % (ranging from 79 to 88 wt. %), LF2 is 91 + 1.6 wt. %
(ranging from 90 to 94 wt. %), LF3 is 72 £+ 5.8 wt. % (ranging from 52 to 87
wt. %) and in LF9 is 31 £ 12.6 wt. % (ranging from 16 to 66 wt. %; Table
7.1).

Proportions of lithofacies containing microcrystalline quartz in the Athel
succession: since the microcrystalline quartz content in each lithofacies
varies significantly, it is important to estimate the proportion of each
lithofacies in the Athel Silicilyte succession. The average proportion of
microcrystalline quartz in microcrystalline quartz-rich lithofacies is 39.2 +
14.0 % (ranging from 18 to 60 %), microcrystalline quartz-dominated
lithofacies is 1.61 + 2.3 % (ranging from 0 to 6 %), microcrystalline quartz-
rich and detritus-bearing lithofacies is 52.3 + 12.7 % (ranging from 26 to 65
%) and in microcrystalline-, carbonate- and detritus-bearing lithofacies is
1.14 £ 0.6 % (ranging from 0.3 to 2 %; Table 7.1). The proportions of each

lithofacies in each well are shown in Fig. 5.2.

172



Chapter 7. Origin of the Athel Silicilyte

5) Average porosity of each lithofacies: the porosity present in each lithofacies

represents unfilled volume and therefore its presence may significantly affect
the total volume of the rock. In order to account for this potential source of
error, the average helium core plug porosity for each lithofacies was used
(Table 7.1). The average helium porosity in microcrystalline quartz-rich
lithofacies is 17.3 £ 7.0 % (ranging from 7.1 to 26.9 %), microcrystalline
quartz-dominated lithofacies is 6.4 + 6.2 % (ranging from 0.3 to 9.4 %),
microcrystalline quartz-rich and detritus-bearing lithofacies is 19.6 + 4.5 %
(ranging from 8.0 to 34.0 %) and microcrystalline-, carbonate- and detritus-
bearing lithofacies is 4.9 + 2.9 % (ranging from 0.9 to 10.8 %; Table 7.1).
The only porosity present here is intercrystalline porosity and no secondary

porosity is observed from the petrographical analysis.

Using the above parameters, the volume of the silica present in the Athel

Silicilyte can be estimated using the equation below:

volume (m’) = area (m?) x average thickness (m) x proportion of each

lithofacies (%) % quartz contents (%) x (1- porosity)

After that, the mass of silica can be calculated using the equation below:

mass (kg) = volume (m’) x density (kg/m’), where quartz density = 2650 kg/ m’

The total silica mass present in the Athel Silicilyte is calculated using

low, medium and high case values of the total area and thickness. Since the other

parameters are proportional, they can add up to more or less than 100 % if their

maximum/minimum values are used. Thus, their average values are used for the

three cases. These calculations show that the total mass of silica in the Athel

Silicilyte is 25.2 x 10" kg for the low case, 56.2 x 10" kg for the medium case
and 99.2 x 10" kg for the high case (Table 7.1).
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20 km

Figure 7.1. Paleotopograhical map of the Athel Basin based on regional 3D-seismic data.
This map shows Birba Platform and intra-bainsal high in red. The deep basin is in blue and
dark green. The Athel Silicilyte is only present in the deepest parts of the basin (in the mini-
basins). Note AKZ-1 and ALFR-1 encounter no Athel Silicilyte due to the presence of
topographical high areas (yellow colour) within the Athel Basin (Fig. 5.1). The estimated
area within the dashed line where the Athel might be present is roughly 20 % for the low
case (only blue areas are considered) and 40 % for the high case (blue and dark green areas
are considered), the medium case is the average of the low and the high case. The total area
estimated is 0.86 x 10° m” for the low case, 1.29 x 10° m’ for the medium case and 1.72 x 10°
m” for the high case. Modified after Amthor et al. (2005).

Silica mass released from silicate minerals

In order to test the hypothesis that silicate mineral dissolution/diagenesis
were not a major source for the silica in the Athel Silicilyte, the mass of silica
released from silicate minerals was estimated and compared to the silica mass in

the Athel Silicilyte.

Silica can be released during the transformation of smectite to illite and
illite to muscovite as well as the transformation of feldspar to kaolinite (e.g.
Lynch et al. 1997; Wilkinson et al. 2001; de Kamp 2008). The released silica can
be precipitated as cement or as chert-rich layers during diagenesis. The low

volumes of feldspar and kaolinite minerals in the Athel Silicilyte suggest that
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feldspar diagenetic reactions were not a significant silica source, and
consequently it is not considered further. Since the petrographical and XRD
results indicate that the predominate clay mineral present in the Athel Silicilyte is
illite, only the smectite to illite diagenetic reaction is considered as a possible
source of silica. Further transformation of illite to muscovite is not discussed
since muscovite was not identified within this study. The transformation of illite
to muscovite takes place in temperatures ranging from 190 to 500 °C (e.g. de
Kamp 2008), whereas the maximum temperature during Athel Silicilyte burial
did not exceed 120 °C (Amthor et al. 2005). This low temperature most likely
caused by the salt that enclosed the Athel Silicilyte (Fig. 1.2). Salt has a high
thermal conductivity (e.g. Mello et al. 1995; Warren 2006) and consequently the
Athel Silicilyte is kept relatively cool compared to other non-intra salt rocks that

are buried at similar depths.

The total mass of illite in each lithofacies was calculated following the
same steps as for calculation of the silica mass, with substitution of the average
illite content and illite density (2770 kg/ m’). The average illite content in
microcrystalline quartz-rich lithofacies is 6 £ 0.9 wt. % (ranging from 4 to 8 wt.
%), microcrystalline quartz-dominated lithofacies is 4 + 1.16 wt. % (ranging
from 2 to 6 wt. %), microcrystalline quartz-rich and detritus-bearing lithofacies is
12 £4.2 wt. % (ranging from 6.0 to 29.0 wt. %) and microcrystalline-, carbonate-
and detritus-bearing lithofacies is 12 + 4.9 wt. % (ranging from 6 to 19.0 wt. %;
Table 7.1). These average values yielded a total mass of illite in the Athel
Silicilyte of 3.22 x 10" kg for the low case, 7.21 x 10" kg for the medium case
and 12.7 x 10" kg for the high case. Quantitative analysis of smectite to illite
transformation indicates that each 100 g of smectite releases 71.5 gillite and 18 g
silica (de Kamp 2008). Based on this quantitative analysis and the estimated illite
mass in the Athel Silicilyte, the mass of smectite and consequently the mass of
silica released can be estimated. Calculations show that the total mass of silica
released from the smectite to illite transformation is 0.81 x 10" kg for the low
case, 1.8 x 10" kg for the medium case and 3.2 x 10" kg for the high case (Table
7.1). The released silica mass would therefore accounts for only 3.21 % (average
silica mass released/ average silica mass required) of the silica mass in the Athel

Silicilyte. Therefore, clay mineral diagenetic reactions are unlikely to be a major
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source for the silica in the Athel Silicilyte, consistent with petrographical
observations that suggest the Athel Silicilyte precipitated syndepositionally

before major burial diagenesis reactions took place (section 5.2.1).

Table 7.1. Shows the different parameters used in the mass-balance calculations.

LF1' LF2' LF3' LF9' Total
Microcrystalline quartz contents
(Wt %) 83 91 72 31
Tllite (wt. %) 6 4 12 12
Proport;on in the Athel 39 ) 57 1
succession (%)
Porosity (%) 17 6 20 5
L> 74 3 98 2
Thickness (m) M? 109 4 146 3
H® 145 6 194 4
L 063 0.03 0.85 0.02
Volume (x 10" /m?) M 140 0.06 1.90 0.04
H 250 0.10 3.30 0.07
Sili e Athel L 11.5 0.60 13.0 0.14 25.2
111Ca mass 1n (Y €
Silicilyte (x 10° /kg) M 257 1.31 28.9 0.32 56.2
H 454 2.31 51.1 0.57 99.3
L 087 0.03 2.26 0.06 3.22
Ilite mass (x 10" /kg) M 194 0.06 5.03 0.13 7.16
H 343 0.11 8.90 0.23 12.7
Smectit X 108 L 1.22 0.04 3.16 0.81 4.50
/krgc ite mass ( M 271 0.08 7.04 1.80 10.0
H  4.80 0.15 12.4 3.20 17.7
Silica released from L 0.22 0.01 0.57 0.02 0.81
smectite to illite trans- M 0.49 0.02 1.27 0.03 1.80
formation (x10°/kg)  H  0.86 0.27 2.24 0.06 3.19

"LF1: microcrystalline quartz-rich lithofacies, LF2: microcrystalline quartz-dominated
lithofacies, LF3: microcrystalline quartz-rich and detritus-bearing lithofacies and LF9:
microcrystalline-, carbonate- and detritus-bearing lithofacies.

* L: Low case, which is calculated based on area of 0.86 x 109 m” and total Athel Silicilyte
thickness of 188 m. M: Medium case, which is calculated based on area of 1.29 x 109 m” and
total Athel Silicilyte thickness of 279 m. H: High case, which is calculated based on area of 1.72
x 109 m” and total Athel Silicilyte thickness of 370 m. The average values are used for the other
parameters in estimating silica mass in the Athel Silicilyte and the silica mass released from the
smectite to illite transformation.

7.2.2  Required vs. available seawater mass

The required volumes of seawater needed to precipitate the silica mass
present in the Athel Silicilyte can be estimated at various concentrations of silica
in seawater using the following equation: water mass required (kg) = mass of

silica in the Athel Silicilyte (kg)/ silica concentrations (kg/ litre), where 1 litre of
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seawater = 1 kg and 1 ppm = 1 x 10 kg/ litre. It is not unreasonable to assume
that silica concentrations in ambient seawater during precipitation of the Athel
Silicilyte were in the range of silica concentrations proposed for Precambrian
seawater (60-140 ppm; Siever 1992; Morris 1993). Therefore, concentrations of
60, 100 and 140 ppm are used to estimate the water mass required to precipitate
the low, the medium and the high case silica mass in the Athel Silicilyte.
Calculations show that the water mass required ranges from 1.8 x 10'8 kg (low
case silica mass at highest silica concentration of 140 ppm) to 16.6 x 10'® kg
(high case silica mass at lowest silica concentration of 60 ppm) with an average
of 5.62 x 10" kg (medium case silica mass at medium silica concentration of 100

ppm). These results are summarised in Table 7.2.

The water mass in the Athel Basin must be estimated in order to test if the
required water masses were available during Athel Silicilyte precipitation. The
available water mass in the Athel Basin depends on its area and the water depth
during the Athel Silicilyte precipitation. The basin area considered in this
calculation is the entire Athel Basin (Fig. 5.1). Although the Athel Silicilyte is
only present in the deepest parts of the Athel Basin, this estimation is realistic for
the water mass since dissolved silica diffuses to depths of lower concentrations
(i.e. depths where silica was precipitating). The dimensions of the Athel Basin
are roughly 6.0 x 10% by 20.0 x 10* m (Fig. 5.1). The water depth, however, is
hard to constrain given the presence of deep mini-basins and intra-basinal highs
within the Athel Basin (Fig. 7.1). Reconstruction of the Athel Basin indicates
that the water depths exceeded 100-200 m in most of the Athel Basin and may
have exceeded 300-400 m in the mini-basins (Fig. 3.5; Section 3.5; Amthor et al.
2005).

Given these uncertainties for the water depth, the water mass is estimated
at various depths (100 m, 200 m and 300 m) and the water mass available at
these depths are 1.2 x 10"° kg, 2.4 x 10"° kg and 3.6 x 10" kg, respectively, 1 m’
of seawater = 1000 kg (Table 7.2). Based on the calculation above of the
seawater mass required and the seawater mass available, the silica mass present
in the Athel Silicilyte is higher than the dissolved silica mass in the water column

by at least 501 times (for the low case silica mass, 300 m water depth and 140
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ppm silica concentration), and up to 13794 times (for the high case silica mass,
100 m water depth and 60 ppm silica concentration) with an average of 2340
times (for the medium case silica mass, 200 m water depth and 100 ppm silica

concentration; Table 7.2).

Table 7.2. Shows required water masses, available water masses and their ratios at various
concentrations (60 ppm, 100 ppm and 140 ppm) and depths (100 m, 200 m and 300 m) for
the low case (L), the medium case (M) and the high case (H) silica mass.

60 ppm 100 ppm 140 ppm
Required water mass L 421 x10" 2.52x 10" 1.80 x 10"
at various M 9.36 x 10" 5.62 x 10" 4.01 x 10"
concentrations (kg) H 16.6 x 10" 9.93 x 10" 7.09 x 10"

100 m 200 m 300 m
Available water mass at 1.20 x 1015 2.40 x 105 3.60 x 1015

various depths (Kg)

Water mass required/ water mass available ratios (at various concentrations and depths)1

60 ppm 100 ppm 140 ppm

L 3504 2103 1502
100 m M 7801 4681 3343

H 13794° 8276 5912

L 2103 1051 751
200 m M 4681 2340° 1672

H 8276 4138 2956

L 1168 701 501°
300 m M 2600 1560 1114

H 4598 2759 1971

" This is also the silica mass in the Athel Silicilyte /dissolved silica mass in the water column.
These ratios indicate how many extra water masses are required to precipitate the silica present in
the Athel Silicilyte.

? The maximum extra water mass required for the high case silica mass at lowest silica
concentration (60 ppm) and minimum water depth (100 m).

3 The average extra water mass required for the medium case silica mass at average silica
concentration (100 ppm) and average water depth (200 m).

* The minimum water mass required for the low case silica mass at highest silica concentration
(140 ppm) and maximum water depth (300 m).

Clearly the estimated available masses of dissolved silica in the water
column at one time were much less than the silica mass in the Athel Silicilyte.
Nevertheless, the Athel Basin was connected to the open ocean during the Athel
Silicilyte precipitation (section 3.5; Mattes and Morris 1990; Amthor et al. 2005;
Schroder et al. 2005; Schroder and Grotzinger 2007) and therefore the dissolved
silica could have been continuously supplied from the open ocean. The marine
connection likely restored ambient seawater composition in the Athel Basin. It is
therefore necessary to determine whether ambient seawater composition in the

Athel Basin was renewed sufficiently frequently to supply the necessary silica
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mass for Athel Silicilyte precipitation. The renewal rate of the seawater
composition depends on the renewal time (seawater age). By identifying ambient
seawater renewal time and the duration of the Athel Silicilyte precipitation (i.e.
duration of half A4 cycle), the number of times that the composition had been

renewed can be estimated. This is discussed in the following section.

7.2.3  Seawater renewal time

The renewal time of seawater in restricted or semi-restricted basins can
be defined as the time required to restore the ambient seawater composition (e.g.
Algeo and Lyons 2006). The renewal time depends largely on the basin
hydrography, which in turn depends on the degree of the basin restriction from
the open oceans (Stigebrandt and Molvaer 1988; Holmen and Rooth 1990;
Millero 1996). Highly restricted basins such as the Black Sea have long renewal
times (> 500 years), whilst weakly restricted basins such as Saanich Inlet have
short renewal times (< 2 years; Algeo and Lyons 2006). These modern restricted
basins show that the amount of Mo taken up by the sediment per unit of organic
carbon (Mo/TOC) positively correlates with the dissolved Mo in the water
column (Algeo and Lyons 2006, p.15). For example, moving from the Black Sea
to Saanich Inlet, dissolved Mo rises from < 5 % to 100 % of open ocean value
(105 £ 5 nmol kg'l) and (Mo/TOC) ratios of sediments rise from 4.5 + 1 x 10 to
45+ 5 x 10™ (Algeo and Lyons 2006). This suggests that the removal rate of Mo
from the water column is not only controlled by the redox conditions and the
availability of organic matter (host phase) as discussed in Chapter 6 (section
6.2.4), but also by the supply rate of dissolved Mo from open oceans to restricted
basins, which in turn depends on ambient seawater renewal times of restricted

basins.

Several types of age tracers (e.g. '*C and tritium) and model ages (**°Ra,
trace elements and Si) show an inverse relationship between the (Mo/TOC) in
the sediment and average ambient seawater renewal times (Fig. 7.2; Algeo and
Lyons 2006 and references therein). This relationship is consistent with Mo

uptake being controlled by the availability of dissolved Mo in the water column.
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Therefore, (Mo/TOC) ratios of the Athel Silicilyte can be used to estimate the

degree of restriction and average ambient seawater renewal time (Fig. 7.2).

The (Mo/TOC)s ratio of the Athel Silicilyte is 10.9 £ 4.86 x 10
(Appendix III). Projecting this ratio in the graph of (Mo/TOC); against average
renewal times of modern restricted basins (Fig. 7.2) can give an estimation of the
average renewal time of the ambient seawater in the Athel Basin. The
(Mo/TOC); ratio of the Athel Silicilyte yielded an average renewal time of 65
years (rangings from 25 to 300 years; Fig. 7.2) during Athel Silicilyte
precipitation. The average renewal time suggests that the Athel Basin was less
restricted than the Black Sea, which is reasonable since the present day Black
Sea is completely restricted, whilst the Athel Basin during Athel Silicilyte
precipitation was connected to the open ocean, during relative sea-level rise
(section 3.5 & 5.4; Mattes and Morris 1990; Amthor et al. 2005; Schroder et al.
2005).

To estimate how many times the water mass in the Athel Basin was
renewed based on the average renewal time, the duration of Athel Silicilyte
precipitation must be estimated. The duration of the half A4 cycle was estimated
by U/Pb age from two ash beds found at the top of A3C cycle and at the base of
A4C cycle (Fig. 3.2; section 3.6), suggesting a duration of half A4 cycle ranges
from 1.1 to 1.6 Myr (Bowring et al. 2007). The Athel Silicilyte precipitated
during the A4C cycle (half cycle) and therefore Athel Silicilyte precipitation
could have lasted from 1.1 to 1.6 Myr. Based on the 65 years average renewal
time and the duration of the half A4 cycle, the ambient seawater during Athel
Silicilyte precipitation was renewed at least 16,923 times (1.1 Myr duration) to a
maximum of 24,615 times (1.6 Myr duration), with an average of 20,770 times
(1.35 Myr duration). The minimum number of ambient seawater renewal events
(16,923) is more than the maximum number of extra water masses (13,795)
required to precipitate the high case silica mass (9.93 x 10" kg) at lowest silica
concentration (60 ppm) and minimum water depth (100 m; Table 7.2.). This
suggests that the minimum number of renewal events that restored ambient
seawater composition was enough to precipitate silica mass in the Athel

Silicilyte.
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The effectiveness of silica removal from the ambient seawater can be
estimated by dividing the average extra seawater masses required (2,340; Table
7.2) over the average number of renewal events (20,770). The estimated
effectiveness of silica removal from the water column is around 11 % of the total
available dissolved silica. The removal of 11 % of the dissolved silica from the
ambient seawater seems a very reasonable amount given that experimental works
utilising microbial mats that removed similar amounts (15-25 %) of dissolved
silica within 30 hours from solutions contain 150-400 ppm dissolved silica
(Birnbaum and Wireman 1985; Birnbaum et al. 1989; Amores and Warren

2007).

The events that restored ambient seawater compositions in the Athel
Basin could also have supplied dissolved oxygen to the deep water. However,
redox-sensitive elements, Ce anomalies and small-narrow size distributions of
pyrite framboids suggest that the water column was euxinic throughout the Athel
succession (Chapter 6; section 6.5). These renewal events could have been only
at the shallower water column (e.g. shallow storm mixing) and did not introduce
dissolved oxygen to the depth where the Athel Silicilyte was precipitating.
Nevertheless, dissolved silica was still supplied to precipitation depths via
chemical diffusion as a result of different silica concentrations at shallow and
deeper waters, where silica was removed from the water column. Alternatively,
the rate of oxygen consumed by organic matter diagenesis in deep waters was
likely higher than the rate of oxygen supplied, resulting in no oxygenation events

recorded in the Athel Silicilyte.
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Figure 7.2. Sediment Mo/TOC ratios vs. average renewal times of modern restricted basins
(Saanich Inlet, Cariaco Basin, Framvaren Fjord and Black Sea). The average renewal times
were estimated using '*C age tracer, tritium age trace, and model ages of **° Ra, Si flux and
trace elements. Red dashed lines show the Athel Silicilyte Mo/TOC ratios (10.9 + 4.86 x 10™*
) and estimated renewal times (25-300 years; average < 65 years), minimum and maximum
renewal time was estimated by subtracting and adding standard deviation from Mo/TOC
average ratio. Note the best fit line was drawn taken into account two criteria: 1) cross
maximum number of points and 2) cross maximum different types of age tracers/models.
Modified after Algeo and Lyons (2006).

In summary, the petrographical observations and the geochemical data
suggest that the silica mass in the Athel Silicilyte was sourced from the ambient
seawater. The mass-balance calculations helped to estimate the silica mass
present in the Athel Silicilyte and helped to test the feasibility of the ambient
seawater in the Athel Basin to source the required silica mass. These calculations
are performed based on the data available for this study, which have a range of
uncertainties that likely affect the final silica mass required and the water mass
available. However, the mass-balance calculation results indicate that silica-rich
Precambrian seawater was the most feasible source for the three cases (low,
medium and high) silica mass in the Athel Silicilyte. These calculations therefore
provide a confirmation to the conclusion drawn from the petrographical
observations and the geochemical data that the silica mass in the Athel Silicilyte

was sourced from the ambient seawater.
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7.3  Precipitation mechanism

Petrographic analyses demonstrate that the Athel Silicilyte consists
predominately of microcrystalline quartz, with a crystallite size ranging from 1 to
5 pum (section 5.21). The crystals are connected to one another in the form of
sheets or networks of silica aggregates (Fig. 7.3 A & B), which are the dominant
habit of the silica present. This habit of microcrystalline quartz suggests that
silica precipitation was initiated in many places at the same time rather than
being concentrated onto the surfaces of pre-existing minerals. Such a habit
suggests that the ambient seawater at precipitation sites was supersaturated with
respect to amorphous silica. Furthermore, this silica habit might indicate that
silica precipitation was initiated by the formation of silica gel, linked nano- to
micro-sized ultimately spherical particles of amorphous silica, in which there
were large numbers of nucleation sites (Fig. 7.3 C & D; e.g. Iller 1979). The
initial step in precipitating silica from a liquid medium to form a silica aggregate
is to concentrate dissolved silica above amorphous silica solubility (120-140 ppm
at 25 °C; Iller 1979). Such high silica concentrations might have not been
reached or sustained during Athel Silicilyte precipitation in the ambient seawater
of South Oman Salt Basin. If the silica concentrations in the ambient seawater
were above amorphous silica solubility, then the Athel Silicilyte would be
expected to precipitate everywhere in the South Oman Salt Basin, as well as in
all previous cycles. Nevertheless, Athel Silicilyte precipitation only took place

during the A4C cycle in the mini-basins (section 3.5 & 5.4; Fig. 7.1).

Therefore, there should be a mechanism responsible for concentrating
dissolved silica above amorphous silica solubility in the mini-basins during Athel
Silicilyte precipitation. The possible mechanisms that might have operated are
high evaporation, hypersaline waters mixing with fresh water, sorption on iron
oxide surfaces and/or silica precipitation related to organic matter availability
and diagenesis. These mechanisms are discussed in terms of their suitability to

precipitate the Athel Silicilyte in the following paragraphs.
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Figure 7.3. (A) and (B) secondary electron images showing microcrystalline quartz textures
in forms of (A) a sheet-like and (B) linked-networks of microcrystalline quartz. Here, the
individual quartz grains are hard to distinguish, but typically each crystal has a diameter
ranges from 1-5 pm. (A) is from sample MK-1(4) and (B) from sample ALNR-3(13). (C) a
representation showing development of spherical silica polymers with low molecular weight
and (D) showing silica aggregate (gel) texture after silica polymers aggregate into three
dimensional linked-network. C and D from Iller (1979).

Evaporation of water bodies will result in volume reduction and dissolved
silica may pass a threshold and become supersaturated. Under these
supersaturated conditions, silica will precipitate in porewaters by gradually
replacing evaporite minerals, possibly triggered by mixing with less saline water
(e.g. meteorite waters in the mixing zone) that dissolved evaporite minerals and
replaced them with silica (Eugster 1969; Milliken 1979). Less saline waters are
characterised by lower pH values and upon mixing with hypersaline porewaters,
silica solubility will be reduced. The variation in pH in a narrow range between
11 and 9 can significantly affect silica solubility, however the solubility of
amorphous silica hardly changes below pH 9 (Fig. 4.2; section 4.2.2; Krauskopf
1967; Iller 1979). Similarly, influx of fresh waters into silica-rich hypersaline

waters can drop the pH and cause supersaturation with respect to amorphous
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silica and consequently silica precipitates (e.g. magadiite in Lake Magadi,
section 4.3.1; Eugster 1969; Schubel and Simonson 1990). Nevertheless, the
absence of silicified evaporite minerals or any primary interbedded evaporite
beds in the Athel Silicilyte rule out evaporation and fresh water input as a
possible mechanism of silica precipitation. If significant volumes of fresh water
were supplied to the Athel Basin, it would have had a significant effect on pH in
the mixing zone (at the basin margin) and consequently the Athel Silicilyte
would be restricted to the basin margins. Moreover, the absence of any fluvial
input records (Gold 2010) and the climate aridity during Ara times (e.g. Schroder
et al. 2003) do not favour this hypothesis.

Many experiments have shown that dissolved silica has a strong affinity
to ferric iron hydroxide surfaces (e.g. Davis et al. 2001; Davis et al. 2002; Yee et
al. 2004). Such a mechanism has been invoked to concentrate and transport
dissolved silica to basinal waters during deposition of Banded Iron Formations
(e.g. Melnik 1982; Ewers 1983; Fischer and Knoll 2009). This mechanism would
require high concentrations of dissolved iron hydroxides in the ambient seawater
during precipitation. However, the Athel Silicilyte is characterised by low iron
concentration (total iron = 1.67 £ 0.70 wt. %; Table 6.1) and so this mechanism

is unlikely to be responsible for Athel Silicilyte precipitation.

Correlation of early diagenetic chert replacements with organic matter-
rich facies and their absence in organic-matter poor facies in many Proterozoic
and Phanerozoic carbonates suggests that organic matter can play a role in silica
precipitation during early diagenesis (e.g. Knoll 1985; Siever 1992, cf. Knauth
1979). Silica precipitation is interpreted to occur during early diagenesis before
significant compaction (1-10 m burial depth; Knauth 1994), when dissolved
silica is available, from either silica-rich Precambrian seawater or from
dissolution of siliceous organisms. Organic matter seems to mediate silica
precipitation principally by dropping the silica solubility within the porewaters
and/or by concentrating dissolved silica within organic tissues by hydrogen
bonding with dissolved silica. The silica solubility, as mentioned above, hardly
changes below pH 9. The organic matter can therefore mediate silica

precipitation if the original porewater pH is above 9 by decreasing the local pH
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below 9, and hence decreasing silica solubility. Decreasing the local pH is
attributed to production of CO,, H', HS and oxidation of HS at the redox
boundary during organic matter diagenesis (equations 7.1-7.3). In the absence of
reducible iron or after all reducible iron is exhausted, the acidity builds up,
leading to carbonate dissolution and silica precipitation (e.g. flint formation in
Cretaceous chalk; Clayton 1986). The Athel Silicilyte, however, shows no
carbonate inclusions and was precipitated syndepositionally under euxinic
conditions, suggesting that the pH of ambient seawater was unlikely to have been
more than 9 during precipitation. In addition, the Precambrian seawater had pH
values similar to modern seawater [8.1] and hardly dropped below 7.5 or
exceeded 9 (Grotzinger and Kasting 1993). Therefore, the change in the silica
solubility by decreasing pH below 9 is ruled out as a precipitation mechanism for

the Athel Silicilyte.
2CH 0+ 8O * — 2HCO [+ HS ~+H " (equation 7.1)
HS =~ +20  — SO 24‘ + H* (equation 7.2)

2Fe (O;+CH ,0 + 3H,0 — HCO _+4Fe **+ 70H ~
(equation 7.3)

Organic matter can also mediate silica precipitation by forming hydrogen
bonds with dissolved silica. In order to understand this mechanism, it is
important to discuss first the silica polymerisation process and then the formation
of hydrogen bonds. After that, the viability of this mechanism for Athel Silicilyte

precipitation can be explored. These are discussed in the following sections.

7.3.1 Silica polymerisation

The dominant species of dissolved silica below pH 9 is the neutral
monosilicic acid Si(OH)4, which is ionised to H3SiO4 and HZSiO4'2 above pH 9.
In supersaturated solution with respect to amorphous silica and below pH 9,
monosilicic acid species are likely to polymerise and nucleate into nano-size

spherical particles of low molecular weight (e.g. Iller 1979; Westall et al. 1995;
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Orange et al. 2009). The polymerisation process occurs by condensing silanol
groups (SiOH), forming siloxane bonds (Si-O-Si) and partial dehydration (Fig.
7.4). This process is catalysed by OH and by H' above and below pH 2 + 0.5;
respectively. Therefore silica polymerisation is at a minimum around pH 2 + 0.5
and it increases as pH increases; e.g. it is faster by two folds at pH 6 than at pH 4
(Iller 1979). These form nano-sized silica polymers as nuclei, which develop into
larger particles at the expense of dissolved silica, or upon dissolution of smaller
particles (since they have a higher solubility) to precipitate on the larger ones by
Ostwald ripening (Iller 1979; Williams and Crerar 1985; Gorbach et al. 2006).
As the smaller spherical silica polymers grow in size, they develop a negative
charge on their surfaces due to the external silanol groups exhibiting a residual
negative surface charge (e.g. Gorbach et al. 2006). This negative charge is more
pronounced above pH 7. As a result, these small spherical particles repel each
other and prevent silica polymer aggregation, so particle growth continues
without aggregation by forming siloxane bonds with neutral Si(OH)4 (opal-A
precipitation; e.g. Williams and Crerar 1985). Since the negative ionic charge on
silica polymers drops with the pH (reaching zero at pH 2 £ 0.5), silica polymers
can aggregate below pH 7 into single layers of siloxane chains (opal-CT
precipitation; e.g. Williams and Crerar 1985). Once these single layers of
siloxane chains are formed, they become reactive sites for further silica
precipitation, which then branch and cross-link to form a three-dimensional
molecular network of silica aggregates leading to an increase in the total

molecular weight of silica (Fig. 7.4; Iller 1979).

7.3.2  Hydrogen bonding

Dissolved silica can nucleate on or in the organic matter of the microbial
layers (or mats) due to the availability of reactive functional groups, such as
carboxyl and hydroxyl groups that are associated with proteins, lipids and
cellulose (e.g. Phoenix et al. 2002; Konhauser et al. 2004; Konhauser et al.
2008). The OH" groups in the functional groups and monosilicic acid are capable
of forming hydrogen bonds (Fig. 7.4; e.g. Leo and Barghoorn 1976; Knoll 1985;
Ferris et al. 1988; Renaut et al. 1998; Konhauser and Urrutia 1999; Konhauser et
al. 2001; Konhauser et al. 2004; Konhauser et al. 2008). The functional group
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availability tends to increase as the microbial layers degrade resulting in the
formation of more hydrogen bonds between dissolved silica and the microbial
layers (Knoll 1985; Ferris et al. 1988). Nevertheless, these functional groups are
less reactive to dissolved silica above pH 7 because they are deprotonated and
exhibit negative charges that repel negatively charged silica polymers (discussed
above; e.g. Iller 1979; Konhauser et al. 2004). Indeed, no interaction was
recorded between organic molecules and silica polymers from silica-
supersaturated hydrothermal solution in sinters at a pH around 8 (e.g. Konhauser
et al. 2008). In contrast, between pH 5-7, the different functional groups in the
microbial layers exhibit low positive and low negative ionic charges that give the
microbial layers overall a neutral net charge (Phoenix et al. 2002; Konhauser et
al. 2004; Yee et al. 2004). Therefore, below pH 7, microbial layers are neutral
and silica polymers have less pronounced negative charges (discussed above in
section 7.3.1). Consequently, they are less repulsive to each other and hence, the
formation of hydrogen bonds between them is likely (e.g. Coradin and Livage
2001). Although the dissolved silica might have a neutral charge, if they
polymerise above pH 7, the combined negative charge on silica polymers and the
functional groups will likely break the formed hydrogen bonds. Consequently,
silica precipitation is inhibited or becomes insignificant in microbial layers.
Whereas, if the pH is less than 5, the functional groups are fully protonated and
exhibit overall positive ionic charges (van der Wal et al. 1997; Yee et al. 2004),
and therefore the polymerised silica can be further attached to microbial layers

by electrostatic attraction (e.g. Amores and Warren 2007).
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Figure 7.4. Shows hydrogen bonding, polymerisation and aggregation process. A hydrogen
bond (dashed line) formed between dissolved silica (monosilicic acid) and carboxyl group
found in microbial layers. Hydrogen bonds can be formed between a hydrogen atom
attached to an oxygen atom in one molecule and an oxygen atom in another molecule
(intermolecular bond). Also, this figure shows polymerisation reaction between two
monosilicic acids by condensing silanol groups, form siloxane bond (Si-O-Si) and partial
dehydration. Silica aggregate (gel) is formed by cross-link silica polymers to form three
dimensional networks of silica polymers bonded by siloxane bonds; uncondensed silanol
groups decrease.

Therefore, silica-microbial interactions by the formation of hydrogen
bonds require a pH value of less than 7 to concentrate dissolved silica within
microbial layer microenvironments. Once the dissolved silica reaches levels
above amorphous silica solubility, dissolved silica will polymerise and aggregate
according to the process described in silica polymerisation section above (7.3.1).

However, as the pH drops, the polymerisation process can be much slower since

189



Chapter 7. Origin of the Athel Silicilyte

it is catalysed by OH (section 7.3.1). The optimum pH values for the formation

of hydrogen bonds and silica polymerisation seem to be in range of 5-7.

7.3.3  Athel Silicilyte precipitation and distribution

Based on the interpretation that wavy laminations in Athel Silicilyte have
a microbial origin and precipitatation took place under euxinic conditions
(section 5.2.1 and 6.5), the pH values below the redox boundary could have been
optimal for the formation of hydrogen bonds between dissolved silica and
microbial layers. Lower pH values than for the normal seawater below the redox
boundary were likely caused by sulphate reduction, which was the dominant
process in the mini-basins; as suggested by 1) the strong enrichment of redox-
sensitive elements, 2) positive Ce anomalies and 3) small framboidal size
(section 6.5), as well as sulphur-rich oil produced from the Athel Silicilyte
(Alixant et al. 1998; Amthor et al. 2005). Sulphate reducing bacteria utilise
dissolved sulphate to support their metabolic activities and they lower pH by
producing H" and HS™ (equation 7.1). The produced HS was likely diffused
across the redox boundary to the overlying oxic waters where it was oxidised by
sulphur oxidising bacteria leading to a further drop in the pH (equation 7.2).
Together these reactions would have increased bottom water acidity during Athel
Silicilyte precipitation. The limited availability of iron in the Athel Silicilyte
(section 5.2.1 and 6.4.1) suggests that iron reduction was not acting as an
effective alkalinity buffer (equation 7.3). Therefore, during Athel Silicilyte
precipitation, pH values below the redox boundary could have dropped below
neutrality. The reaction-path modelling results also show that sulphate reduction
can drop pH from the normal seawater value of 8.1 to less than 7 below the redox
boundary (Fig. 7.5). This model was set up assuming that acetate (the reductant)
reacted with the solutes present in 1 kg of seawater (in which the sulphate was
the main oxidant). The concentrations of oxygen and Fe(IIl) were kept close to
zero in order to model only the sulphate reduction reaction. As the reaction
proceeded, the pH of the medium dropped as HS™ concentrations increased
(Fig.7.5; for detailed methodology see section 2.6 and for full composition of the
medium see Appendix IV).
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Figure 7.5. Reaction path modelling results using React tool in Geochemist’s Workbench by
theoretically creating 1 kg of seawater composition and adding 1 mg of acetate (as
reductant). Oxygen and iron (Felll) concentrations in this model are nearly zero in order to
only run the sulphate reduction reaction (see Appendix IV for full composition of the
medium). As sulphate reduction proceeded from zero to one scale (represent start and end
of the reaction), (A) HS concentrations increased and (B) pH dropped from 8.1 to 6.9.
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Based on the above, dissolved silica from the ambient seawater during
precipitation of the Athel Silicilyte could have been bound to the microbial layers
by the formation of hydrogen bonds. Dissolved silica binding could have taken
place at or below the redox boundary in the water column once the microbial
layers, which are derived from shallow water or formed at the seawater-brine
interface (subsection 5.2.1), reached the redox boundary. Consequently,
microbial layer microenvironments became supersaturated with respect to
amorphous silica. Ultimately, concentrated dissolved silica polymerised (section
7.3.1) within the microbial layers. Once these networks of silica polymers were
formed in the microbial layers, they continued to grow, filling unoccupied pore
spaces between siloxane chains for as long as dissolved silica was available
(section 7.3.1). This continuous growth likely led to the formation of connected
microcrystalline quartz networks or sheet-like structures that are seen in all Athel
Silicilyte samples (Fig. 7.3; also section 5.2.1). In this context, the variations in
the microcrystalline quartz content in the Athel Silicilyte lithofacies could be
interpreted as controlled by the availability of dissolved silica. Dissolved silica
availability should not have varied significantly in the water column or at the
sediment-water interface since dissolved silica could have freely diffused
through the water column. However, below the sediment-water interface, silica
diffusion from the ambient seawater was likely very limited given the locked
structures of silica aggregates (Fig. 7.4). Consequently further silica precipitation
probably ceased once the microbial layers were buried below the sediment-water
interface. This would explain the decrease in the microcrystalline quartz contents
as the detrital contents increase in the Athel Silicilyte (Table 5.1 and Fig. 6.3).
The relatively high detrital input towards the Upper Athel Silicilyte (in detritus-
bearing, microcrystalline quartz-rich lithofacies) probably led to a relatively
faster burial of the microbial layers (section 5.4 and 6.4.1). Reducing further
silica precipitation means more pore spaces were left unoccupied in the silica
polymer networks and therefore higher porosity values in microcrystalline
quartz-rich, detritus-bearing lithofacies (average porosity = 19.6 %), compared to
microcrystalline quartz-dominated lithofacies (average porosity = 6.4 %). The
intense input of detrital material during deposition of the Thuleilat Shale and U
Shale resulted in rapid rates of sedimentation and did not allow enough time for

silica to precipitate in the microbial layers at and above the sediment-water
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interface before burial, and hence Athel Silicilyte precipitation was terminated

during intense detrital input.

In summary, the availability of microbial layers during Athel Silicilyte
precipitation played a role in silica precipitation by providing the functional
groups that bound with dissolved silica by hydrogen bonds. Sulphate reducing
bacteria were critical to precipitation by lowering the pH to the optimal values
for the formation of hydrogen bonds, as well as for silica polymerisation and
aggregation (pH = 5-7; section 7.3.2). Therefore, organic matter in the microbial
layers and sulphate reducing bacteria in combination created a unique
environment for silica precipitation (probably as opal-CT) from the ambient
seawater at or below the redox boundary, resulting in deposition of the

microbially laminated silica-rich Athel Silicilyte.

Euxinic conditions required to precipitate silica were probably met only
during the A4C cycle in the deep waters within the mini-basins. Based on & "°C,
8 **S and redox-sensitive element data of the Ara Group (Amthor et al. 2003;
Fike et al. 2006; Fike 2007; Fike and Grotzinger 2008), there is no firm evidence
that euxinic conditions were developed in the South Oman Salt Basin during
previous Ara cycles. Therefore, the localised precipitation of the Athel Silicilyte
in the mini-basins during the A4C cycle was likely controlled by development of

euxinic conditions in the deep water (200-400 m; Fig.7.6; section 3.5.2).

The time-equivalent carbonate succession (A4C) from the Birba Platform
thins out towards the west and shows relatively thicker outer ramp facies in the
same direction, based on seismic reflection and wireline logs of the A4
carbonates (Schroder et al. 2005), suggesting that the carbonate platform dipped
to the west (Fig. 7.6). If this was the case, then equivalent facies to the Athel
Silicilyte could have precipitated below the carbonate compensation depth (i.e.
below the redox boundary) and therefore the area to the west of Birba Platform

should be considered in future exploration strategies.

193



Chapter 7. Origin of the Athel Silicilyte

SW NE
Birba Athel Basin Eastern
Platform Flank
Sea level

LT e W e W Ve W e e W WV e W VYV U e e U W e U W VW

Carbonate
precipitation

Carbonate
Dipping precipitation
/platfo

Intrabasinal high

. mini-basin
(non-depotional area)

mini-basin

Faulted margin —

P .-~ Accumulation of
-~~~ \silicified microbial mats
20 km \

subsidence

2CO +2H O —-2CH O+ O
2 2 2
— o
HS +20  — SO + H
2 4
Redox- __ e
boundary

2— — -+ —
2CH20+SO4 — HS + H +2HC03

Figure 7.6. Showing the depositional model for the Athel Silicilyte. Silica precipitation in
the microbial layers took place at or below the redox boundary in the fault-bounded mini-
basin within the Athel Basin. The microbial layers were likely produced in the photic zone
or at the seawater-brine interface and then delivered to the mini-basins, where they were
mineralised by sulphate reducing bacteria. Produced sulphide by sulphate reducing
bacteria was likely oxidised at the redox-boundary by sulphur oxidising bacteria. The
platforms were the sites for carbonate precipitation. Note, the Birba Platform is dipping
towards the west. Consequently deep waters were likely present further to the west where
the Athel Silicilyte might have accumulated below the redox-boundary. Basin geometry in
this model was constructed based on Ara Group basin reconstruction from Fig. 3.5 and it is
approximately representing across section running from the NE to the SW in Fig. 7.1.
Modified after Amthor et al. (2005).

7.4 Locus of primary chert precipitation during the
Precambrian
Siever (1992) and Maliva et al. (2005) have demonstrated that cherts in
upper Precambrian (Mesoproterozoic and Neoproterozoic) mainly precipitated
during early diagenesis below the sediment-water interface and their main locus

was shallow peritidal environments (section 4.4; Fig. 4.8). The cherts that they

described were principally nodular formed by replacements of peritidal carbonate
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rocks and/or by filling pore spaces and cavities (section 4.3.3; e.g. Knoll 1985;
Maliva et al. 1989; Siever 1992; Maliva et al. 2005). The Athel Silicilyte, on the
other hand, is different as: 1) it does not replace any pre-existing minerals, but
represents primary silica precipitation from seawater in microbial layers; 2) it is a
thick homogeneous unit of predominately microcrystalline quartz; up to 390 m
thick and each slab approximately cover an area of 2 by 6 km; and 3)
precipitation took place in basinal deep marine waters. These observations
suggest that the Athel Silicilyte is a unique example of Precambrian cherts. This
study therefore suggests that cherts during the Precambrian could precipitate
directly from seawater above or at the sediment-water interface, rather than being

restricted to shallow waters during early diagenesis.

The likely prerequisites for primary chert precipitation from silica-rich
Precambrian seawater identified from this study are: 1) availability of organic
matter; 2) development of euxinic conditions in the water column; and 3)
siliciclastic sediment starvation. Few similar depositional conditions to the Athel
Silicilyte have been defined in the literature, but one such potential analogue is
the Liuchapo Formation in south China. The Liuchapo Formation is a 90 m thick
unit of fairly homogeneous chert bounded between two siliciclastic mudstone-
rich units and it has been interpreted to have precipitated in deep basinal waters
at the Precambrian-Cambrian boundary (Chang et al. 2009). The Liuchapo
Formation is characterized by very low detrital content (but increasing upwards
in the stratigraphic), and shows high enrichment of redox-sensitive elements and
positive Ce anomalies, suggesting the deep waters were euxinic and siliciclastic
material-starved. No microscopic photographs have been published from this
formation, but outcrop photographs show fine laminations that are very similar to
the Athel Silicilyte. The precipitation of the Athel Silicilyte and the Liuchapo
Formation at the Precambrian-Cambrian boundary could suggest that they
represent a global deep water facies related to euxinic conditions at this
boundary. The Liuchapo Formation therefore can be a potential analogue for the

subsurface Athel Silicilyte.

195



Chapter 7. Origin of the Athel Silicilyte

7.5 Summary

The main findings of this chapter are:

e The silica mass present in the Athel Silicilyte was likely sourced from
seawater. This interpretation is based on the Athel Silicilyte is a
syndepositional precipitate and that it shows REE characteristics similar to
modern seawater characteristics (LREE-depletion and positive La, Eu and Y
anomalies). Mass balance calculations also support a seawater source and
demonstrate that silica-rich Precambrian seawater could have sourced the
large mass of silica necessary to precipitate the Athel Silicilyte.

e Athel Silicilyte precipitation in the microbial layers was likely a result of
hydrogen bonding between dissolved silica and the functional groups
(carboxyl and hydroxyl) in the microbial layers. The formation of hydrogen
bonds concentrated dissolved silica in the microbial layers above amorphous
silica solubility. Ultimately, dissolved silica nucleated and polymerised
within these microbial layers.

e Formation of hydrogen bonds between dissolved silica and organic matter
requires pH of less than 7; lower than normal seawater pH of 8.1. Lower pH
values reduced repulsion forces between dissolved silica and the functional
groups by reducing their negative charge. Subsequently, dissolved silica was
able to bind within the microbial layers.

e Low pH conditions probably occurred at or below the redox-boundary as a
result of H and HS™ production by sulphate reducing bacteria and HS
oxidation by sulphur oxidising bacteria. Therefore, Athel Silicilyte
precipitation was restricted to the deep euxinic mini-basins within the Athel
Basin.

e Higher detrital input towards the Upper Athel Silicilyte resulted in relatively
faster burial of the microbial layers, and hence silica precipitation ceased due
to the lack of dissolved silica below the sediment-water interface.

e The observations from the Athel Silicilyte suggest that the locus for primary
chert precipitation during the Precambrian was microbially-rich, sediment-

starved euxinic basins.
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Various techniques were employed in this study to investigate the
variability and to interpret the origin (silica source and precipitation mechanism)
of the Athel Silicilyte. These techniques included core description,
petrographical techniques (optical and SEM), wireline log interpretation, whole-
rock geochemistry (XRF, XRD, LA-ICP-MS and TOC), mass-balance

calculations and reaction-path modelling. The main outcomes of this study are:

e The Athel Silicilyte is present in the deepest parts (in the mini-basins) with
the fault-bounded Athel Basin bounded by two silt-rich mudstones (below by
the U Shale and above by the Thuleilat Shale). Its thickness varies across the
basin from 166 to 390 m. The thickness variations are related to the
topographic variations in the Athel Basin, which in turn controlled

accommodation availability during Athel Silicilyte precipitation.

e Six lithofacies were recognised in the Athel Silicilyte that reflect variability
in detrital material contents (silica-rich facies), sediment remobilisation
(slumped and brecciated lithofacies) and diagenetic modification (carbonate-
bearing lithofacies). Silica-rich facies represent more than 97 % of the total
Athel Silicilyte thickness and they contain three sub-lithofacies; laminated
microcrystalline quartz-rich mudstones, laminated microcrystalline quartz-
dominated mudstones and laminated microcrystalline quartz-rich, detritus-

bearing mudstones.

e Another three lithofacies were recognised: one from the bounding silt-rich
mudstones (U Shale; laminated silt-rich, clay-mineral bearing mudstones)
and two from the overlying evaporite unit (ASE); anhydrite- and detritus-

bearing mudstones and halite-dominated mudstones.

e Texturally, the Athel Silicilyte exhibits discontinuous wavy lamination, with
each lamina set alternating between silica-rich layers and more clay mineral-
/organic matter-rich layers. These lamina geometries are interpreted to have a

microbial origin. These microbial layers could have been fromed by
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coagulation of photosyntheisising single-celled planknton or by microbial

mat growth at the seawater-brine interface.

e Compositionally, the Athel Silicilyte is fairly homogeneous and it is
predominately composed of connected networks or sheet-like forms of
euhedral-subhedral microcrystalline quartz; average microcrystalline quartz
content in the silica-rich facies is 80 wt. % and each crystal is typically 1-5
um. The microcrystalline quartz crystallography suggests that that quartz
precipitated in situ. The Athel Silicilyte also contains minor amounts of
detrital quartz grains (3 wt. %), illite (10 wt. %), pyrite (4 wt. %) and organic
carbon (TOC =3 wt. %).

e The main heterogeneity in the Athel Silicilyte is the relative increase in
detrital contents towards the Upper Athel Silicilyte and basin margins
(ranging from 3 to 30 wt. %); an increase in detrital contents is associated
with a decrease in microcrystalline quartz contents. The minor contents of
detrital material suggest that Athel Silicilyte precipitation took place during
very low detrital input (detrital-starvation). The increase in detrital input
towards the Upper Athel Silicilyte marks gradual shift from silica
precipitation to detrital material sedimentation during bounding mudstone
deposition. Influx of detrital sediment to the Athel Basin was likely

controlled by the change in the relative sea-level.

e Homogeneity of the Athel Silicilyte across the Athel Basin, absence of any
pseudomorphs, preservation of 390 m thick laminated fabric, loose packing
of detrital grains and association with syngentic framboidal pyrites suggest

that the Athel Silicilyte precipitated syndepositionally in microbial layers.

e Strong enrichment of redox-sensitive elements (U, V and Mo), Mn-depletion,
positive Ce anomalies and framboidal pyrite size-distributions (3.6-4 um;
formed in the water column) suggest that the water column in the mini-basins
was euxinic throughout Athel Silicilyte precipitation. The record of anoxia

(negative 8'°C excursion and the extension of marine fossils) in the shallow
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water carbonates could suggest that the euxinic conditions in these mini-

basins were very extreme.

e In the absence of any mineralised skeleton remains within any sample of the
Athel Silicilyte alongside the age of the Athel Silicilyte; Infra-Cambrian prior
to the major evolution of silica-secreting organisms, the Athel Silicilyte is
unlikely to have a biogenic origin. A hydrothermal origin is strongly ruled
out by geochemical data. In particular, ratios of Al,O3/(ALO; + Fe O3 +
MnO) and Fe,03/Ti0,, weak positive Eu anomalies and light REE-depletion

are inconsistent with a hydrothermal source.

e A syndepositional origin for the Athel Silicilyte alongside REE
characteristics of modern seawater (positive La, Eu and Y anomalies)
strongly suggests that the silica present in the Athel Silicilyte was sourced
from the ambient seawater. Mass balance calculations support this assertion
and demonstrate that silica-rich Precambrian seawater could have provided

the significant mass of silica necessary to precipitate the Athel Silicilyte.

e Silica precipitation within the microbial layers was likely driven by the
ability of dissolved silica to form hydrogen bonds with the functional groups
(carboxyl and hydroxyl) in the organic layers. Consequently, dissolved silica
became supersaturated with respect to amorphous silica within the microbial
layer microenvironment, resulting in silica nucleation and polymerisation in

the microbial layers.

e Silica precipitation intiated at or below the redox-boundary in the water
column at low pH values (< 7). Lower pH value than for the normal seawater
were related to the production of acidic H and HS™ by sulphate reducing
bacteria and HS™ oxidation by sulphur oxidising bacteria. The main effect of
the lowered pH conditions was to reduce negative charges on dissolved silica

and functional groups, and hence reducing repulsion forces between them.
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Chapter 8. Conclusions

The absence of repulsion forces allowed dissolved silica to bind with the

microbial layers by forming hydrogen bonds.

e Silica nucleation and polymerisation likely ceased after microbial layers
burial as a result of the lack of dissolved silica below the sediment-water
interface. During periods of higher detrital influx, relatively faster microbial
burial occurred, inhibiting silica precipitation by reducing microbial layers
residence times within the water column and at the sediment-water interface.
Therefore, the microcrystalline quartz contents in the Athel Silicilyte

decrease as detrital contents increase.

e This study shows that primary cherts could be precipitated directly from
seawater during the Precambrian, instead of being restricted to early-late
diagenesis below the sediment-water interface to form nodules or thin beds.
The likely environments for this to happen were microbially-rich detrital-
starved euxinic basins. Therefore, the Athel Silicilyte could represent euxinic
basinal facies related to the development of anoxia conditions at the

Precambrian-Cambrian boundary.
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Appendices

Appendix 1. Wireline log interpretation

In total 12 wells were interpreted from the Athel Basin and the Birba
Platform to investigate the vertical and the lateral variability. Ten wells were
included in well-correlation in Chapter 5 (Fig. 5.2). This appendix presents all
wells and all available logs (GR, sonic, neutron, density, porosity and oil
saturation) from each well. Wells location is shown in Chapter 5 (Figs. 2.1 &

5.1).

Lithofacies key:

LF1: laminated microcrystalline quartz-rich mudstones

- LF2: laminated microcrystalline quartz-dominated mudstones

LF3: Laminated microcrystalline quartz-rich, detritus-bearing mudstones

- LF4: Laminated silt-rich, clay-mineral bearing mudstones

LF5-6: Evaporite facies (anhydrite and halite)

LF7: Slumped mudstones

LF8: Brecciated mudstones

LF9: Microcrystalline quartz-, carbonate- and detritus- bearing mudstones
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Figure 1. Showing wireline logs (GR, sonic, neutron, density and porosity) from well
ALNR-2, located in the basin centre, as well as interpreted lithofacies (middle log). Most of
the studied samples are obtained from this well and their depth is shown in red circles. The
Thuleilat Shale encountered in this well is very thin (< 5 m) and the U Shale is around 75 m
thick. Silica-dominated and silica-rich lithofacies are common in the Lower Athel Silicilyte,
while silica-rich, detritus-bearing lithofacies is common in the Upper Athel Silicilyte.
Carbonate-bearing lithofacies abundance increases towards the Upper Athel Silicilyte and
in the bounding mudstones.
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Figure 2. Showing wireline logs (GR, sonic, neutron and density) from well ALNR-3 located

in the basin centre It also shows interpreted lithofacies (middle log) from the Athel Silicilyte
and the bounding mudstones. This well encountered two slabs of the Athel Silicilyte that are
separated by an evaporite unit. The upper slab is upside down, which is indicated by
opposite GR trend; decreasing from bottom to top section, whereas all wells show an
increase in GR towards the upper Athel Silicilyte. This turning is probably caused by
halokinesis. The samples obtained from this well are shown in red circles. The lower slab
and the upper slab detailed interpretation are shown below in Fig. 3 and 4; respectively.
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Figure 3. Showing wireline logs (GR, sonic, neutron, density, water saturation and porosity)
from the lower slab of well ALNR-3 as well as interpreted lithofacies (middle log). Samples
obtained from this well are shown in red circles. Silica-dominated and silica-rich lithofacies
are common in the Lower Athel Silicilyte, whereas silica-rich, detritus-bearing lithofacies is
common in the Upper Athel Silicilyte. The upper section of the Athel Silicilyte is
interbedded with silt-rich lithofacies.

231



Appendices

ALNR-3 [MD]
MD 000 GR  150.00--FaciE&l045 NEU  -0.15
200.00 DT 5000 195 DEN 295

Thuleilat Shale

(4500)—

(4522)
Figure 4. Showing wireline logs (GR, sonic, neutron and density) from well ALNR-3 upper
slab as well as interpreted lithofacies (middle log). Silica-rich and silica-dominated
lithofacies are common in the lower Athel Silicilyte, while silica-rich, detritus-bearing
lithofacies is common in the upper Athel Silicilyte.
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Figure 5. Showing wireline logs (GR, sonic, neutron, density and porosity) from well
ALNR-4 located in the basin centre It also shows interpreted lithofacies (middle log) from
the Athel Silicilyte and the bounding mudstones. Depth of the samples obtained from this

well is shown in red circle.
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Figure 6. Showing wireline logs (GR, sonic, neutron and density) from well ASH-2 located
in the basin centre. It also shows interpreted lithofacies (middle log) from the Athel
Silicilyte. The depth of samples obtained from this well is shown in red circles. The total
measured thickness of the Athel Silicilyte from this deviated well is 1014 m and the true
stratigraphic thickness is around 430 m. The Thuleilat Shale encountered in this well is very
thin (< 4 m), whereas the U Shale was not encountered (no wireline data available below the
Athel Silicilyte).
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Figure 7. Showing wireline logs (GR, sonic, neutron and density) from well ASH-3 located
in the basin centre. It also shows interpreted lithofacies (middle log) from the Athel
Silicilyte., the Thuleilat Shale encountered in this well is very thin (= 2m thick)
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Figure 8. Showing wireline logs (GR, sonic, neutron and density) from well ASH-4 located

in the basin centre. Interpreted lithofacies from the Athel Silicilyte is shown in the middle
log. The depth of samples obtained from this well is shown in red circle. The Athel Silicilyte
is enclosed between the Thuleilat and the U Shale. Thuleilat Shale in this well is very thin (<
14 m).
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Appendices

Figure 9. Showing wireline logs (GR, sonic, neutron and density) from well MKZ-1 located
at the basin margin. Also it shows the interpreted lithofacies (middle log) from the Athel
Silicilyte and the bounding mudstones. Note, the Athel Silicilyte is showing decrease in GR
from the lower to the upper section, similar to ALNR-3 upper slab, and it is interpreted to

be upside down due to the halokinesis.
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Figure 10. Showing wireline logs (GR, sonic, neutron and density) from well ALSE-1
located at the basin margin. Also it shows interpreted lithofacies (middle log) from the
Athel Silicilyte and the bounding mudstones. Carbonate-bearing lithofacies (LF9) increases
towards the upper Athel Silicilyte and it is common in the enclosing mudstones. The upper
section of the Athel Silicilyte is interbedded with silt-rich lithofacies in a scale of 1-10s m.

238



Appendices

MD “80.00GR 150.00Fi“0.45NEU -0.1§

200.00DT 40.00 1.95 DEN 295

(1400)

(1450)

Thuleilat Shale

(1500)

(1550)

(1600)

(1650)

(1700)

(1750)

(1800)

LA A A

)

(1900)
Figure 11. Showing wireline logs (GR, sonic, neutron and density) from well TL-2 drilled in

the basin margin. It also shows interpreted lithofacies (middle log) of the Athel Silicilyte
that is bounded by the U Shale and the Thuleilat Shale. All formations are enclosed between
evaporite units of the A4 and AS cycles.
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Figure 12. Showing wireline logs (GR, sonic, neutron and density) from well MM-248
located at the basin margin. Also it shows interpreted lithofacies from the Athel Silicilyte

and the bounding mudstones.
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Figure 13. Showing wireline logs (GR, sonic, neutron and density) from well MMNW-7

located at the basin margin. Also it shows interpreted lithofacies from the Athel Silicilyte
and the bounding mudstones.
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Figure 14. Showing wireline logs (GR, sonic, neutron, density and porosity) from well BB-4.
This well was drilled in the Birba Platform where the Athel Silicilyte and the bounding
mudstones are not encountered. Only encountered lithologies are A4 carbonates (47.5 m
thick) that is enclosed between two lowstand evaporite units of the A4 (below) and AS
(above) cycles.
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Appendix II. Core and thin-section photographs

This appendix show sampled cores of the Athel Silicilyte from six wells,
as well as cores of the U Shale. A selection of representative thin-section
microphotographs are also presented in both plane polarised light (PPL) and
Backscattered electron image (BSEI) from each core. The core depth of each
thin-section is indicated by a red-circle in core photographs. Core and thin-
section description for each lithofacies were outlined in Chapter 5 and
summarised in Table 5.1. Here lithofacies name is only indicated for each core

and thin-section photograph with only a brief description.
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Well ALNR-2

, %
3977.0 m

3978.5 m

Figure 1. Depth interval from 3976.5-3976.8 m represents microcrystalline quartz-,
carbonate- and detritus- bearing mudstones (LF9), from 3976.3-3976.5 m represents
brecciated mudstones (LF8), from 3980.0-3980.5 m and 3984.8-3985.5 m both represent
laminated microcrystalline quartz-rich, detritus-bearing mudstones (LF3). Red circles show

core depth of the thin-section microphotographs presented in Figure 2. These samples are
(from top to bottom): ALNR-2(4), ALNR-2(5) and ALNR-2(8).
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Figure 2. Sample ALNR-2(4) represents microcrystalline quartz-, carbonate- and detritus-
bearing mudstones (LF9). This sample occurs very close towards the transition from Athel
Silicilyte to the Thuleilat Shale. Note the abundance of detrital mica (light grey elongated
shape). Sample ALNR-2(5) represents brecciated mudstones (LF8) and it is cemented by
dolomite. Sample ALNR-2(8) represents laminated microcrystalline quartz-rich, detritus-
bearing mudstones (LF3).

245



Appendices

3983.5m 4.51 3985.5m

- > % a i
3983 5 m 3984 .5 m 'S 1 3986.5 m

Figure 3. Depth interval from 3982.5-3986.5 m represents laminated microcrystalline
quartz-rich, detritus-bearing mudstones (LF3). This lithofacies is moderately fissile and
laminated
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Figure 4. Depth interval from 4046.0-4048.5 m represents laminated microcrystalline
quartz-rich, detritus-bearing mudstones (LF3), from 4048.5 -4049.0 m is hard to determine
lithofacies since it is broken, from 4049.0- 4049.5 m represents LF3, from 4049.5-4049.75 m
represents slumped mudstones (LF7), from and 4049.75-4050.0 m represents LF3, from
4050.0-4050.25 m represents microcrystalline quartz-, carbonate- and detritus- bearing
mudstones (LF9), from and 4050.25-4050.75 m represents LF7 and from and 4050.75-
4051.0 m represents LF3. The red circle shows core depth of the thin-section
microphotographs presented in Figure 6 of sample ALNR-2(11).
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Figure S. Depth interval from 4050.0-4050.25 m represents microcrystalline quartz-,
carbonate- and detritus- bearing mudstones (LF9), from and 4050.25-4050.75 m represents
slumped mudstones (LF7) and from and 4050.75-4051.75 m represents laminated
microcrystalline quartz-rich, detritus-bearing mudstones (LF3), from 4051.75-4052.3 m
represents LF7, from 4052.3-4053.0 m is likely represents LF3. Red circles show core depth

of the thin-section microphotographs presented in Figure 6. These samples are (from top to
bottom): ALNR-2(12) and ALNR-2(13).
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Figure 6. Sample ALNR-2(11) represents laminated microcrystalline quartz-rich, detritus-
bearing mudstones (LF3). This sample contains relatively higher detrital quartz, feldspar
and clay minerals. Sample ALNR-2(12) and ALNR-2(13) both represent slumped
mudstones (LF7) and their mineralogical composition is similar to LF3.
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Figure 7. Depth interval from 4055.0-4058.0 m represents laminated microcrystalline
quartz-rich, detritus-bearing mudstones (LF3), which is moderately fissile and laminated.
The red circle shows core depth of the thin-section microphotographs of sample ALNR-
2(15) presented in Figure 9.
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Figure 8. Depth interval from 4058.0-4060.0 m represents laminated microcrystalline
quartz-rich, detritus-bearing mudstones (LF3), from 4060.0-4060.25 m represents slumped
mudstones (LF7) and from 4060.25-4060.75 m represents LF3. The red circles show core
depth of the thin-section microphotographs presented in Figure 9. These samples are (from
top to bottom): ALNR-2(16) and ALNR-2(17).
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Figure 9. All samples represent laminated microcrystalline quartz-rich, detritus-bearing
mudstones (LF3). These samples show wavy discontinuous lamination. These laminae
alternate between silica-rich layers and more organic matter/clay mineral- rich layers. Also
they show stylolites that are rich in organic matter and clay minerals.
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Figure 10. Depth interval from 4061.0-4065.0 m represents laminated microcrystalline
quartz-rich, detritus-bearing mudstones (LF3), from 4065.0-4060.3 m represents
microcrystalline quartz-, carbonate- and detritus- bearing mudstones (LF9) and from
4065.3-4066.0 m represents LF3. The red circles show core depth of the thin-section
microphotographs presented in Figure 11. These samples are (from top to bottom): ALNR-
2(19), ALNR-2(20) and ALNR-2(21).
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Figure 11. Samples ALNR-2(19) and ALNR-2(20) represent laminated microcrystalline

quartz-rich, detritus-bearing mudstones (LF3). Sample ALNR-2(21) represents
microcrystalline quartz-, carbonate- and detritus- bearing mudstones (LF9).
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Figure 12. Depth interval from 4070.1-4070.2 m represents brecciated mudstones (LF8),
from 4070.2-4073.1 m represents laminated microcrystalline quartz-rich, detritus-bearing
mudstones (LF3). The red circle shows core depth of the thin-section microphotographs of
sample ALNR-2(24) presented in Figure 14.
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Figure 13. Depth interval from 4076.3-4076.5 m represents brecciated mudstones (LF8),
from 4076.5.0-4077.6 m represents laminated microcrystalline quartz-rich, detritus-bearing
mudstones (LF3) and from 4077.6-4080.0 m represents either slumped mudstones (LF7) or
LF8. The red circles show core depth of the thin-section microphotographs presented in
Figure 14. These samples are (from top to bottom): ALNR-2(25) and ALNR-2(26).
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Figure 14. Sample ALNR-2(24) represents laminated microcrystalline quartz-rich, detritus-
bearing mudstones (LF3). This sample shows quartz and feldspar with styloite structure
that rich in organic matter and clay minerals. Sample ALNR-2(25) and ALNR-2(26)
represent brecciated mudstones (LF8) that consists of fragmented clasts of LF3.
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Figure 15. Depth interval from 4130.1-4130.35 m and from 4140.1-4140.35 m represent
laminated microcrystalline quartz-rich, detritus-bearing mudstones (LF3), from 4142.9-
4143.3 m represents in the middle microcrystalline quartz-, carbonate- and detritus-
bearing mudstones (LF9; light coloured) enclosed between LF3, from 4156.35-4256.65 m
represents laminated microcrystalline quartz-rich mudstones (LF1), from 4165.4-4165.7 m
and from 4168.9-4169.2 m represent LF3, from 4208.0-4208.3 m represent laminated
microcrystalline quartz-dominated mudstones (LF2), from 4276.75-4277.0 m represents
LF1 and from 4277.0-4277.25 m represents LF2. Here LF1 and LF3 are hard to distinguish
from core but microscopic analyses reveal their composition and thus their lithofacies
division. The red circles show core depth of the thin-section microphotographs presented in
Figures 16 & 17. These samples are (from top to bottom): ALNR-2(27), ALNR-2(28),
ALNR-2(29), ALNR-2(32), ALNR-2(41), and ALNR-2(42).
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F 1gure 16 Sample ALNR-2(27) and ALN R-2(28) both represent laminated microcrystalline
quartz-rich, detritus-bearing mudstones (LF3). This lithofacies shows wavy discontinuous
lamination. These laminae alternate between silica-rich layers and more organic
matter/clay mineral- rich layers Sample ALNR-2(29) represents microcrystalline quartz-,
carbonate- and detritus- bearing mudstones (LF9), which contain substantial amount of
early diagenetic dolomite.
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ystalline quartz-rich, detritus-
bearing mudstones (LF3), sample ALNR-2(41) represents laminated microcrystalline
quartz-rich mudstones (LF1) and ALNR-2(42) represents laminated microcrystalline
quartz-dominated mudstones (LF2). These samples show similar textures, only varying in
the amount of microcrystalline quart and clay mineral.
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Figure 18. Depth interval from 4257.8-4258.05 m represents laminated microcrystalline
quartz-dominated mudstones (LF2), from 4258.05-4258.3 m represents laminated
microcrystalline quartz-rich mudstones (LF1), from 4264.0-4264.3 m represents
microcrystalline quartz-, carbonate- and detritus- bearing mudstones (LF9), from 4321.9-
4322.4 m represents LF9 in the middle, which is enclosed between LF1 and from 4373.6-
4373.6 m represents laminated microcrystalline quartz-rich, detritus-bearing mudstones
(LF3). Here LF1 is highly fissile and well laminated, LF2 is dark, not fissile and poorly
laminated, LF3 is moderately fissile and laminated and LF9 is not fissile, no lamination and
characterised relatively by lighter colure. The red circles show core depth of the thin-
section microphotographs presented in Figures 19. These samples are (from top to bottom):
ALNR-2(44), ALNR-2(45) and ALNR-2(48).
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Figure 19. Sample ALNR-2(44) represents laminated microcrystalline quartz-rich
mudstones (LF1), sample ALNR-2(45) represents microcrystalline quartz-, carbonate- and
detritus- bearing mudstones (LF9) and sample ALNR-2(48) represents laminated
microcrystalline quartz-rich, detritus-bearing mudstones (LF3). Note, the difference
between sample ALNR-2(44) and ALNR-2(48) is the detrital content, while they show
similar texture.
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Well: ALNR-3

AL NOOR-3 AL NOOR-3

CORE-1 CORE- CORE-2 CORE-2 CORE-2
BOBX-2  BOX4 BOX.2 BN HOX-4
N2 47509 476] 8 §in27

[,

-

Figure 20. Depth interval from 4681.0-4684.0 m represents laminated microcrystalline
quartz-rich, detritus-bearing mudstones (LF3), from 4750.0-4750.7S m represents LF3,
from 4750.75-4751.05 m represents slumped mudstones (LF7), from 4751.05-4751.5 m
represents LF3, from 4751.5 m to the end of the core represents alternation between LF3
and LF7 in 0.2-0.3 m scale. The red circles show core depth of the thin-section
microphotographs presented in Figures 21. These samples are (from top to bottom): ALNR-
3(3), ALNR-3(5) and ALNR-3(6).
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Flgure 21. Sample ALNR—3(3) and ALNR-3(5) both represent laminated microcrystalline
quartz-rich, detritus-bearing mudstones (LF3). These samples show wavy discontinues
lamination and contain more than 10 wt. % detrital material. Stylolite structures are
cemented by clay minerals and rich in organic matter. Hydroxyfluorapatite is present in
minor quantities in BSEI of ALNR-3(3). Sample ALNR-3(6) represents slumped mudstones
(LF7), original lamination textures are disrupted.
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Figure 22. Depth interval from 4753.6-4754.7 m represents laminated microcrystalline
quartz-rich, detritus-bearing mudstones (LF3), from 4754.7-4754.9 m represents laminated
microcrystalline quartz-dominated mudstones (LF2), from 4754.9-4756.0 m represents
alternation between laminated microcrystalline quartz-rich mudstones (LF1; highly fissile)
and LF3 (moderately fissile) in 0.1 m scale, from 4757.0 to 4758.75 m represents mainly LF3
apart from thin interval from 4757.6-4757.8 that represents LF1 (fissile and strongly
laminated). The red circles show core depth of the thin-section microphotographs presented
in Figures 23. These samples are (from top to bottom): ALNR-3(9), ALNR-3(11) and

ALNR-3(12).
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Figure 23. Sample ALNR-3(9) represents laminated microcrystalline quartz-dominated
mudstones (LF2) that contains more than 90 wt. % microcrystalline quartz. Samples
ALNR-3(11) and ALNR-3(12) both represent laminated microcrystalline quartz-rich,
detritus-bearing mudstones (LF3).
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Figure 24. Depth interval from 4812.0-4812.6 m represents either laminated
microcrystalline quartz-rich mudstones (LF1) or laminated microcrystalline quartz-rich,
detritus-bearing mudstones (LF3; very hard to distinguish from the core, but the sample
obtained from this depth suggests that this interval represents LF1), from 4830.0-4832.3 m
represents LF1, from 4832.3-4832.5 m represents laminated microcrystalline quartz-
dominated mudstones (LF2). The red circles show core depth of the thin-section
microphotographs presented in Figures 25. These samples are (from top to bottom): ALNR-
3(13), ALNR-3(14) and ALNR-3(15).

267



Appendices

BSEI

1080 m
X150 1%mm

a .
10Fm
X750 . 15mm

Figure 25. All samples represent laminated microcrystalline quartz-rich mudstones (LF1)
that contains less than 10 wt. % detrital material (detrital quartz and clay minerals). Note
the alternation between silica-rich layers and more organic matter/clay minerals-rich layers
in BSEI of sample ALNR-3(13).
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Well: ALNR-4
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Figure 26. Depth interval from 4425.0-4433.0 m represents alternation between laminated
microcrystalline quartz-rich mudstones (LF1) and laminated microcrystalline quartz-
dominated mudstones (LF2). LF1 is very fissile and well-laminated, while LF2 is dark-
coloured, not fissile and show very weak lamination.
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Figure 27. Samples ALNR-4(2) and ALNR-4(4) both represent laminated microcrystalline
quartz-rich, detritus-bearing mudstones (LF3). Note BSEI of sample ALNR-4(2) show
hydroxyfluorapatite in the middle and the black rounded shape are magnesite. Sample
ALNR-4(8) represents laminated microcrystalline quartz-rich mudstones (LF1).

270



Appendices

Well: ASH-2
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Figure 28. Depth interval from 3809.5-3810.6 m and from 3866.5-3869.5 m might represent
either laminated microcrystalline quartz-dominated mudstones (LF2) or laminated
microcrystalline quartz-rich, detritus-bearing mudstones (LF3). Microscopic analysis of the
samples obtain from these intervals suggest that interval from interval from 3809.5-3810.6
m represents laminated microcrystalline quartz-rich mudstones (LF1) and LF3 and depth
interval from 3866.5-3869.5 m represents LF3. The red circles show core depth of the thin-
section microphotographs presented in Figures 29. These samples are (from top to bottom):
ASH-2(1), ASH-2(2) and ASH-2(4).
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Figure 29. Samples ASH-2(1) represents laminated microcrystalline quartz-rich mudstones
(LF1). Sample ASH-2(2) and ASH-2(4) both represent laminated microcrystalline quartz-
rich, detritus-bearing mudstones (LF3). Note in sample AHS-2(2), stylolite structure is
cemented by pyrite, clay minerals and anhydrite at the base of the structure.
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Well: ASH-4
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Figure 30. Depth interval from 4438.0-4444.63 m mainly represents laminated
microcrystalline quartz-rich, detritus-bearing mudstones (LF3), apart from thin intervals
(0.1-0.2 m) that might represent laminated microcrystalline quartz-rich mudstones (LF1) at
depth 4439.9 m, 4440.1 m, 4443.2 m, 4443.9 m and 4444.3 m. The red circles show core
depth of the thin-section microphotographs presented in Figures 31. These samples are
(from top to bottom): ASH-4(1), ASH-4(2) and ASH-4(6).
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Figure 31. All samples rpesent laminated microcrystalline quartz-rich, detritus-bearing
mudstones (LF3). Note in sample AHS-4(2) PPL image, laminae are compacted around

detrital quartz grain suggesting that silica precipitation took place syndepositionally during
low detrital input.
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Figure 32. Depth interval from 4543.0-4543.5 m look like laminated microcrystalline
quartz-rich, detritus-bearing mudstones (LF3), but microscopic analysis of the sample
obtained from this interval suggests it actually represents laminated microcrystalline
quartz-rich mudstones (LF1), from 4543.5-4544.3 m represents LF1, from 4544.35-4544.5 m
represents laminated microcrystalline quartz-dominated mudstones (LF2), and the reset of
core alternated between LF1 (fissile and laminated) and LF2 (not fissile and poorly
laminated) at a scale of 0.2-.03 m. The red circles show core depth of the thin-section
microphotographs presented in Figures 33. These samples are (from top to bottom): ASH-
4(8), ASH-4(11) and ASH-4(12).
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Figure 33. Samples ASH-4(8) and ASH-4(11) both represent laminated microcrystalline
quartz-rich mudstones (LF1) and sample ASH-4(12) represents laminated microcrystalline
quartz-dominated mudstones (LF2). Sample ASH-4(11) and ASH-4(12) look very much
alike but they belong to different lithofacies category since sample ASH-4(11) contains just
less than 90 wt. % microcrystalline quartz (88 wt. %), whereas sample ASH-4(12) contains
just above 90 wt. % microcrystalline quartz (92 wt. %).
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Figure 34. Depth interval from 4649.0-4650.45 m represents laminated microcrystalline
quartz-rich mudstones (LF1), from 4650.45-4651.0 m represents laminated microcrystalline
quartz-rich, detritus-bearing mudstones (LF3), from 4651.0-4651.45 m represents LF1, and
from 4651.45-4653.0 m represents LF3. The red circles show core depth of the thin-section
microphotographs presented in Figures 35. These samples are (from top to bottom): ASH-
4(16), ASH-4(17) and ASH-4(20).
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Figure 35. Samples ASH-4(168) represents laminated microcrystalline quartz-rich
mudstones (LF1). Sample ASH-4(17) and ASH-4(20) both represent laminated
microcrystalline quartz-rich, detritus-bearing mudstones (LF3). All samples look very
similar but the variation is only in detrital material content (LF1 contains detrital material
less than 10 wt. %. and LF3 more than 10 wt. %).
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Figure 36. All core photographs represent laminated microcrystalline quartz-rich
mudstones (LF1). The red circles show core depth of the thin-section microphotographs
presented in Figures 37. These samples are (from top to bottom): MKZ-1(4), MKZ-1(5) and
MKZ-1(7).
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Figure 37. All sample microphotographs represent laminated microcrystalline quartz-rich
mudstones (LF1). Note the alternation between silica-rich layers and more organic
matter/clay minerals-rich layers.
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Figure 38. All core photographs represent laminated silt-rich, clay-mineral bearing
mudstones (LF4; from the U Shale), apart from thin intervals (= 0.1 m thick) that are
dolomite cemented (LF9) at depth 1730.5 m, 1731.0 m and 1733.45 m. The red circles show
core depth of the thin-section microphotographs presented in Figures 39. These samples are
(from top to bottom): AL-9(1), AL-9(3) and AL-9(4).
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Figure 39. Samples AL-9(1) represents dolomite-cemented siltstone-rich mudstones.
Samples AL-9(3) and AL-9(4) represent laminated silt-rich, clay-mineral bearing

mudstones (LF4).
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Appendices

Appendix III: mineralogical composition and elemental
concentrations of each studied sample

Appendix III outlines the following:

Table 1: mineralogical composition

Table 1: major element concentrations

Table 3: trace element concentrations

Table 4: rare earth element (REE) concentrations

Table 5: concentration of La, Ce, Nd and Y measured from XRF and LA-ICP-
MS techniques
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Table 1. Showing the semiquantitative estimations of each studied sample composition from all wells (wt. %). Note, samples abbreviation contain well name from
which they are obtained and sample number in parentheses. In column headed “Other”, Ba stands for barite and CaP stands for hydroxyfluorapatite.

Log depth/ m Microcrystalli  Detrital
Sample abbreviation Core depth/ m Lithofacies Clay minerals  Pyrite Dolomite Magnesite ~ Anhydrite ~ Other TOC
MD) ne quartz quartz
ALNR-2 (1) 3969.25 3974.33 LF6 0 0 0.0 1-2 0.0 0.0 95-98 0
ALNR-2 (2) 3969.40 3974.48 LF5 4-6 10-12 15-18 5-7 0 8-10 40-43 1-2Ba 4.7
ALNR-2 (3) 3976.50 3981.53 LF9 20-22 7-8 14-16 6-8 35-38 4-5 6-8 1-2CaP 2.0
ALNR-2 (4) 3976.60 3981.63 LF9 20-21 5-7 15-17 34 39-42 2-3 4-6 1 CaP, 1Ba 1.8
ALNR-2 (5) 3976.80 3981.83 LF8/LF9 15-17 1-3 12-14 7-8 58-60 1-2 0 1 CaP
ALNR-2 (6) 3977.00 3982.03 LF8/LF9 68-70 1-2 10-12 5-7 0 5-7 4-5 0 2.0
ALNR-2 (7) 3981.50 3986.53 LF9 50--55 1-2 13-15 3-4 30-32 0 0 1-2 Ba
ALNR-2 (8) 3985.40 3990.43 LF3 75-78 7-8 9-10 2-3 0 0 3-5 0 1.4
ALNR-2 (9) 3992.20 3997.23 LF3 72-73 8-10 10-12 5-6 0 0 4-6 0
ALNR-2 (10) 3992.40 3997.43 LF9 43-44 1-2 18-20 9-10 25-27 0 0 0 1.8
ALNR-2 (11) 4049.30 4053.94 LF3 72-75 7-8 14-16 3-5 0 0 0 0
ALNR-2 (12) 4050.50 4055.14 LF7/LF9 66-69 6-8 7-8 2-3 0 9-11 1-3 0 43
ALNR-2 (13) 4052.00 4056.64 LF7 72-75 5-6 11-13 2-3 0 0 3-5 1-2 CaP
ALNR-2 (14) 4055.60 4060.24 LF3 72-75 5--6 8-10 3-4 0 0 5 0 35
ALNR-2 (15) 4057.30 4061.94 LF3 70-74 4-5 16-18 3-5 0 0 0 1 CaP
ALNR-2 (16) 4059.10 4063.74 LF3 66-70 9-11 10-12 3-5 0 0 2--3 0 5.5
ALNR-2 (17) 4060.50 4065.14 LF3 73--75 4-5 12--14 3--4 0 0 0 0 4.6
ALNR-2 (18) 4061.10 4065.74 LF3 78-80 34 5--8 34 0 0 4-6 2--3Ba
ALNR-2 (19) 4061.50 4066.14 LF3 71--73 2--3 13--15 4-5 0 0 4-6 1 CaP
ALNR-2 (20) 4064.20 4068.84 LF3 77-80 3-5 8-10 2--3 0 0 2 1CaP 4.1
ALNR-2 (21) 4065.10 4069.74 LF8/LF9 38-40 0 6--8 8-10 16-18 20-22 0 1 CaP 5.6
ALNR-2 (22) 4066.70 4071.34 LF3 74-76 4-6 13--15 34 0 0 1-2 0
ALNR-2 (23) 4068.60 4073.24 LF3 76-78 5-7 8-10 3-4 0 0 3-5 0
ALNR-2 (24) 4071.70 4076.74 LF8 71-73 4-5 11-13 2-3 0 0 3-4 0 5.0
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Table 1. Continued.

Log depth/ m Microcrystalli  Detrital
Sample abbreviation Core depth/ m Lithofacies Clay minerals ~ Pyrite Dolomite Magnesite ~ Anhydrite ~ Other TOC
(MD) ne quartz quartz
ALNR-2 (25) 4076.50 4081.56 LF3 73-75 3-4 10-12 2-3 2-3 0 2-3 0 32
ALNR-2 (26) 4079.00 4084.06 LF8 78-80 3-5 9-11 2-4 0 0 0 2-3 CaP
ALNR-2 (27) 4130.40 4133.90 LF3 67-70 3-5 15-17 34 0 0 4-6 1 CaP 34
ALNR-2 (28) 4140.20 4143.70 LF3 74-76 3-4 13-15 2-3 0 0 4-5 0
ALNR-2 (29) 4143.00 4146.50 LF9 29-32 1--2 6-8 9-11 43-45 3-5 1 1-2CaP 1.8
ALNR-2 (30) 4156.50 4160.33 LF1 79-82 2-3 5-7 2-3 0 0 5--6 0 33
ALNR-2 (31) 4165.60 4169.43 LF3 69-72 5-7 6-8 34 0 34 4-6 0 42
ALNR-2 (32) 4169.00 4172.83 LF3 70-72 6-7 13-15 3-5 0 0 4-5 1 CaP
ALNR-2 (33) 4208.10 421233 LF2 90-93 1-2 2-4 1-2 0 0 1-3 0 1.3
ALNR-2 (34) 4220.00 422423 LF1 81-83 1-2 4-6 2-3 0 0 5-7 0 32
ALNR-2 (35) 4220.70 422493 LF8 84-86 1 4-6 2-3 0 0 4-5 0 1.1
ALNR-2 (36) 4232.40 4236.63 LF3 70-73 34 10-12 3-5 0 0 5-7 0 3.7
ALNR-2 (37) 4239.80 4244.06 LF8 43-45 0 2-3 4-5 0 33-36 6-8 0 7.5
ALNR-2 (38) 4256.90 4261.16 LF7 88-91 0 2-3 2-3 0 2-4 2-3 0 1.1
ALNR-2 (39) 4257.20 4261.46 LF2 89-91 1-2 3-4 2-4 0 0 3-4 0
ALNR-2 (40) 4264.00 4267.55 LF9 28-30 0 5-7 8-9 52-54 0 0 1 CaP 1.9
ALNR-2 (41) 4276.80 4280.35 LF1 81-83 1 5-7 1-3 0 0 6-7 0 2.4
ALNR-2 (42) 4277.20 4280.75 LF2 89-92 0 2-3 1 0 0 3-4 1-2Ba 1.0
ALNR-2 (43) 4284.20 4287.63 LF7 88-91 0 3-5 2-3 0 0 4-6 0
ALNR-2 (44) 4309.50 4313.44 LF1 84-86 0 5-7 1-2 0 0 4-6 0 2.7
ALNR-2 (45) 4322.10 4327.13 LF9 65-67 0 8-10 7-8 0 9-11 0 3Ba 42
ALNR-2 (46) 4339.20 434423 LF7 83-85 0 8-10 3-4 0 0 3-4 0
ALNR-2 (47) 4358.80 4363.83 LF3 72-74 2-3 13-15 4-6 0 0 3-5 0 22
ALNR-2 (48) 4373.70 4378.73 LF3 63-65 3-5 18-20 5-6 0 0 3-5 0 2.5
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Table 1. Continued

Log depth/ m Microcrystalli  Detrital
Sample abbreviation Core depth/ m Lithofacies Clay minerals ~ Pyrite Dolomite Magnesite ~ Anhydrite ~ Other TOC
(MD) ne quartz quartz
ALNR-3 (1) 3681.10 3685.85 LF3 80-82 4-5 5-7 2-4 0 3-5 1-2 1 CaP
ALNR-3 (2) 3681.40 3686.15 LF3 76-77 1-2 10-12 4-5 0 0 4-5 0 1.9
ALNR-3 (3) 3682.60 3687.35 LF3 72-74 3-5 12-14 3-5 0 0 2-4 0 22
ALNR-3 (4) 4750.10 4754.85 LF7 77-79 0 10-12 4-5 0 0 4-6 1-2 CaP
ALNR-3 (5) 4750.80 4755.55 LF7 79-81 1-2 9-11 3-5 0 0 3-5 0
ALNR-3 (6) 4751.50 4756.25 LF3 53-55 1-3 28-30 6-8 0 0 6-9 0
ALNR-3 (7) 4752.80 4757.55 LF1 87-88 0 4-6 4-5 0 1-2 1-2 0
ALNR-3 (8) 4754.20 4758.95 LF1 86-88 0 5-7 3-5 0 0 2-4 0
ALNR-3 (9) 4754.95 4759.70 LF2 93-95 0 2-3 1-2 0 2-3 0 0
ALNR-3 (10) 4757.10 4761.85 LF3 77-79 3-4 8-10 2-3 0 0 3-5 0 2.5
ALNR-3 (11) 4757.80 4762.55 LF3 73-76 5-7 9-12 3-5 0 0 3-5 0
ALNR-3 (12) 4758.30 4763.05 LF3 67-69 3-4 15-17 3-5 0 0 4-7 0 2.9
ALNR-3 (13) 4812.10 4816.85 LF1 84-86 1-2 5-7 2-3 0 0 4-6 0
ALNR-3 (14) 4830.00 4834.75 LF1 80-83 1-2 7-9 3-5 0 0 4-6 0
ALNR-3 (15) 4832.00 4836.75 LF1 81-82 1 7-8 3-5 0 0 2-3 0 25
ALNR-3 (16) 4832.6 4837.35 LF2 89-91 1-2 3-5 1-3 0 1 0 22
ALNR-4 (1) 4220.00 4226.00 LF3 77-79 5-7 11-13 3-5 0 0 0 1-2 CaP
ALNR-4 (2) 4222.80 4228.80 LF3 70-74 6-8 6-8 2-3 0 4-6 2-3 2 CaP 3.1
ALNR-4 (3) 4224.50 4230.50 LF3 80-83 4-6 5-7 5-6 0 0 1-3 0
ALNR-4 (4) 4226.10 4232.10 LF3 77-80 5-7 10-12 34 1 0 0 0
ALNR-4 (5) 4228.00 4233.50 LF3 86-88 3-5 5-7 2-4 0 0 0 0
ALNR-4 (6) 4230.00 4235.50 LF3 80-83 3-5 9-11 2-3 0 0 2-3 0
ALNR-4 (7) 4231.00 4236.50 LF3 75-717 5-7 10-12 2-3 0 0 3-4 1 CaP
ALNR-4 (8) 4232.00 4237.50 LF1 86-88 2-3 4-6 1-2 0 0 2-4 0
ASH-2 (1) 3809.50 3805.50 LF1 86-87 1 7-8 2-3 0 0 2-3 1 CaP
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Table 1. Continued

Log depth/ m Microcrystalli  Detrital
Sample abbreviation Core depth/ m Lithofacies Clay minerals ~ Pyrite Dolomite Magnesite ~ Anhydrite ~ Other TOC
(MD) ne quartz quartz
ASH-2 (2) 3809.50 3806.50 LF3 70-73 2-3 13-15 3-6 0 0 5-7 1 CaP 1.6
ASH-2 (3) 3811.00 3807.00 LF3 76-78 2-3 10-12 2-3 0 0 5-9 0
ASH-2 (4) 3867.20 3863.20 LF3 67-69 4-6 18-20 3-5 0 2-3 1-2 0
ASH-2 (5) 3870.10 3866.10 LF3 63-65 5-6 16-18 3-5 0 0 5-7 0 29
ASH-2 (6) 3871.60 3867.60 LF3 62-64 7-9 15-16 3-5 0 1-2 5-8 1 CaP
ASH-2 (7) 3873.70 3869.70 LF3 65-68 6-8 17-19 2-4 0 0 4-5 0
ASH-2 (8) 3875.90 3871.90 LF3 80-82 4-6 5-7 2-3 0 0 2-3 1 Ba 2.1
ASH-4 (1) 4438.20 4441.60 LF3 66-68 3-4 14-16 6-8 0 34 3-5 0
ASH-4 (2) 4439.50 4442.90 LF3 76-78 3-5 10-12 4-6 0 0 2-4 0
ASH-4 (3) 4440.20 4443.60 LF3 73-75 3-5 13-15 6-7 0 0 3 1 CaP
ASH-4 (4) 4441.20 4444.60 LF1 80-83 2-4 5-7 2-4 0 2-3 2-3 0 1.7
ASH-4 (5) 4442.90 4446.30 LF3 73-76 2-3 13-15 34 0 0 2-3 2-3 CaP
ASH-4 (6) 4443.60 4447.00 LF3 74-76 2-4 12-14 3-5 0 0 3-4 2 CaP
ASH-4 (7) 444430 4447.70 LF1 83-85 2-3 5-7 2-3 0 0 3-5 1 CaP
ASH-4 (8) 4543.10 4539.90 LF1 84-86 0 4-6 5-7 0 0 2-4 0 1.2
ASH-4 (9) 4543.60 4540.40 LF3 68-70 2-3 17-19 5-8 0 0 3-5 0
ASH-4 (10) 4544.80 4541.60 LF1 78-80 1-2 5-6 4-6 0 5-7 2-3 0
ASH-4 (11) 4545.20 4542.00 LF1 87-89 1 5-7 1-2 0 0 3-4 0
ASH-4 (12) 4546.60 4543.40 LF2 91-93 0 5-7 1-2 0 0 0 0
ASH-4 (13) 4546.90 4543.70 LF1 87-89 0 5-6 34 0 2-4 0 0
ASH-4 (14) 4646.3 4648.9 LF3 71-74 3-5 14-16 3-6 0 0 3-5 0
ASH-4 (15) 4648.2 4650.8 LF1 83-85 3-4 6-8 2-3 0 0 2-4 0
ASH-4 (16) 4649.8 4652.4 LF1 82-85 2-3 6-8 4-6 0 0 2-3 0
ASH-4 (17) 4650.9 4653.5 LF3 74-76 2-3 12-13 34 0 0 2-4 0 2.8
ASH-4 (18) 4651.7 4654.3 LF1 83-86 2-3 6-7 2-3 0 1-2 2-3 0
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Table 1. Continued

Log depth/ m Microcrystalli  Detrital

Sample abbreviation Core depth/ m Lithofacies Clay minerals ~ Pyrite Dolomite Magnesite ~ Anhydrite ~ Other TOC
(MD) ne quartz quartz

ASH-4 (19) 4652.1 4654.7 LF3 81-83 1-2 9-11 2-3 0 0 3-5 0

ASH-4 (20) 4652.9 4655.5 LF3 75-717 1-2 9-11 3-5 0 2-3 4-6 0

MKZ-1 (1) 2768.50 2770.50 LF2 90-92 0 3-5 2-3 0 0 0 0 24

MKZ-1 (2) 2769.10 2771.10 LF1 86-88 2-3 5-6 4-6 0 0 0 0

MKZ-1 (3) 2769.40 2771.40 LF2 93-95 0 3-5 2-3 0 0 0 0

MKZ-1 (4) 2773.10 2775.10 LF1 85-87 1-2 5-7 3-5 0 0 2-3 0

MKZ-1 (5) 2773.50 2775.50 LF1 86-88 1-2 4-5 34 0 0 3-4 0

MKZ-1 (6) 2774.20 2776.20 LF1 85-87 0 4-6 3-4 0 0 4-5 0

MKZ-1 (7) 2774.70 2776.70 LF1 81-83 2-3 4-6 3-5 0 0 3-5 0 1.8

AL-9 (1) 1730.20 na LF9 0 11-13 6-8 6-7 72-75 0 0 1-2 Ba

AL-9 (2) 1730.93 na LF9 0 10-12 7-9 7-8 70-73 0 0 1-2Ba

AL-9 (3) 1731.66 na LF4 0 54-57 27-29 7-9 1-2 0 0 0 8.0

AL-9 (4) 1733.43 na LF4 0 55-57 32-35 9-11 0 0 0 1 CaP

AL-9 (5) 1735.23 na LF4 0 60-63 27-30 6-7 2-3 0 0 1 CaP

AL-9 (6) 1736.81 na LF4 0 54-56 34-36 5-7 2-3 0 0 1 CaP

AL-9 (7) 1737.21 na LF4 0 72-75 20-24 4-5 0 0 0 0

AL-9 (8) 1737.30 na LF4 0 58-60 33-35 5-6 1-2 0 0 0

AL-9 (9) 1738.15 na LF4 0 58-62 29-32 7-9 1-2 0 0 0

AL-9 (10) 1739.43 na LF4 0 55-58 25-27 7-9 1-3 0 1-2 0 6.2
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Table 2. Shows major element concentrations (%) of each studied sample. LOI stands for the loss on ignition.

Sample abbreviation  Core depth/ m Lithofacies LOI Na,O MgO ALO; SiO, P,0s SO; Cl K,0 CaO Fe,O; TiO; Total  SiO)/ApO; Fe,03/TiO,  Fe/Fet+Al+Mn
ALNR-2 (1) 3969.25 LF6 89 372 03 0.0 0.4 1.0 515 04 0.3 0.0 0 999 85 - 0.67
ALNR-2 (2) 3969.40 LF5 185 02 5.7 5.9 21.1 05 253 03 1.5 162 22 055 979 36 3.94 0.73
ALNR-2 (3) 3976.50 LF9 268 04 7.0 52 389 1.1 1.8 0.5 1.3 147 1.7 0.4 998 75 429 0.75
ALNR-2 (4) 3976.60 LF9 279 1.1 6.8 5.5 357 07 22 1.2 1.4 145 18 043 99.1 6.5 424 0.74
ALNR-2 (5) 3976.80 LF9 323 03 9.9 4.0 27.8 0.6 1.4 0.4 1.0 203 14 036 99.7 7.0 3.90 0.73
ALNR-2 (6) 3977.00 LF9 7.1 2.5 0.6 24 742 0.1 3.6 33 0.8 0.6 1.2 0.3 97.0 304 4.13 0.66
ALNR-2 (7) 3981.50 LF9 242 05 4.1 7.0 450 1.0 32 0.6 1.9 8.8 29 063 999 64 4.62 0.70
ALNR-2 (8) 3985.40 LF3 49 05 0.4 22 86.1 0.1 23 0.8 0.7 0.3 1.1 024 99.7 385 4.42 0.68
ALNR-2 (9) 3992.20 LF3 8.8 1.3 8.1 6.6 440 09 2.9 1.5 1.8 19.6 2.6 053 987 6.7 495 0.71
ALNR-2 (10) 3992.40 LF9 17.7 03 42 5.5 534 08 32 0.5 1.5 9.9 24 045 999 96 5.41 0.69
ALNR-2 (11) 4049.30 LF3 92 04 0.4 3.6 76.7 0.1 49 0.8 1.2 0.5 1.8 045 100.0 215 4.09 0.66
ALNR-2 (12) 4050.50 LF7 146 02 4.7 24 73.7 0.0 22 0.4 0.6 0.2 0.8 021 1000 313 3.89 0.74
ALNR-2 (13) 4052.00 LF7 13.0 03 0.3 29 76.8 0.1 33 0.6 0.9 0.3 1.3 032 100.1 26.7 4.09 0.69
ALNR-2 (14) 4055.60 LF3 72 04 0.3 22 839 0.1 29 0.7 0.7 0.4 1.0 022 1000 37.7 4.41 0.70
ALNR-2 (15) 4057.30 LF3 112 04 0.5 49 729 03 4.8 0.6 1.4 0.4 2.1 034 99.9 14.8 6.11 0.70
ALNR-2 (16) 4059.10 LF3 133 03 0.3 2.8 71.5 0.1 6.9 0.5 0.9 0.2 23 016 994 252 14.6 0.55
ALNR-2 (17) 4060.50 LF3 99 05 0.3 3.6 763 0.1 53 0.6 0.9 0.2 1.9 027 999 214 7.07 0.65
ALNR-2 (18) 4061.10 LF3 9.3 0.3 0.2 2.1 83.7 24 0.4 0.5 0.1 0.8 023  100.0 39.9 3.35 0.73
ALNR-2 (19) 4061.50 LF3 121 04 0.3 3.6 728 0.3 5.5 0.5 1.1 0.4 2.7 024 100.0 20.0 11.1 0.58
ALNR-2 (20) 4064.20 LF3 108 03 0.3 2.6 69.9 0.1 2.7 0.5 0.7 0.2 1.1 026 895 265 4.30 0.70
ALNR-2 (21) 4065.10 LF8 304 02 129 24 446 0.1 1.7 0.4 0.6 54 1.1 0.15  99.8 18.7 7.35 0.67
ALNR-2 (22) 4066.70 LF3 145 04 0.4 4.0 70.6 0.1 5.7 0.6 1.1 0.2 2.0 033 1000 17.5 6.08 0.67
ALNR-2 (23) 4068.60 LF3 119 02 0.3 2.7 799 0.0 2.7 0.4 0.6 0.2 0.9 025 100.0 29.7 3.48 0.75
ALNR-2 (24) 4071.70 LF8 00 05 0.3 32 86.7 0.0 53 0.6 1.0 0.2 1.7 034 998 269 4.92 0.66
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Table 2. Continued.

Sample abbreviation  Core depth/ m Lithofacies LOI Na,O MgO ALO; SiO, P,0s SO; Cl K,0 CaO Fe,O; TiO; Total  SiO)/ApO; Fe,03/TiO,  Fe/Fet+Al+Mn
ALNR-2 (25) 4076.50 LF3 86 05 0.3 3.0 78.5 0.1 5.0 0.6 0.9 0.3 1.7 032 99.8 265 5.16 0.64
ALNR-2 (26) 4079.00 LF8 - - - - - - - - - - - - - - - -
ALNR-2 (27) 4130.40 LF3 87 06 0.5 4.6 73.8 04 5.5 0.8 1.4 0.2 32 023 999 16.1 13.9 0.59
ALNR-2 (28) 4140.20 LF3 99 04 0.6 4.8 76.7 0.1 33 0.7 1.2 0.3 1.7 042 100.1 16.1 4.03 0.74
ALNR-2 (29) 4143.00 LF9 31.7 0.1 9.3 2.8 352 09 1.6 0.3 0.6 16.1 1.0 0.19 99.8 12.4 5.51 0.72
ALNR-2 (30) 4156.50 LF1 77 04 0.3 23 843 0.1 24 0.6 0.6 0.2 1.0 021 100.0 37.2 4.60 0.70
ALNR-2 (31) 4165.60 LF3 205 04 0.9 3.1 70.3 0.1 22 0.6 0.7 0.1 0.8 033  100.1 227 2.52 0.79
ALNR-2 (32) 4169.00 LF3 99 05 0.8 4.5 75.1 0.5 4.1 0.8 1.2 0.4 2.0 047 100.1 16.8 4.17 0.69
ALNR-2 (33) 4208.10 LF2 32 05 0.1 1.0 90.8 2.1 0.8 0.3 0.1 0.7 0.07 99.7 954 10.5 0.56
ALNR-2 (34) 4220.00 LF1 6.6 05 0.2 2.7 847 02 22 0.8 0.6 0.1 0.9 0.17 998 318 5.30 0.75
ALNR-2 (35) 4220.70 LF8 33 0.7 0.6 1.1 90.4 1.5 1.2 0.3 0.1 0.6 0.06 999  80.2 10.1 0.65
ALNR-2 (36) 4232.40 LF3 94 05 0.4 3.8 78.0 03 3.9 0.7 0.9 0.2 1.8 025 100.0 20.7 7.16 0.68
ALNR-2 (37) 4239.80 LF8 333 0.8 230 13 382 0.0 1.1 0.9 0.2 0.3 0.4 004 99.6 287 10.5 0.69
ALNR-2 (38) 4256.90 LF7 26 05 0.1 0.7 93.7 0.9 0.7 0.2 0.0 0.3 0.05 99.8 128.1 6.33 0.70
ALNR-2 (39) 4257.20 LF2 80 0.8 0.1 1.6 843 0.1 2.1 1.2 0.4 0.1 0.6 0.1 99.5 520 6.36 0.72
ALNR-2 (40) 4264.00 LF9 320 9.1 0.0 2.5 304 05 1.6 0.1 0.5 215 1.0 0.14 994 11.9 7.43 0.70
ALNR-2 (41) 4276.80 LF1 54 05 0.2 1.8 87.5 0.1 22 0.8 0.5 0.1 0.8 0.11 99.8 483 7.47 0.69
ALNR-2 (42) 4277.20 LF2 2203 0.1 0.7 94.6 0.9 0.5 0.2 0.0 0.3 0.05 99.9 133.5 6.67 0.68
ALNR-2 (43) 4284.20 LF7 27 02 0.2 1.0 93.4 1.1 0.4 0.3 0.1 0.5 0.07 999 93.1 7.02 0.67
ALNR-2 (44) 4309.50 LF1 64 038 0.2 2.0 83.4 3.7 1.2 0.5 0.1 1.4 012 998 425 11.3 0.59
ALNR-2 (45) 4322.10 LF9 145 0.6 59 2.8 69.0 09 1.9 1.0 0.7 0.4 1.7 0.16 99.6 24.6 10.6 0.62
ALNR-2 (46) 4339.20 LF7 4.6 1.0 0.2 2.6 85.8 0.1 23 1.3 0.7 0.1 1.1 0.14 999 331 7.81 0.70
ALNR-2 (47) 4358.80 LF3 5.6 1.2 0.5 3.6 81.0 02 3.0 2.0 1.0 0.1 1.5 021 999 224 6.99 0.71
ALNR-2 (48) 4373.70 LF3 70 05 0.6 54 785 02 3.0 1.0 1.5 0.1 1.8 031 99.8 14.6 5.81 0.75
ALNR-3 (1) 3681.10 LF3 5.5 0.3 1.1 2.7 86.0 0.1 1.6 0.5 0.5 0.6 0.9 025 100.0 32.1 3.53 0.75
ALNR-3 (2) 3681.40 LF3 77 07 0.9 - 80.8 0.1 3.9 1.3 1.1 1.3 1.8 042 100.1 - - -
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Table 2. Continued.

Sample abbreviation  Core depth/ m Lithofacies LOI Na,O MgO ALO; SiO, P,0s SO; Cl K,0 CaO Fe,O; TiO; Total  SiO)/ApO; Fe,03/TiO,  Fe/Fet+Al+Mn
ALNR-3 (3) 3682.60 LF3 77 07 0.9 - 80.8 0.1 39 1.3 1.1 1.3 1.8 0.63 1003 - - -
ALNR-3 (4) 4750.10 LF7 9.7 0.6 0.4 32 762 0.1 49 1.0 0.8 0.4 24 026 100.0 235 9.09 0.58
ALNR-3 (5) 4750.80 LF7 97 03 0.3 3.1 76.2 0.0 53 0.5 0.8 0.3 3.1 021 1000 245 14.6 0.50
ALNR-3 (6) 4751.50 LF3 139 05 0.9 11.0 59.8 0.0 5.7 0.5 2.6 0.2 4.0 088 100.1 54 4.52 0.73
ALNR-3 (7) 4752.80 LF1 4.1 0.3 0.3 1.7 90.0 0.0 1.5 0.4 0.4 0.2 0.9 011 999 5338 8.39 0.64
ALNR-3 (8) 4754.20 LF1 54 04 0.2 22 87.1 0.0 2.5 0.5 0.5 0.1 1.0 0.12 999 398 8.68 0.68
ALNR-3 (9) 4754.95 LF2 37 03 1.1 0.7 92.1 0.0 0.8 0.5 0.1 0.1 0.3 0.05 99.7 1243 6.08 0.70
ALNR-3 (10) 4757.10 LF3 77 05 0.3 4.0 81.5 0.1 29 0.4 0.8 0.2 14 023 100.0 204 6.03 0.74
ALNR-3 (11) 4757.80 LF3 60 0.6 0.4 39 83.0 0.1 24 1.0 0.8 0.3 1.1 029 100.0 212 3.67 0.79
ALNR-3 (12) 4758.30 LF3 8.3 0.7 0.5 54 748 0.1 4.4 1.3 1.3 0.5 2.0 0.5 99.7 14.0 3.91 0.73
ALNR-3 (13) 4812.10 LF1 105 02 0.2 1.8 83.0 0.0 2.5 0.2 0.4 0.1 0.8 0.12  99.8  45.0 7.03 0.69
ALNR-3 (14) 4830.00 LF1 9.0 03 0.3 3.7 80.8 0.0 29 0.4 0.9 0.1 1.4 025 1000 219 5.55 0.73
ALNR-3 (15) 4832.00 LF1 62 04 0.2 2.7 832 0.1 4.1 0.5 0.7 0.1 1.6 0.17 999 303 9.69 0.62
ALNR-3 (16) 4832.6 LF2 46 02 0.3 1.8 90.3 1.1 0.4 0.4 0.0 0.6 0.1 100.0 49.0 5.93 0.76
ALNR-4 (1) 4220.00 LF3 64 05 0.6 35 81.0 02 3.7 0.9 0.8 0.6 1.5 0.4 100.1 234 3.82 0.69
ALNR-4 (2) 4222.80 LF3 103 04 1.5 29 79.1 0.1 24 0.8 0.6 0.5 1.1 029 999 276 3.78 0.72
ALNR-4 (3) 4224.50 LF3 67 03 0.4 2.4 853 0.1 22 0.3 0.5 0.4 1.0 028 100.0 354 343 0.71
ALNR-4 (4) 4226.10 LF3 56 0.6 0.5 22 84.6 0.0 24 1.4 0.6 0.7 1.0 026 100.0 37.6 3.94 0.69
ALNR-4 (5) 4228.00 LF3 48 02 0.3 22 87.7 0.1 24 0.4 0.5 0.3 1.0 0.18 999 405 5.37 0.69
ALNR-4 (6) 4230.00 LF3 6.5 0.4 0.6 33 81.5 02 35 0.8 0.8 0.5 1.5 032 1000 24.6 4.65 0.69
ALNR-4 (7) 4231.00 LF3 9.1 0.3 0.6 44 76.1 02 4.5 0.8 1.0 0.9 1.6 038 1000 17.3 426 0.73
ALNR-4 (8) 4232.00 LF1 34 02 0.2 1.6 90.3 0.0 24 0.4 0.3 0.2 0.7 0.13  100.0 58.0 5.61 0.68
ASH-2 (1) 3809.50 LF1 57 04 0.4 29 651 02 2.7 0.8 1.1 0.3 1.9 0.2 99.8  28.6 9.54 0.60
ASH-2 (2) 3810.50 LF3 69 03 0.9 4.0 79.3 0.1 43 0.3 1.1 0.2 22 024 100.0 20.0 9.37 0.64
ASH-2 (3) 3811.00 LF3 105 0.3 1.1 4.1 77.0 0.1 33 0.4 0.9 0.1 2.0 029 100.0 18.9 7.02 0.67
ASH-2 (4) 3867.20 LF3 88 03 22 5.6 734 0.1 4.6 0.8 1.5 0.1 2.1 0.62 1002 13.0 3.41 0.73
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Table 2. Continued.

Sample abbreviation  Core depth/ m Lithofacies LOI Na,O MgO ALO; SiO, P,0s SO; Cl K,0 CaO Fe,O; TiO; Total  SiO)/ApO; Fe,03/TiO,  Fe/Fet+Al+Mn
ASH-2 (5) 3870.10 LF3 99 03 0.8 5.6 754 02 3.6 0.5 1.3 0.3 1.8 0.55 1002 135 3.19 0.76
ASH-2 (6) 3871.60 LF3 79 04 1.2 52 76.4 0.1 44 0.8 1.3 0.2 1.7 047 100.1 14.8 3.66 0.75
ASH-2 (7) 3873.70 LF3 76 04 1.9 53 75.8 0.1 4.6 0.9 1.3 0.1 1.8 052 100.1 142 3.43 0.75
ASH-2 (8) 3873.90 LF3 44 04 0.3 22 89.9 0.0 1.1 0.6 0.4 0.1 0.5 0.12 999 415 447 0.80
ASH-4 (1) 4438.20 LF3 5.5 0.3 0.7 5.0 82.0 0.0 2.6 0.6 1.1 0.1 1.7 036 1000 16.5 4.59 0.75
ASH-4 (2) 4439.50 LF3 64 0.6 0.7 3.7 80.6 0.0 3.8 1.0 0.8 0.3 1.5 024 99.7 218 6.21 0.71
ASH-4 (3) 4440.20 LF3 74 0.6 1.0 49 77.1 0.1 3.8 1.2 1.1 0.3 2.1 036  99.9 15.6 5.76 0.70
ASH-4 (4) 4441.20 LF1 43 0.4 0.5 25 87.7 0.0 2.0 0.7 0.5 0.3 0.8 0.2 99.8 357 4.13 0.75
ASH-4 (5) 4442.90 LF3 70 08 0.7 5.1 785 03 2.8 1.3 1.0 0.4 1.5 039 100.0 153 3.82 0.77
ASH-4 (6) 4443.60 LF3 67 0.8 0.5 823 05 34 1.5 1.1 0.9 1.6 0.3 99.8 5.43

ASH-4 (7) 444430 LF1 5.1 0.3 0.8 2.6 859 0.0 2.6 0.6 0.5 0.3 1.0 022 999  33.0 4.64 0.72
ASH-4 (8) 4543.10 LF1 3.5 0.3 0.9 1.9 90.0 0.0 1.3 0.5 0.4 0.2 0.7 0.08 99.8 482 8.23 0.74
ASH-4 (9) 4543.60 LF3 88 0.5 0.8 6.9 713 0.1 5.7 0.6 1.5 0.3 29 049 100.0 103 5.93 0.70
ASH-4 (10) 454480 LF1 66 09 2.3 2.1 82.4 22 1.5 0.4 0.2 0.8 011 996 384 6.89 0.74
ASH-4 (11) 4545.20 LF1 49 05 0.3 23 87.5 0.0 1.9 0.9 0.5 0.2 0.7 0.11 999 377 6.49 0.76
ASH-4 (12) 4546.60 LF2 34 03 0.2 2.0 90.0 0.1 1.8 0.6 0.4 0.2 0.8 0.09 99.7 459 8.73 0.71
ASH-4 (13) 4546.90 LF1 37 02 0.9 2.0 89.1 0.1 1.7 0.4 0.5 0.1 1.0 0.09 999 448 10.96 0.67
ASH-4 (14) 4646.3 LF3 6.3 0.4 0.7 5.7 79.1 0.0 3.6 0.6 1.3 0.3 1.5 033 99.8 13.8 4.65 0.79
ASH-4 (15) 4648.2 LF1 46 0.6 0.4 3.0 858 0.0 24 0.9 0.6 0.2 1.3 0.13 999 285 10.08 0.70
ASH-4 (16) 4649.8 LF1 50 04 0.4 33 853 0.0 23 0.9 0.6 0.2 1.2 013 999 259 9.58 0.72
ASH-4 (17) 4650.9 LF3 76 04 0.5 5.8 757 0.0 5.4 0.6 1.1 0.2 2.3 033 100.0 13.1 6.88 0.72
ASH-4 (18) 4651.7 LF1 44 02 0.3 3.0 884 0.0 1.6 0.3 0.6 0.0 0.9 0.18 998 294 5.17 0.76
ASH-4 (19) 4652.1 LF3 49 05 0.3 43 842 0.0 2.5 0.8 0.8 0.2 1.2 0.19 999 19.7 6.27 0.78
ASH-4 (20) 4652.9 LF3 60 03 0.4 43 81.7 0.0 3.7 0.6 0.8 0.1 1.9 0.19 999 19.1 10.0 0.69
MKZ-1 (1) 2768.50 LF2 69 0.1 0.4 1.9 86.5 0.0 1.5 1.2 0.4 0.1 0.7 0.09 999 459 7.68 0.73
MKZ-1 (2) 2769.10 LF1 7.1 0.3 0.6 2.7 842 0.1 2.1 1.0 0.5 0.2 1.0 0.16 99.8 316 6.00 0.73
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Table 2. Continued.

Sample abbreviation  Core depth/ m Lithofacies LOI Na,O MgO ALO; SiO, P,0s SO; Cl K,0 CaO Fe,O; TiO; Total  SiO)/ApO; Fe,03/TiO,  Fe/Fet+Al+Mn
MKZ-1 (3) 2769.40 LF2 46 03 0.3 1.2 90.3 1.1 1.1 0.3 0.2 0.4 006 999 774 7.00 0.73
MKZ-1 (4) 2773.10 LF1 69 04 0.8 1.6 855 0.0 1.5 1.9 0.4 0.2 0.5 0.1 99.9  53.0 5.03 0.76
MKZ-1 (5) 2773.50 LF1 53 0.2 0.3 1.2 90.1 0.0 1.3 0.7 0.3 0.1 0.5 008 999 779 5.84 0.71
MKZ-1 (6) 2774.20 LF1 5.1 0.4 0.4 1.2 89.1 0.0 1.4 1.2 0.3 0.1 0.6 0.07 999 725 9.21 0.65
MKZ-1 (7) 2774.70 LF1 5.1 0.3 0.5 1.5 89.0 1.1 1.3 0.3 0.1 0.5 008 999 583 5.99 0.76
AL-9 (1) 1730.20 LF9 402 0.2 134 32 137 02 1.3 0.0 0.7 242 15 025 989 43 6.06

AL-9 (2) 1730.93 LF9 40.7 0.2 139 3.1 121 02 1.1 0.0 0.6 252 14 025 988 4.0 5.53

AL-9 (3) 1731.66 LF4 178 0.5 0.9 10.4 564 0.1 52 0.0 2.6 0.5 4.8 091 1002 54 5.29 0.58
AL-9 (4) 1733.43 LF4 168 0.5 1.4 11.5 548 02 4.7 0.0 3.0 1.1 5.0 1.01 1000 438 4.96 0.50
AL-9 (5) 1735.23 LF4 202 05 1.6 9.0 53.0 0.1 53 0.0 2.3 2.4 4.7 0.82 1000 5.9 5.70 0.73
AL-9 (6) 1736.81 LF4 205 05 1.2 10.2 529 05 4.8 0.0 24 0.9 4.1 093 989 52 436 0.64
AL-9 (7) 1737.21 LF4 - - - - - - - - - - - - - - - -
AL-9 (8) 1737.30 LF4 17.1 0.5 1.5 10.8 551 02 4.5 0.0 3.0 1.4 5.0 1 100.1 5.1 5.03 0.70
AL-9 (9) 1738.15 LF4 174 05 1.0 10.7 563 02 5.0 0.0 2.7 0.4 49 094 100.1 53 5.25 0.74
AL-9 (10) 1739.43 LF4 179 04 1.1 9.3 546 0.1 6.7 0.0 2.3 0.8 6.0 083 100.1 59 7.22 0.79
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Table 3. Shows redox-sensitive element concentrations (ppm) and their enrichment factor (EF) values relative to PAAS of each studied sample. It also shows

Mo/TOC ratios (TOC values presented in Table 1) that used in seawater renewal time estimation.

Sample abbreviation Core depth/ m Lithofacies Zr \% Mn Mo U U (EF) V (EF) Mo (EF) Mn (EF) ll\f)i/TOC :
ALNR-2 (1) 3969.25 LF6 - 6.8 0.7 85.0 1.83

ALNR-2 (2) 3969.40 LF5 39.1 1001.9 153.4 121.2 20.3 20.8 21.21 256.63 0.35 25.53
ALNR-2 (3) 3976.50 LF9 103.8 194.3 634.1 4.5 52 6.1 4.68 10.85 1.64 224
ALNR-2 (4) 3976.60 LF9 108.9 162.8 638.5 53 34 3.8 3.74 12.16 1.57 2.90
ALNR-2 (5) 3976.80 LF9 176.2 283.8 685.5 3.6 49 7.4 8.89 11.27 2.30

ALNR-2 (6) 3977.00 LF9 39.9 321 50.9 12.2 13.9 344 16.44 62.47 0.28 6.13
ALNR-2 (7) 3981.50 LF9 134 356.6 364.9 9.5 10.5 9.1 6.35 16.93 0.70

ALNR-2 (8) 3985.40 LF3 332 259.7 335 14 8.2 222 14.52 78.28 0.20 10.07
ALNR-2 (9) 3992.20 LF3 75.7 281.5 88.6 14.7 8.6 7.9 5.34 27.89 0.18

ALNR-2 (10) 3992.40 LF9 136 422.8 234.6 7.9 14.8 16.2 9.55 17.85 0.57 433
ALNR-2 (11) 4049.30 LF3 59.5 267 62.8 20.6 15.0 25.5 9.37 72.33 0.24

ALNR-2 (12) 4050.50 LF7 31.9 148.5 240.4 15.4 10.9 28.0 7.88 81.73 1.37 3.60
ALNR-2 (13) 4052.00 LF7 50.3 200.8 433 21.5 59 12.4 8.73 93.47 0.20

ALNR-2 (14) 4055.60 LF3 31.1 156.5 37.9 16.4 8.3 22.6 8.79 92.16 0.23 4.74
ALNR-2 (15) 4057.30 LF3 49.9 576.2 77.1 25.6 18.8 232 14.69 65.25 0.21

ALNR-2 (16) 4059.10 LF3 273 182 34.6 18.9 13.0 27.8 8.04 83.53 0.16 3.43
ALNR-2 (17) 4060.50 LF3 36.3 354.9 74.8 21.7 15.3 26.0 12.46 76.17 0.28 4.71
ALNR-2 (18) 4061.10 LF3 50.5 133 339 20.9 16.3 47.0 7.93 124.66 0.22

ALNR-2 (19) 4061.50 LF3 42.0 406.8 87.2 28.9 30.5 50.7 13.98 99.35 0.32

ALNR-2 (20) 4064.20 LF3 36.4 269.9 56.7 27.6 12.8 29.4 12.79 130.84 0.29 6.67
ALNR-2 (21) 4065.10 LF8 49.1 496.1 810.3 11.4 9.2 233 25.99 59.72 4.55 2.03
ALNR-2 (22) 4066.70 LF3 45.8 381.2 74 36.3 11.1 16.7 11.85 112.80 0.25

ALNR-2 (23) 4068.60 LF3 39.1 252.6 36.2 30.7 6.8 15.3 11.77 142.99 0.18

ALNR-2 (24) 4071.70 LF8 429 331.1 46.8 33.6 8.8 16.5 12.84 130.28 0.19 6.73
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Table 3. Continued.

Sample abbreviation Core depth/ m Lithofacies Zr \% Mn Mo U U (EF) V (EF) Mo (EF) Mn (EF) %%/TOC .
ALNR-2 (25) 4076.50 LF3 37.1 261.9 55.1 15.9 12.2 24.9 11.05 67.09 0.25 4.92
ALNR-2 (26) 4079.00 LF8 - - - - - - - - - -
ALNR-2 (27) 4130.40 LF3 39.3 161.6 47.8 26.6 8.0 10.6 4.42 72.68 0.14 7.93
ALNR-2 (28) 4140.20 LF3 56.5 283.7 80.2 36.4 9.3 11.8 7.45 95.64 0.23

ALNR-2 (29) 4143.00 LF9 83.3 797.9 502.8 19.5 8.1 17.3 35.31 86.30 2.38 10.82
ALNR-2 (30) 4156.50 LF1 28.4 137.4 39.5 21.3 35 9.4 7.59 117.69 0.23 6.55
ALNR-2 (31) 4165.60 LF3 42.1 223.8 58.6 38.8 5.4 10.6 9.04 156.70 0.25 9.21
ALNR-2 (32) 4169.00 LF3 63.4 323.4 69 28.6 6.8 9.2 9.08 80.32 0.21

ALNR-2 (33) 4208.10 LF2 52.7 422 24.8 16.7 38 24.2 5.55 219.53 0.35 12.91
ALNR-2 (34) 4220.00 LF1 22.7 154.8 30.3 25.7 5.8 13.2 7.28 120.83 0.15 8.14
ALNR-2 (35) 4220.70 LF8 433 40.3 37.2 8.7 23 12.4 4.47 96.56 0.44 7.92
ALNR-2 (36) 4232.40 LF3 343 210.7 49.8 48.9 7.0 11.3 7.01 162.65 0.18 13.32
ALNR-2 (37) 4239.80 LF8 11.0 55.5 1664.8 9.4 1.4 6.4 522 88.35 16.8 1.25
ALNR-2 (38) 4256.90 LF7 272 57.9 9 19.7 3.6 29.8 991 337.13 0.17 17.14
ALNR-2 (39) 4257.20 LF2 14.1 151.2 15.7 27.1 3.7 13.8 11.68 209.31 0.13

ALNR-2 (40) 4264.00 LF9 75.1 665.2 677.6 30.9 92 219 32.74 152.07 3.57 15.88
ALNR-2 (41) 4276.80 LF1 17.0 179.5 253 29.3 5.1 17.0 12.40 202.34 0.19 12.11
ALNR-2 (42) 4277.20 LF2 423 332 8.3 14 3.7 31.6 5.87 247.43 0.16 13.43
ALNR-2 (43) 4284.20 LF7 23.6 72.3 20 21 1.5 9.1 9.02 262.13 0.27

ALNR-2 (44) 4309.50 LF1 19.9 163.6 25.8 26.1 5.4 16.7 10.43 166.47 0.18 9.57
ALNR-2 (45) 4322.10 LF9 30.6 137 576.8 16.3 9.5 20.5 6.12 72.78 2.76 3.90
ALNR-2 (46) 4339.20 LF7 19.5 64.7 319 14.9 5.8 13.6 3.13 71.97 0.17

ALNR-2 (47) 4358.80 LF3 27.9 200.6 45.6 359 33 5.5 6.94 124.27 0.17 16.22
ALNR-2 (48) 4373.70 LF3 454 292.6 53 54.9 5.4 6.1 6.81 127.83 0.13 21.92
ALNR-3 (1) 3681.10 LF3 355 121.3 68 9.5 6.6 14.9 5.67 44.40 0.34

ALNR-3 (2) 3681.40 LF3 54.3 289.4 67.1 20.5 14.6 - - - - 10.60
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Table 3. Continued.

Sample abbreviation Core depth/ m Lithofacies Zr \% Mn Mo U U (EF) V (EF) Mo (EF) Mn (EF) %%/TOC .
ALNR-3 (3) 3682.60 LF3 85.6 517.1 1144 36.2 20.0 - - - - 16.10
ALNR-3 (4) 4750.10 LF7 38.8 239 50.1 56.9 79 14.8 9.24 219.94 0.21

ALNR-3 (5) 4750.80 LF7 33.7 200.6 473 50.7 7.5 14.6 8.09 204.37 0.20

ALNR-3 (6) 4751.50 LF3 131.2 793.2 119.4 215.6 25.2 13.9 9.04 245.84 0.15

ALNR-3 (7) 4752.80 LF1 19.7 87 36.3 25.5 35 12.7 6.51 190.83 0.29

ALNR-3 (8) 4754.20 LF1 19.6 140.9 23.5 53.5 42 11.6 8.06 306.13 0.14

ALNR-3 (9) 4754.95 LF2 16.7 325 62.7 15.1 1.4 11.4 5.49 255.06 -

ALNR-3 (10) 4757.10 LF3 38.1 239.9 454 51.6 7.4 11.2 7.51 161.63 0.15 20.92
ALNR-3 (11) 4757.80 LF3 443 289 40.5 24.6 6.1 9.4 9.24 78.67 0.14

ALNR-3 (12) 4758.30 LF3 66.8 413 73 25.4 7.6 8.6 9.65 59.37 0.18 8.87
ALNR-3 (13) 4812.10 LF1 19.6 1543 23.6 373 4.7 15.5 10.49 253.53 0.17

ALNR-3 (14) 4830.00 LF1 37.6 237.3 64.7 53.6 9.3 15.3 8.05 181.76 0.24

ALNR-3 (15) 4832.00 LF1 273 180.7 42.1 332 59 13.0 8.24 151.43 0.21 13.47
ALNR-3 (16) 4832.6 LF2 15.0 129.2 20.3 31.8 3.8 12.5 8.78 216.03 0.15 14.75
ALNR-4 (1) 4220.00 LF3 52.8 189.7 50.4 14.2 8.2 14.4 6.87 51.46 0.20

ALNR-4 (2) 4222.80 LF3 37.2 186.4 85.1 20.6 12.0 254 8.14 89.96 0.40 6.69
ALNR-4 (3) 4224.50 LF3 33.0 169.1 38.8 21.7 9.8 24.6 8.79 112.78 0.22

ALNR-4 (4) 4226.10 LF3 32.6 157.9 36.1 20.9 9.6 259 8.80 116.50 0.22

ALNR-4 (5) 4228.00 LF3 33.1 122.5 35.2 11.9 9.6 26.9 7.09 68.91 0.22

ALNR-4 (6) 4230.00 LF3 36.7 289.1 61 249 134 24.5 10.92 94.01 0.25

ALNR-4 (7) 4231.00 LF3 48.6 416 69.4 29.8 12.3 16.9 11.83 84.78 0.21

ALNR-4 (8) 4232.00 LF1 18.0 88.2 25.5 12.4 7.0 27.2 7.09 99.71 0.22

ASH-2 (1) 3809.50 LF1 30.4 2414 50.5 259 9.4 19.5 10.38 111.32 0.23

ASH-2 (2) 3810.50 LF3 389 320.6 74.9 31 11.9 18.2 10.12 97.89 0.25 19.90
ASH-2 (3) 3811.00 LF3 48.3 2532 64.9 33.6 7.5 11.2 7.80 103.46 0.21

ASH-2 (4) 3867.20 LF3 65.4 390.2 81.7 21.1 14.0 15.1 8.68 46.92 0.19
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Table 3. Continued.

Sample abbreviation Core depth/ m Lithofacies Zr \% Mn Mo U U (EF) V (EF) Mo (EF) Mn (EF) %%/TOC .
ASH-2 (5) 3870.10 LF3 81.2 369.4 59.7 30.4 15.2 16.4 8.26 67.98 0.14 10.53
ASH-2 (6) 3871.60 LF3 60.9 318.8 63.5 26.4 13.2 15.5 7.74 64.09 0.17

ASH-2 (7) 3873.70 LF3 56.8 302.9 83 233 15.2 17.2 7.10 54.62 0.21

ASH-2 (8) 3873.90 LF3 18.7 88.7 20.1 13.8 35 9.8 5.13 79.84 0.12 6.71
ASH-4 (1) 4438.20 LF3 58.8 419.4 58.9 68.7 15.9 19.3 10.53 172.54 0.16

ASH-4 (2) 4439.50 LF3 34.2 265.1 40 54 11.9 19.5 8.99 183.17 0.15

ASH-4 (3) 4440.20 LF3 55.6 357.5 58.1 51.5 10.5 12.9 9.04 130.28 0.16

ASH-4 (4) 4441.20 LF1 30.2 181 35.1 23.8 6.0 14.8 9.22 121.18 0.19 13.84
ASH-4 (5) 4442.90 LF3 58.4 3594 69.5 43.6 9.8 11.5 8.74 106.08 0.18

ASH-4 (6) 4443.60 LF3 48.0 307.2 50.8 32 12.2 - - - -

ASH-4 (7) 444430 LF1 329 172.7 39.9 20.9 9.2 21.4 8.30 100.41 0.21

ASH-4 (8) 4543.10 LF1 17.4 60.5 48.6 15.5 4.0 13.0 4.06 104.00 0.35 13.39
ASH-4 (9) 4543.60 LF3 60.0 357.8 94.8 73.9 11.1 9.7 6.48 133.76 0.18

ASH-4 (10) 4544.80 LF1 15.2 103.3 61.3 26.1 5.5 15.5 6.03 152.27 0.38

ASH-4 (11) 4545.20 LF1 15.7 101.9 19.2 239 3.8 9.9 5.50 128.92 0.11

ASH-4 (12) 4546.60 LF2 18.1 66.1 24.2 18.8 3.8 11.7 422 120.09 0.17

ASH-4 (13) 4546.90 LF1 16.0 64.2 32.1 17.6 3.8 11.6 4.04 110.79 0.22

ASH-4 (14) 4646.3 LF3 40.6 185.8 39.3 34 6.4 6.7 4.05 74.10 0.09

ASH-4 (15) 4648.2 LF1 17.8 96.7 222 15.7 3.0 6.0 4.02 65.26 0.10

ASH-4 (16) 4649.8 LF1 20.7 106.9 273 16.4 39 72 4.07 62.45 0.11

ASH-4 (17) 4650.9 LF3 433 211.7 39.1 43.2 8.0 8.4 4.58 93.48 0.09 15.66
ASH-4 (18) 4651.7 LF1 27.1 157 233 325 4.8 9.7 6.53 135.27 0.10

ASH-4 (19) 4652.1 LF3 28.1 162.4 28.9 28.1 6.0 8.5 4.76 82.41 0.09

ASH-4 (20) 4652.9 LF3 30.2 221.8 273 34.8 6.4 9.0 6.48 101.68 0.09

MKZ-1 (1) 2768.50 LF2 17.9 109.3 26.8 16.6 3.7 11.9 7.26 110.31 0.19 6.89
MKZ-1 (2) 2769.10 LF1 254 2023 40.5 26.4 52 11.8 9.50 123.93 0.20
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Table 3. Continued.

Sample abbreviation Core depth/ m Lithofacies Zr \Y% Mn Mo 6] U (EF) V (EF) Mo (EF) Mn (EF) 11\/(1)(_)‘/‘TOC :
MKZ-1 (3) 2769.40 LF2 12.0 55.4 18.2 11.6 1.7 8.8 5.94 124.45 0.21

MKZ-1 (4) 2773.10 LF1 18.2 180.3 20.9 19.9 43 16.1 13.98 154.27 0.17

MKZ-1 (5) 2773.50 LF1 18.3 92.4 16 17.6 5.0 26.2 10.00 190.45 0.19

MKZ-1 (6) 2774.20 LF1 15.5 95.4 22.8 15.9 3.5 17.3 9.73 162.11 0.25

MKZ-1 (7) 2774.70 LF1 17.2 97.2 18 14.2 33 13.1 7.97 116.50 0.16 7.96
AL-9 (1) 1730.20 LF9 27.0 259.7 1990.9 26.2 5.9 11.3 10.32 104.13 8.48

AL-9 (2) 1730.93 LF9 29.4 297.7 1918.9 26.3 6.6 13.1 12.18 107.64 8.41

AL-9 (3) 1731.66 LF4 113.9 886.2 1452 1214 19.5 11.4 10.69 146.43 0.19 15.21
AL-9 (4) 1733.43 LF4 119.3 1273.3 171.3 115 21.9 11.6 13.91 125.64 0.20

AL-9 (5) 1735.23 LF4 95.9 1095 280.3 142.6 29.1 19.7 15.30 199.19 0.42

AL-9 (6) 1736.81 LF4 136 1449.5 158.1 140.7 34.0 20.2 17.83 173.04 0.21

AL-9 (7) 1737.21 LF4 - - - - - - - - -

AL-9 (8) 1737.30 LF4 120.7 1032 176.6 108.6 21.0 11.8 11.99 126.13 0.22

AL-9 (9) 1738.15 LF4 118.3 936.3 145.9 123.1 21.5 12.2 10.95 143.90 0.18

AL-9 (10) 1739.43 LF4 102.9 720.7 149.3 105.3 13.0 8.5 9.73 142.20 0.22 16.87
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Table 4. Corrected rare earth element concentrations (ppm) and calculated anomalies of each studies sample.

Lithofacies La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu >REE  Pr/Yb Lamom  Cewmom  EUmom  Y/Ho
ALNR-2(5) LF9 2304 46.11 558 2274 623 154 407 063 429 30.09 136 282 038 247 036 15170 0.72 1.09 0.98 1.40 22.14
ALNR-2(9) LF3 3268 64.06 638 2483 411 084 277 038 230 17.70 053 155 022 1.67 023 16026 1.22 1.22 1.13 1.18 33.45
ALNR-2(11)  LF3 2302 41.85 511 2127 324 079 202 035 216 2137 057 162 031 193 028 12589 0.84 1.25 0.99 1.34 37.63
ALNR-2(14) LF3 540 1017 1.09  4.76 094 018 051 0.08 044 353 0.10 027 0.05 032 004 2789 1.09 1.57 1.19 1.14 36.77
ALNR-2(21) LF9 1092 2026 234 1344 346 106 299 048 319 29.07 0.80 251 040 3.03 044 9437 0.25 1.50 1.91 1.57 36.44
ALNR-2(24) LF3 9.62 1484 1.58 5.74 1.01 022 079 0.14 100 1087 023 085 0.13 0.80 0.12 4795 0.63 1.28 0.99 1.10 46.86
ALNR-2(27) LF3 1463 2949 333 1340 3.02 058 157 024 113 836 029 0.84 0.12 098 0.18 78.17 1.08 1.13 1.04 1.16 28.60
ALNR-2(28) LF3 2072 3351 369 13.74 220 048 143 027 1.84 1790 045 132 019 182 021 99.77 0.65 1.23 0.98 1.15 39.36
ALNR-2(29) LF9 3.00 16.00 1.67 6.73 231 053 227 073 6.04 5303 154 476 0.76 585 0.88 111.09 0.09 1.22 1.12 0.82 34.36
ALNR-2(30) LF1 415 5.22 0.53  3.08 053 012 042 0.11 066 462 0.15 041 0.08 051 007 20.65 0.33 0.90 2.26 1.00 30.45
ALNR-2(39) LF2 3.60 1484 152 7.79 1.17 024 0.82 0.14 1.07 785 022 072 0.10 070 0.10 4586 0.69 4.03 1.64 1.08 35.61
ALNR-2(44) LF1 537 9.53 1.01  4.09 085 0.17 048 0.07 054 451 0.13 037 0.05 040 007 27.65 0.81 1.36 1.10 1.18 34.81
ALNR-2(47) LF3 580 1029 1.10 4.61 1.07 044 075 0.10 0.69 4.79 0.17 044 0.09 052 0.08 3093 0.67 1.50 1.14 233 28.67
ALNR-3(3) LF3 9.30 20.18 1.92 851 1.73 029 1.09 021 123 971 027 1.64 0.11 088 0.16 5723 0.70 1.61 1.37 0.89 35.44
ALNR-3(6) LF3 4364 6649 722 3099 637 1.69 461 074 6.04 2905 095 285 043 327 049 20485 0.70 1.83 1.16 1.44 30.44
ALNR-3(7) LF1 16.67 27.55 310 1247 254 050 1.70 021 133 9.11 028 0.77 0.10 086 0.11 77.31 1.15 1.38 1.04 1.16 32.28
AL-9(4) LF4 3051 50.03 695 2340 504 1.02 373 050 321 2045 0.69 200 036 234 033 15057 095 0.81 0.71 1.15 29.83
AL-9(5) LF4 25.25 5045 575 2573 530 112 351 0.67 342 2918 144 239 0.70 235 035 15759 0.78 1.51 1.16 1.12 20.28
AL-9(8) LF4 4541 7328 852 3545 760 145 512 1.03 633 3894 170 4.17 057 379 055 23390 0.72 1.48 1.04 0.99 22.95
AL-9(9) LF4 4505 85.68 9.89 3850 837 195 647 097 553 3240 138 351 0.70 3.81 0.52 24495 0.83 1.09 0.97 1.26 23.52
AL-9(10) LF4 38.03 69.18 775 31.64 667 144 547 097 531 3698 121 3.63 050 374 047 21299 0.66 1.30 1.06 1.09 30.46
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Table 5. Show mutual rare earth element (La, Ce, Nd and Y) concentrations that measured from XRF and LA-ICP-MS technique. XRF data were used to correct
LA-ICO-MS (by dividing LA-ICP-MS concentration by a factor of 5.0).

Concentrations from LA-ICP-MS Concentrations from XRF
Sample Lithofacies La Ce Nd Y La Ce Nd Y

ppm ppm ppm ppm ppm ppm ppm ppm
ALNR-2(5) LF9 1152 230.6 113.7 150.47 13.7 28.5 11.9 21.9
ALNR-2(9) LF3 163.4 320.4 124.2 88.53 20.0 34.4 14.2 13.4
ALNR-2(11) LF3 115.1 209.3 106.4 106.89 17.4 24.7 12.4 11.1
ALNR-2(14) LF3 27.1 50.9 23.8 17.65 8.9 9.1 5.2 7.4
ALNR-2(21) LF9 54.6 101.3 67.2 145.38 10.1 11.3 5.9 26.3
ALNR-2(24) LF3 48.1 74.2 28.7 54.38 9.5 10.1 5.9 11.1
ALNR-2(27) LF3 73.2 147.5 67.0 41.83 12.8 19.4 13.4 9.2
ALNR-2(28) LF3 103.6 167.6 68.7 89.54 14.2 21.5 9.9 11.5
ALNR-2(29) LF9 40.0 80.0 33.6 265.23 10.9 11.5 8.4 37.3
ALNR-2(30) LF1 20.8 26.1 15.4 23.12 7.7 8.2 3.5 6.3
ALNR-2(39) LF2 43.0 74.2 38.9 39.24 5.6 7.4 6.6 43
ALNR-2(44) LF1 26.9 47.7 20.4 22.54 7.2 11.4 6.7 5.6
ALNR-2(47) LF3 29.0 514 23.1 23.94 11.0 13.7 7.2 7.7
ALNR-3(3) LF3 17.21 37.34 15.74 17.96 14.10 25.10 14.40 23.80
ALNR-3(6) LF3 80.75 123.03 57.34 53.74 28.60 48.40 20.00 32.80
ALNR-3(7) LF1 30.84 50.97 23.07 16.86 6.10 4.80 2.70 5.50
AL-9(4) LF4 152.6 250.2 117.0 102.26 35.4 69.4 35.1 37.8
AL-9(5) LF4 126.3 252.3 128.7 14591 32.6 63.4 29.8 40.9
AL-9(8) LF4 227.1 366.5 177.3 194.73 37.7 69.2 31.7 36.6
AL-9(9) LF4 226.3 428.5 192.5 162.05 41.7 64.8 28.4 32.8
AL-9(10) LF4 190.2 346.0 158.2 184.92 35.8 58.8 25.8 344
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Appendix I'V: Reaction-path modelling

Appendices

—Constraints on initial system
HzO 1 free kg ¥ solvent
CO3-- & HOO3- 150 mafka v
Sio2(ag) & 100 majkg v
H+ & 8.1 pH -
S04-- & 2500 mafkg v
O2(aq) & i mafkg v
Mg++ o 1290 mafkg hd
Cat+ & 420 mafkg -
K+ & 399 mafkg v
c- 2 19350 mafkg -
Fe++ &= ol mafkg hd
Na+ & 10752 mafkg -
[ Time start ¥ days - ¥ days -
#|T constant 25 ¥ °C

Figure 1. shows the composition for the initial system used during the reaction-path
modelling. The composition represents 1 kg of seawater. Only sulphate reduction reaction
allowed to take place (by reducing oxygen and Fe(III) concentration) in order to test its
effect on pH. pH value drop from 8.1 to less than 7 as the reaction takes place (Chapter 7;

Fig. 7.5).
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