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Abstract

The characteristics of late diagenetic dolomite bodies (DT2) were studied focussing on distri-
bution patterns, compositional trends, diagenetic history as well as diagenetic and sedimentary
fabrics. DT2 dolomite bodies are exposed in Lower Permian platform carbonates and represent
a stratigraphic analogue for subsurface Khuff deposits. Two types of dolomitisation are inter-
preted to have affected the platform carbonate succession referred to as early diagenetic (ED)
dolomite (shallow burial origin) and late diagenetic (DT2) dolomite (medium to deep burial).
DT2 bodies were found to follow predominantly the strike direction of fracture planes, bed-to-
bed contacts, the Precambrian-Permian unconformity and the bottom rim of early diagenetic
dolomite.
DT2 dolomite bodies are furthermore associated with brecciated fabrics of up to tens of me-
tres in diameter interpreted as collapsed karst cavities formed by either meteoric or hypogenic
fluids. The timing of the brecciation is interpreted to postdate shallow burial early diagenetic
dolomitisation. The dolomitised matrix indicates a migration of late dolomitising fluids subse-
quent to or postdating the collapse of the karstic cavities.
Two groups of diagenetic fabrics were observed in DT2 dolomite bodies in association to frac-
tures and bedding planes. First, vug related fabrics comprise vuggy pores and zebra dolomite.
Second, breccia related fabrics (centimetre scale) consist of either small-scale crackle/ mosaic
breccia fabrics and centimetre sized vugs followed by bedding-parallel vugs.
Christmas tree geometries, saddle dolomite cements and zebra textures indicate a DT2 dolomite
formation by ascending fluids of at least 60 ◦C. The regional ascent of dolomitising fluids is in-
terpreted to be triggered by large scale faults in Precambrian rocks underlying Permian platform
carbonates in the area of Wadi Mistal and Sahtan. The lateral distribution of fluids between both
Wadis is most likely controlled by cherts, fine grained turbidites and volcanoclastics of the Fara
Formation. The edges of DT2 dolomite bodies were subsequently exploited by hot deep basinal
brines which potentially caused recrystallisation.
Hyperspectral imaging enabled the detection of inaccessible DT2 dolomite bodies. However,
the study revealed strong spectral variations in the spectra of DT2 dolomite across the Central
Oman Mountains which is linked to weathering and dedolomitisation.
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1 Introduction and aim

About 80% of North American and many Middle and Far Eastern hydrocarbon reservoirs
present in carbonates are affected by dolomitisation (Braithwaite et al. [2004]; Zenger et al.
[1980]). The chemical principle of dolomitisation is based on dissolution of calcium carbon-
ate followed by dolomite precipitation. The precipitation of dolomite is achieved firstly, by a
mole-per-mole replacement

2CaCO3 + Mg2+ = CaMg(CO3)2 + Ca2+ (1.1)

or secondly by cementation

Mg2+ + Ca2+ + 2CO2−
3 = CaMg(CO3)2 (1.2)

of limestone where both types of precipitation represent end members of a continuous series of
reactions between calcium, magnesium and carbonate (Lucia [2007]). In closed systems, the
mole-per-mole replacement of calcite by dolomite is associated with a porosity gain of about
13% (Weyl [1960], de Beaumont [1837]) due to the lower molar volume of dolomite compared
to calcite or aragonite. However, in nature most of the dolomitising systems are open and
require large quantities of migrating water in order to allow dolomitisation. In comparison to
closed systems, open systems are not limited to the influx of dolomite and can additionally be
impacted by added carbonate which results in the replacement of calcite by dolomite but at the
same time also in the occupation of pore space by dolomite cement. Morrow [1990] defined
this as a volume-for-volume replacement

(2 − x) CaCO3 + Mg2+ + xCO2−
3 = CaMg(CO3)2 + (1 − x) Ca2+ (1.3)

which depends on the added moles of carbonate (x) derived from the dolomitising fluid. During
the process of dolomitisation the evolution of porosity is impacted by several factors such as a
mole-per-mole replacement itself but also dissolution of calcite or dolomite without new precip-
itation, acidification of pore waters, corrosion during fluid mixing and thermochemical sulphate
reduction (Machel [2004], Machel [2001]). The variable interplay of these different factors and
processes makes the prediction of petrophysical reservoir properties challenging. However, be-
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sides predicting the petrophysical properties anticipating spatial properties of dolomite bodies
is of relevance for reservoir modelling. Spatial patterns of dolomitised zones are controlled
by the source, flow path and volume of the dolomitising fluid and vary depending on how
long the input of dolomitising fluid flow lasts. As mentioned above, dolomitisation in open
systems demands a substantial volume of dolomitising fluids in order to transform limestone
into dolomite. Several hydrologic models have been invoked to describe hydrologic processes
responsible for fluid flow through carbonate successions such as topographic recharge, tecton-
ically driven compaction flow, burial compaction, mixed water aquifer flow, seepage reflux or
thermal convection circulation (Davies and Smith [2006]). Since the understanding of dolomiti-
sation is of high importance for reservoir characterisation most of these models were designed
based on dolomitised reservoir rocks or local aquifers (Machel [2004]) and thus take also a
practical approach to reservoir modelling. For example, mixing zone dolomitisation is present
along platform margins and below islands where the conditions are suitable for the mixing
of meteoric and marine phreatic waters which results in a fluid undersaturated in calcite (Fig.
1.1). In such an environment calcite is prone to dissolve whereas dolomite precipitates and thus
dolomitised zones form (Ward and Halley [1985]).
An important process in thermally driven systems is the Kohout convection which describes the
migration of seawater through limestone successions triggered by temperature gradients. This
process was first recognised in the 60s and 70s (Kohout [1965], Kohout et al. [1977], Henry
and Kohout [1972]). In this model, platform interior groundwaters are affected by geothermal
heating which lowers kinetic barriers to dolomite nucleation and shifts fluids into the dolomite
stability field due to to a reduction of the Mg-Ca ratio (Hardie [1987]).
From a reservoir point of view, in shallow burial settings density driven hydrologic processes
are crucial such as reflux dolomitisation which is triggered by the downward migration of
evaporated seawater through limestone deposits. The driving mechanism of the downward mi-
gration are saline brines with increased density (Adams and Rhodes [1960]) which form in
hypersaline ponds, lagoons and lakes as well as in tidal flat areas. Therefore, reflux dolomiti-
sation is the dominant dolomitisation processes in shallow marine to supra tidal or hemipelagic
to pelagic environments (Fig. 1.1) and represents the most predictable type of dolomite in
reservoir modelling. The reflux of hyper saline brines resulted also in the emplacement of an
early diagenetic type of dolomite in the Central Oman Mountains (Coy [1997]) and is thus of
relevance to this thesis.
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Figure 1.1: Summary of dolomitisation transport models (modified after Lucia [2007]).

Besides reflux dolomite a second type of dolomite defined as fracture controlled dolomite is
present in the Central Oman Mountains and forms the main subject of study in this thesis.
Fracture controlled fluid flow is highly relevant in deeper burial settings where fractures form
principal conduits for often high temperature and pressurised fluids (Fig. 1.1). The pump-
ing mechanism for dolomitising fluids relies on the heating of connate waters which promotes
their buoyancy resulting in fluid ascent along fractures (Lucia [2007]). The lateral fluid flow
away from the fractures is triggered by a continuously reduced pore-fluid-pressure gradient
with increasing distance to the main conduit. The occurrence of fracture related dolomite is
commonly bound to settings with large scale rifting structures, to continental margins charac-
terised by convergent tectonism, to back arc basins and to zones with extensional stress regimes
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(Davies and Smith [2006]).

Figure 1.2: Overview of the challenges associated with late diagenetic dolomite bodies in the
Central Oman Mountains.
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Fracture controlled dolomite systems are well described, for example, from Spain (Baqués
et al. [2010], Martín-Martín et al. [2013]) and Italy (Carmichael and Ferry [2008]). Important
examples from the Middle East have been also reported from the Ghawar field in Saudi Arabia
(Cantrell et al. [2001]), the North Field in Qatar (Jones et al. [2011]) or outcropping successions
in Iran (Sharp et al. [2010]). Fracture related dolomite bodies are characterised by highly
variable shapes and sizes and yield varying porosities across the dolomite body (Dewit et al.
[2012]). In addition, the variable spatial properties make the prediction of fracture related
dolomite bodies in reservoir rocks very challenging. Due to their often only tens of metre
wide extension (sub seismic scale) fracture related dolomite bodies stay undetected on seismic
profiles (Fig. 1.2) and thus need to be detected or predicted with alternative methods. One
alternative method is the evaluation of outcrop analogues which enhances the understanding
of vertical reservoir inhomogeneities. The Central Oman Mountains contain outcrop analogues
for Lower Khuff reservoir rocks and enable the evaluation of vertical reservoir inhomogeneities
at a centimetre to metre scale. However, the benefit of the Central Oman Mountains lies in the
70 km wide east west and 24 km north south extension which allows the study of fracture related
dolomite bodies from centimetre to kilometre scale in lateral and vertical direction resulting in
an inter well and well scale data set.

Aim of this thesis
The main aim of the thesis is explaining the mechanisms behind fracture related dolomitisation
in Lower Khuff outcrop analogues and capturing the complexity of the dolomite distribution.
The wide extent of the study area provides the base for the detailed examination of dolomite
bodies and allows to establish a comprehensive data set helpful to improve the characterisation
of subsurface Khuff reservoirs. The achieved data set is presented in 5 chapters which address
different aims such as

• the formation and recrystallisation of dolomite bodies in the study area (aim 1),

• karst structures associated with the dolomite bodies (aim 2),

• the characteristics of dolomitising fluids (aim 3),

• fundamental spectral characteristics of dolomitised zones (aim 4) and

• distribution and geometry of dolomite bodies based on remote sensing data (aim 5).
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The introduction into the importance of dolomitisation in the region is given in chapter 1 fol-
lowed by an overview of the regional geological setting in chapter 2. Since several methods
were used to evaluate dolomite bodies in the study area, a detailed theoretical overview of field
mapping, geochemical and remote sensing methods is given in chapter 3. In the results section
(chapter 4 to 8), the first three chapters discuss field and geochemical results whereas the last
two chapters evaluate the remote sensing characteristics of dolomite bodies.

Chapter 4
Field mapping results and petrographic details were collected in 15 accessible outcrops in order
to provide answers to aim 1. The collection of data allowed to characterise the stratigraphic and
lateral occurrence of late diagenetic dolomite bodies in the Central Oman Mountains, to derive
the dolomite body geometries, to draw conclusions regarding the importance of structural/ sed-
imentary elements on the geometry and to establish a model of the arrangement of diagenetic
fabrics in the dolomite bodies.

Chapter 5
Field mapping, petrography, XRF and stable isotope geochemistry were approached to eluci-
date the importance of karstification as one controlling factor for the occurrence of dolomite
bodies in Khuff equivalent strata (aim 2). In particular, this chapter describes the formational
setting, characterises the fluids responsible for the dissolution of the host rock and evaluates
potential fluid pathways as well as migration directions of karstifying fluids.

Chapter 6
Carbon and oxygen isotope signatures of dolomite bodies were studied along transects with
special focus on internal variations and isotopic trends at the contact between dolomite and
host rock in order to address aim 3. Lateral variations in the stable isotope signature and in the
elemental composition were used to derive conclusions regarding the geochemical characteris-
tics of the dolomitising fluids and their regional migration.

Chapter 7
Hyperspectral remote sensing images taken of several cliffs in the study area were studied in
order to address aim 4. The goal was, firstly, to chemically characterise dolomite and limestone
phases and to determine geochemical variations within the dolomite bodies, secondly, to evalu-
ate the spectra with the aid of identifying characteristic absorption peaks in the remote sensing
data and thirdly, to determine the degree of spectral variations within the dolomite phases.
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Fourthly, we aimed to evaluate the differences between dolomitic spectra in the powdered sam-
ples versus spectra in the natural cliffs. Fifthly, we examine the remote sensing detection and
characterisation potential of dolomite bodies from hyperspectral images captured at varying
distances to cliff faces in the study area.

Chapter 8
Hyperspectral remote sensing images were used to evaluate the spatial arrangement and geo-
metrical characteristics of dolomite geobodies forming reservoir inhomogeneities in platform
carbonates (aim 5). The application of hyperspectral remote sensing aimed to prove the pres-
ence and shape characteristics of visually detected dolomite bodies in inaccessible outcrops
where field mapping as a verification of dolomitisation was not feasible. Furthermore, hyper-
spectral image analysis of cliffs without any indications for dolomite bodies intended to locate
additional dolomitised areas.

Chapter 9 summarises the results of this thesis and gives an outlook on further research ques-
tions associated with late diagenetic dolomite bodies in the region which are potentially of
relevance in the future.



2 Geological setting

2.1 Regional geological setting

The study area is located in the Central Oman Mountains in the northeastern edge of Oman (Fig.
2.1) and forms part of the continental Arabian plate (Searle and Cox [1999]). The evolution
of the Arabian plate is characterised by 5 important tectonostratigraphic megasequences which
control the appearance of the sedimentary units studied in this thesis.
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Figure 2.1: Geology of the northern part of Oman with special focus on the Oman Mountains
(dashed line) (Le Metour et al. [1993]). This study focusses on platform carbonates
of the Akhdar Group (red box) exposed in the Jebel Akhdar tectonic window. The
complete key including the sedimentary cover can be found in Le Metour et al.
[1993].
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The Arabian plate evolved from the accretion of terranes in a compressional setting during
Precambrian times (Sharland et al. [2001b]). From the late Precambrian to late Devonian the
compressional regime turned into an extensional setting and the Arabian plate was part of
an intra-cratonic setting associated with a passive margin to the Palaeo-Tethys (Al-Husseini
[2000]; Blasband et al. [2000]; Loosveld et al. [1996]). The sedimentary record from this period
gives evidences for two glaciation periods of firstly, a global scale and secondly, a glaciation
in polar areas. The end of this sequence is marked by the development of a back arc rifting
presumably originated by the subduction under the Gondwana margin (Sharland et al. [2001b]).
From Devonian to mid-Permian times (third megasequence), the Arabian plate remains part of
this back-arc system (Fig. 2.2, 2.3, 2.4) which is stratigraphically equivalent to the "Hercynian
Orogeny" in Europe.

Figure 2.2: Summary of major depositional units present in the Arabian plate (Sharland et al.
[2001b]).
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Towards the end of third megasequence the continental rifting results in the formation of the
Neo-Tethys Ocean associated with the creation of a passive margin forming the northeastern
margin of the Arabian plate (Sharland et al. [2001b]) (Fig. 2.4, 2.3). From middle Permian to
Early Triassic times, a major syn- to post-rift phase of the Neo-Tethys ocean (Fig. 2.4, 2.3),
triggered by the fragmentation of the supercontinent Pangaea (Koehrer et al. [2011], Pillevuit
[1993], Stampfli and Borel [2002]) (Fig. 2.2, 2.3, 2.4), coincided with the formation of a
carbonate platform (Weidlich and Bernecker [2011]). The well-bedded, extensive (>2000 km)
carbonate sediments stretched from the Arabian shield to the Neo-Tethyan slope. These shallow
water carbonates occur in the subsurface of Oman, UAE, Bahrain, Qatar, Saudi Arabia and
Kuwait (Weidlich and Bernecker [2011]) and are collectively known as the Khuff Formation
(Fig. 2.2). The time interval from Cretaceous to Neogene is defined as the fifth megasequence
associated with a closure of the Neo-Tethys Ocean subsequent to the uplift of the Arabian plate
margin and flexure of the lithosphere caused by the convergence of Laurasia and Gondwana
(Searle and Alsop [2007], Warburton et al. [1990]).

Figure 2.3: Cross sections through the plate reconstruction from late Carboniferous to mid-
Permian times and from mid-Permian to early Jurassic times. The cross sections
were established along the transect A - B in figure 2.4 (Sharland et al. [2001b]).
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Figure 2.4: Schematic plate reconstruction from late Carboniferous to mid-Permian times and
from mid-Permian to early Jurassic times (Sharland et al. [2001b]).
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In the area of the Central Oman Mountains, intra-oceanic subduction initiated in the Ceno-
manian and continued until the middle Turonian to early Campanian, eventually resulting in
the southwest-directed obduction of the Semail ophiolite (Boudier et al. [1985], Breton et al.
[2004], Hacker [1994]). Towards the end of the Cretaceous, the Alpine Orogeny triggered fault-
ing and folding of the carbonate succession resulting in the formation of the Jebel Al-Akhdar
anticline structure (Searle [2007]). After the subduction the autochthonous carbonate platform
sediments were overlain (along thrusts) by allochthonous units of deeper marine Hawasina sed-
iments and of ophiolitic units (Glennie [2005]). A second main phase of the Alpine Orogeny af-
fecting the carbonate succession during Miocene to recent times caused isostatic uplift (Hanna
[1990]), folding (Tschopp [1967], Warburton et al. [1990]) and erosion of the Jebel Akhdar
Mountain area and led to the formation of the Jebel Akhdar tectonic window. Due to the anti-
clinal structure, the oldest units (Pre-Cambrian) are exposed in the centre and are followed by
younger sedimentary beds (up to Cretaceous age) towards the outer rim of the tectonic window
(Fig. 2.5).

Figure 2.5: Distribution of Upper Proterozoic-Cambrian Huqf units (Table 2.1) in the centre
of the Jebel Akhdar tectonic window to stratigraphically younger Middle-Upper
Cretaceous carbonate successions at the edge of the mountain area (modified from
Le Métour et al. [1993]). The key is equivalent to Fig. 2.1.
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2.2 Lithological characteristics of Permian to Triassic units
in the Central Oman Mountains

In Oman the nomenclature of the surface stratigraphy differs from the subsurface stratigraphy.
For better comparisons with the stratigraphy of Qatar and other Gulf countries the studied strati-
graphic interval in this thesis is indicated in the subsurface stratigraphic table (Table 2.1) al-
though the naming of stratigraphic units follows the surface stratigraphy shown in Table 2.2. In
the Central Oman Mountains the basement underlying the studied Permian platform carbonates
is of Precambrian age (Table 2.1 and 2.2) with lithologies ranging from diamictites with granite
boulders to siltstones, greywackes and sandstones generally known as the autochthonous Mistal
Formation (Beurrier et al. [1982-1985]) (surface equivalent to the lower and middle Huqf super-
group - Table 2.1). Precambrian units are separated from Lower to Middle Permian carbonates
known as the Saiq formation (Table 2.2) (surface equivalent to the lower Akhdar group, Khuff

formation - Table 2.1) by an extensive unconformity present across the Central Oman Moun-
tains (Beurrier et al. [1982-1985], Rabu et al. [1982-1983], Villey et al. [1982-1985]). The Saiq
Formation comprises Roadian to Changhsingian beds (Beurrier et al. [1982-1985], Koehrer
et al. [2012], Ziegler [2001]) (some authors include Induan and partly Olenikian beds in to the
Saiq Formation e.g., Al-Husseini [2006] and Weidlich and Bernecker [2011]) characterised by
numerous depositional environments and lithofacies types (Baud et al. [2010], Baud and Ri-
choz [2001], Baud and Richoz [2005], Baud and Richoz [2013]). In detail, from Roadian to
Wordian times, the depositional environment is characterised by a shoal to offshoal system. In
this system, shoal to backshoal units contain microbial mats to bedded oolites and a crinoidal
to peloidal shoal facies (Bendias et al. [2013]). Foreshoal units comprise graded storm beds
and bioclastic sheets, whereas bioturbated Zoophycus mudstones are evident in the offshoal
areas (Bendias et al. [2013]). From Capitanian to Induan times the depositional environment is
located in a more distal area of the carbonate platform and reveals tidal flat (Walz et al. [2013])
as well as lagoonal sediments in addition to the back- to offshoal facies. Tempestites are also a
common phenomenon (Koehrer et al. [2012]). At the beginning of Triassic times and deposi-
tion of the Mahil Formation (surface equivalent to the Sudair formation - Table 2.1), both the
Saiq and Mahil Formation were affected by a seepage reflux of hypersaline brines.
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Table 2.1: Subsurface stratigraphy of Oman (modified after Al-Lazaki et al. [2002]) is given
on the left side. The surface stratigraphy is shown on the right side (modified after
Breton et al. [2004]). The red box indicates the stratigraphic interval studied in this
thesis .
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Table 2.2: A Summary of the most important depositional facies from Permian to Triassic
times in the Central Oman Mountains. The simplified lithological log shows also
the schematic position of late diagenetic dolomite bodies (DT2) and the position
of early dolomitised layers. Major karst and brecciation structures observed in the
region are shown on the right side.
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In the study area, most of the middle and upper Saiq Formation (several hundreds of meters of
limestone) were replaced by early diagenetic dolomite (Coy [1997]) ("ED dolomite", accord-
ing to Vandeginste et al. [2015]) (Table 4.1). Subsequently, from Triassic to Santonian times,
the carbonate succession was affected by a late diagenetic dolomitisation associated with the
formation of reddish late diagenetic dolomite bodies (Vandeginste et al. [2015]) which form
the main subject of this thesis. During Santonian times, the emplacement of the fracture related
Type 3 dolomite (DT 3 dolomite as defined in Vandeginste et al. [2015]) (Table 4.1) took place.

2.3 Importance of dolomitised areas in Khuff and Arab reser-
voirs

The presence of dolomitised zones in the subsurface of Qatar and neighbouring countries is
of major importance for the occurrence and quality of reservoirs due to their potential to have
significantly modified porosities and permeabilities compared to the undolomitised host rock
(for example in the Al Rayyan field (Clark et al. [2004]) or the El Bunduq field (Bashbush et al.
[1983])). In the subsurface of Qatar and neighbouring countries two major stratigraphic inter-
vals contain dolomitised zones collectively known as the Arab (Jurassic) and Khuff (Permo-
Triassic) Formation (Table 2.1) (Ehrenberg et al. [2007]). Although these dolomitised zones
are an often discussed topic in literature, recent drilling projects revealed a significant lack of
reliable predictions of dolomite bodies for example in Khuff strata. Therefore, this study aims
to provide a detailed set of dolomite body characteristics based on outcrop studies of the Khuff

equivalent Saiq formation in Oman to improve the understanding of reservoirs in the subsur-
face. However, the application of results from dolomitised outcrops to the subsurface is most
reliable in case of a comparable dolomitisation process since this impacts the characteristics of
dolomite bodies (e.g., geometry and spatial extension) but ideally also in case of similar litholo-
gies and sedimentological facies. For example, in the Arab A member of the Al Rayyan field
dolomitisation is controlled by stromatolites and thus, the presence of dolomite bodies is tightly
bound to lithofacies (Clark et al. [2004]). Lithofacies controlled dolomitisation is also present
in the Arab C member of the El Bunduq oil field reservoir offshore Abu Dhabi and Qatar (Honda
et al. [1989]) where the dolomitisation focussed on grainstone and mudstone/wackestone fa-
cies. Based on this lithological link between lithofacies and dolomitisation, the presence of
dolomitised zones is easily predictable and enables the well constrained set up of reservoir
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models (Honda et al. [1989]). Furthermore, dolomitisation in the Al Rayyan field located in the
north-western part of the North field is triggered by brines originating from hypersaline lagoons
resulting in intense dolomitisation in the Arab C member and minor dolomitisation in the Arab
A (Clark et al. [2004]). Hypersaline brines caused also dolomitisation in the Arab D formation
of Abu Dhabi (Azer and Peebles [1998]). Hence, in those cases reservoir models are linked to
the presence of hypersaline lagoons.
In comparison to the Arab formation, dolomitisation in Khuff strata is laterally more exten-
sive (Ehrenberg et al. [2007]) and reaches for example up to 85% in the United Arab Emirates
(Alsharhan [1993]). The Ghawar and South Pars fields consist of predominantly dolostones in-
terfingered with limestones (Dasgupta et al. [2002], Ehrenberg [2006], Ehrenberg et al. [2007])
and are thus also often lithofacies controlled. Similarly to the Arab reservoirs, Khuff dolostones
are predominantly linked to sabkha and reflux dolomitisation. Apart from lithofacies controlled
dolomitisation, burial dolomitisation is an often observed process in Khuff strata, for example in
offshore Abu Dhabi (Alsharhan and Magara [2006], Videtich [1994]). Still, the characteristics
of these burial or potentially hydrothermal dolomite bodies are not as well understood as other
dolomitised units in the Khuff formation. Therefore, this project aims to characterise dolomite
bodies in firstly, stratigraphically equivalent strata and secondly, burial or hydrothermal origin
in order to improve the understanding of dolomite bodies in the subsurface.

2.4 Karst and breccias in the Arabian plate

Karst or brecciated karst structures are often associated with dolomite bodies since those struc-
tures provide pathways for migrating dolomitising fluids (e.g., (Sharp et al. [2010]). There-
fore, it is of high importance to evaluate karst structures distributed across the Arabian plate
in order to determine their importance also for dolomite bodies hosted in the Khuff formation.
Karstification and brecciation in the region took place during different time periods which are
explained in the following paragraphs. From Permian to Triassic times, meteoric karstification
is evident in limestones in Wadi Bih on the Musandam Peninsula and is associated with the
formation of an erosive surface including pedological features (Microcodium) (Strohmenger
et al. [2002]) (Fig. 2.2). Evidence for a subaerial exposure is also present at the contact of the
Saiq and Mahil Formations, for example, in the Saih Hatat (Oman) indicated by the presence of
caliche hard pans (including root tubules, sheet cracks, iron staining of the matrix) and in-situ
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brecciation (Weidlich [2010]) and in the Jebel Akhdar tectonic window (Baud et al. [2012]).
During Jurassic times, early dolomitised limestones present at the Musandam Peninsula experi-
enced brecciation. Based on their intertidal to supratidal position, mass flow to gravity collapse
processes were considered as a potential brecciation mechanism (Breesch et al. [2010]) (Fig.
2.2). The Cretaceous is characterised by numerous zones revealing karstic features and sub-
aerial exposure. Aptian to Albian microkarst, pedogenic structures and dissolution features
were formed in Northern Oman linked to polygenetic discontinuity surfaces and meteoric di-
agenesis (Immenhauser et al. [2000], Immenhauser et al. [2001]). In Qatar, Kuwait, Iraq and
Iran, the Albian to Cenomanian transition reveals fracture controlled karst reaching depth of up
to 5 m evidenced by sinkholes, karst breccias, pebble conglomerates, vadose silts and dolines
(Sadooni and Alsharan [2003], Sharp et al. [2010], Taghavi et al. [2006]). In the Persian Gulf
of Iran karstic structures have been recognised in the area between two Cretaceous platforms
(Farzadi [2006]). This Turonian paleokarst of meteoric origin is located in the Mishrif Forma-
tion and was formed by a relative sea-level fall postdating a time of intense rudist reef evolution
(Farzadi [2006]). The horizon of subaerial exposure can be correlated to the top of the Natih
Formation in Oman revealing a similarly karstified, truncated and faulted unit (Farzadi [2006]).
The karst in Oman resulted from emergence (Montenat et al. [1999], Scott [1990], van Buchem
et al. [1996]) linked to the collision of Eurasia with the Arabian margin (O’Conner and Patton
[1986], Warburton et al. [1990]). Furthermore, the Mishrif Formation offshore U.A.E. reveals
eroded exposure surfaces (Botton-Dumay et al. [2002], Burchette and Britton [1985], Jordan
et al. [1985]), paleosols, woody debris and terrestrial palynomorphs (Burchette and Britton
[1985]). Karst penetration depth can be up to 9 m as, for example, in the Fateh Field (Jordan
et al. [1985]) or 15 m in doline structures in the Guiriel Field (Botton-Dumay et al. [2002]).
During the Cenomanian-Turonian period, fault controlled dolines were formed in the Sarvak
Formation in Iran (Sharp et al. [2010]), locally associated with dissolution collapse breccias
(Mehrabi and Rahimpour-Bonab [2014]) and karstified profiles (Burchette [1993], Razin et al.
[2010]). Numerous oilfields in the Sarvak formation show reduced porosities and permeabil-
ities due to meteoric karst and collapsed cavities or channels filled with vadose silts (Khalaf
[2011], Mehrabi and Rahimpour-Bonab [2014]). During the Upper Cretaceous, reinversion of
pre-existing fault and graben structures is likely to have caused the formation of polymict brec-
cias at the Musandam Peninsula shortly before the emplacement of the ophiolite (Callot et al.
[2010]). The meteoric breccias are assumed to represent a period of uplift and erosion along
the margin associated with the foreland inversion. Similar inversions have been reported e.g.,
from the Bagdad High in Iraq (Cenomanian) (Callot et al. [2010]).



3 Field approach and analytical methods

This chapter presents an overview of the sampling procedures in the field, of analytical methods
and remote sensing techniques applied to study dolomite bodies in the Central Oman Moun-
tains. The main focus is on methods conducted by the author which are discussed from a
theoretical and a sample processing point of view. In comparison, for data sets provided by
Veerle Vandeginste (XRF analysis) and Tilden McKean (ICP-AES), only details of the sample
treatment are shown.

3.1 Sampling and sample preparation

A total of 15 DT 2 dolomite bodies in 15 outcrops were mapped across the Central Oman
Mountains (for overview see Fig. 4.1). The most suitable outcrops for detailed observations
of late diagenetic dolomite bodies were found in Wadi Sahtan and several side-valleys of Wadi
Mistal, where erosion exposed parts of the stratigraphic succession giving outstanding long and
continuous outcrop faces. Vertical and lateral lithostratigraphic logging was undertaken where
possible, to observe relations between the primary depositional fabric and the distribution of
dolomite bodies. The analysis of the distribution of dolomite bodies as well as their internal
diagenetic fabrics required a multi-scale approach, from large scale observations of numerous
cliff faces to medium scale mapping of fractures, vugs, zebra dolomites and saddle dolomite
distribution patterns, down to thin section scale observations. The distribution of mapped and
sampled dolomite bodies is determined by the accessibility of outcrops along wadis and road
cuts. The evaluation of dolomite body dimensions was carried out by using a measuring tape.
Furthermore, large scale sections were captured by photo-panoramas (supplemented by close
up pictures taken in accessible outcrops). Size, shape characteristics as well as large-scale
structures of dolomite bodies were partly evaluated from these photo-panoramas. One outcrop
in Wadi Sahtan was also used to study large breccia fabrics associated with the dolomite bodies.
The clast content in the breccia fabrics was obtained from image analysis by using the software
ImageJ. Prior to the analysis, the field pictures were converted into an 8bit grayscale image.
Subsequently, the images were analysed with the threshold method "Default" by applying an
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HSB colour space. By adjusting the brightness a clear separation between matrix and clasts
was achieved followed by the calculation of the relative percentage of each phase. The result
was compared with the total amount of pixels in the picture. All dolomite bodies analysed
in this study were stratigraphically positioned based on their relative position with respect to
lithostratigraphic marker beds/surfaces such as the Precambrian-Permian unconformity or the
maximum flooding surface described by Bendias et al. [2013] and Koehrer et al. [2010]. Since
the maximum flooding surface characterised by mud-rich carbonates showing a low biodiver-
sity and Zoophycus burrows (Bendias et al. [2013]) is not everywhere easy to identify, a 70
cm thick interval of Zoophycus burrows occurring in all observed Wadis was further used as
a marker horizon. This Zoophycus horizon is located 30 m lower (in Wadi Sahtan) than the
maximum flooding surface described by Bendias et al. [2013].

3.2 Analytical methods

3.2.1 Polarisation microscopy

Petrographical methods such as thin section petrography were used to study the mineralogical
characteristics of limestones and dolomites. This study concentrated on firstly, the characteris-
tics of the limestone matrix which was assessed with the emphasis on potential recrystallisation
processes, secondly, the diagenetic history of dolomite in the study area, thirdly, the presence
of dedolomitisation and fourthly, the iron content of the carbonate was studied by applying
staining procedures. The determination of recrystallisation processes in carbonates is achieved
by the evaluation of variations in calcite crystal size and shape, differences in the arrangement
of crystals, the obliteration of primary depositional textures or constituents (Flügel [2010]).
Apart from the recrystallisation of the limestone matrix the diagenetic history of the dolomite
is important. The characterisation of dolomite followed mainly the terminology of Friedman
[1965] which was extended by Randazzo and Zachos [1984] and Sibley and Gregg [1987].
Focus was put on dolomite crystal size and textures, the crystal distribution, the crystal fabric
which allows conclusions regarding the history of the dolomite body emplacement. However,
the clear distinction of calcite and dolomite in thin sections is challenging due to relatively sim-
ilar optical properties. Therefore, additional thin section preparation methods such as staining
were applied.



3.2. ANALYTICAL METHODS 39

Table 3.1: Staining colours of carbonate thin sections.

In addition, cathodoluminescence was used to visualise heterogeneities and internal structures
of the calcite and dolomite phases. This is achieved with an electron source which produces
an electron beam focussed on the area of interest in the thin section. The transition from
excited to normal state results in the emission of light (luminescence) which is visible in the
microscope. Staining and cathodoluminescence were also used to evaluate dedolomitised zones
in dolomite bodies. The transformation of dolomite into calcite is of strong relevance for the
interpretation of hyperspectral images since the interpretation of pixels is done by comparing
measured spectra with spectra libraries. A pixel showing a calcitic spectra may be interpreted as
a limestone although the correct interpretation would be a dedolomitised dolomite. Therefore,
the determination of dedolomitisation patterns in thin sections helps to interpret and understand
hyperspectral results. The evaluation of variations in the iron content of calcite, dolomite and
dedolomite pursues a similar objective and is of invaluable importance for the interpretation
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of hyperspectral images. Staining of thin sections helps to determine iron rich phases in the
dolomite bodies.

Technical details of the procedure applied in this study

The thin sections were stained following a procedure modified from Dickson [1966] in order
to distinguish calcite and dolomite as well as their ferroan equivalents. The staining solution
is composed of 8 gram of potassium hexacyanoferrate III and 0.6 g Alizarin Red S suspended
in 500 ml of distilled water with 2.5 ml of concentrated HCl added. The average staining
time amounts to 20 seconds. Transmitted light microscopy was accomplished on 158 thin
sections using a Zeiss Axioskop 40 microscope. Cathodoluminescence petrography (CL) was
carried out on a CITL Cathodoluminescence Mk5-2 stage connected to a Nikon Eclipse 50i
microscope. Operating conditions were about 270 µA and 14 kV. Thin section pictures were
taken with a Nikon Ds-Filc digital camera.

3.2.2 XRF analysis

The XRF analysis was conducted by Veerle Vandeginste and not by the author herself, although,
the data processing and interpretation were part of this thesis. The collection of XRF data
allowed the quick determination of potential changes in the geochemical composition on one
breccia structure in Wadi Sahtan. However, this large scale breccia fabric is a local phenomenon
and thus, this technique was only applied to one outcrop.

Technical details of the procedure applied in this study

The elemental analysis of limestone and dolomite samples was carried out by using a handheld
Bruker Tracer IV-SD (ED-XRF). The device applies a rhodium target as well as a Silicon
Drift Detector to allow the detection of lighter elements. The operational voltage was set to
40 kV for Trace Mud Rock (TMR) measurements and 15 kV for Major Mud Rock (MMR)
analysis. TMR measurements were conducted on manganese, iron, zinc, rubidium, strontium
and barium whereas magnesium, calcium, silicium and potassium have been measured with
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MMR. Elemental results were obtained from polished surfaces of hand samples under vacuum
conditions (Bruker 3V Vacuum Pump). A correction of mudrock calibrated XRF values was
undertaken for limestones and dolomites by applying the carbonate correction equation:

y = ax2 + bx + c (3.1)

which was published by Quye-Sawyer et al. [2015]. The measuring coefficients are summarised
in Table 3.2.

Table 3.2: Correction coefficients for the conversion of obtained XRF results (x) to absolute
concentrations (y) (after Quye-Sawyer et al. [2015]) based on equation 3.1.

The given coefficients of ten elements in Table 3.2 represent a selection of elements presented
in chapter 5.



42 CHAPTER 3. FIELD APPROACH AND ANALYTICAL METHODS

3.2.3 Stable carbon and oxygen isotope analysis

Isotopes of a given element contain the same number of protons (and electrons) but show dif-
ferent numbers of neutrons. The term “isotope” originates from the Greek (meaning: equal
places) and implies that isotopes of one element share the same position in the periodic table.
Stable isotope geochemistry determines the isotopic composition of elements (White [2013])
and thus, requires elements with two or more isotopes which can be distinguished in a measur-
able way. In this thesis, the main focus is on the carbon and oxygen isotopic composition of
platform carbonates.
Three stable isotopes are known from oxygen (16O, 17O and 18O) with a relative abundance of
99.76%, 0.04% and 0.20% respectively. The relative ratio of 18O/16O varies up to 10%, whereas
the ratio 17O/16O shows variations of up to 5%. Oxygen isotope ratios are measured with a gas
source isotope ratio mass spectrometer, where the measured gas phase is CO2 produced by re-
acting the sample carbonate powder with phosphoric acid. In the mass spectrometer, the CO2

gas is bombarded with electrons resulting in CO+
2 ions which are subsequently accelerated in

an electric field and separated by a magnetic field. The magnetic field of the analyser deflects
the ions in the beam to a degree proportional to their masses. CO2 yields three major beams
with mass to charge ratios of 44 (12C16O16O), 45 (13C16O16O, 12C17O16O) and 46 (mostly
12C18O16O). Subsequent to the collection of the beams, the masses are corrected for interfering
masses and the relative ratio between 46/44 is used to determine the 18O/16O whereas the 45/44
ratio yields the 13C/12C ratio. The notation of oxygen isotope results is standardised and given
as a relative value to a standard by applying the δ-notation (reported in ‰).

δ18O =

(
Rx − Rstd

Rstd

)
· 1000 =

(
Rx

Rstd
− 1

)
· 1000 (3.2)

Rx = 18O/16O of the sample and Rstd = 18O/16O of the standard

The reporting standard for carbonates is the Vienna belemnite from the Peedee formation la-
belled as VPDB. The particular importance of oxygen isotopes lies in the temperature depen-
dence of the 18O/16O ratio in marine carbonates. The control of temperature on the 18O/16O
ratio of, for example, shells can be used as a palaeothermometer of seawater temperature. This
requires shell-secreting organisms to precipitate calcium carbonate in isotope equilibrium with
seawater, which however does not apply to several corals which precipitate carbonate in dis-
equilibrium due to vital effects (Hoefs [2004]). However, the 18O/16O ratio of a deposited
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shell and thus the seawater temperature obtained with the palaeothermometer only remains un-
changed until diagenesis results in dissolution or recrystallisation. Recrystallisation modifies
the 18O/16O ratio controlled by the temperature and compositional characteristics of the recrys-
tallising fluid. The modification of the isotopic composition could be magnified with increasing
burial with main focus on oxygen since recrystallising fluids contain lower contents of carbon
compared to oxygen and are thus prone to preferably affect oxygen isotopes.
The second important element in this thesis is carbon which has two stable isotopes, 12C and
13C, and additionally the radioactive isotope 14C. As mentioned above, the relative ratio be-
tween 13C/12C is derived from the 45/44 ratio of the measured CO2 gas. Similar to oxygen the
isotope ratio is given in relation to the VPDB standard in ‰.

δ13C = 1000 ·
(

Rx

Rstd
− 1

)
(3.3)

Rx = 13O/12C of the sample and RPDB = 13O/12C of the standard

The δ13C of marine carbonates are affected by various parameters such as temperature and
pH during carbonate precipitation, vital effects and diagenetic alteration. In this thesis, we
use δ13C and δ18O to determine firstly, the presence of chemically different dolomite phases
which have similar macroscopic characteristics, secondly, variations in the isotopic composi-
tion of dolomites and limestones at the contact between limestone host rock and dolomite body,
thirdly, the importance of karst processes for platform carbonates in the study area and fourthly,
differences in the temperature of the dolomitising fluids.

Technical details of the procedure applied in this study

Carbon and oxygen stable isotope results were obtained from 90 to 150µg sample powder of
286 samples. The sampling procedure focussed on matrix dolomite as well as clasts and aimed
to avoid veins, fractures or fossils. The micro-sampling approach was achieved by the use
of a dental drill. Stable isotope analysis were performed using a Thermo Scientific Kiel IV
carbonate device coupled to a MAT253 mass spectrometer in the Qatar Stable Isotope Labo-
ratory at Imperial College London. Powdered samples were reacted with phosphoric acid at
70°C. Analytical reproducibility was checked by replicate measurements of an internal labo-
ratory standard (Imperial College Carrara marble δ13C value of +2.09 ‰ and a δ18O value of



44 CHAPTER 3. FIELD APPROACH AND ANALYTICAL METHODS

-2.03 ‰ ) with a standard deviation of up to 0.03 ‰ for δ13C and up to 0.08 ‰ for δ18O. All
oxygen isotope results derived from dolomite were corrected for acid fractionation by applying
the fractionation factors published by Rosenbaum and Sheppard [1986] and Kim et al. [2007].
All carbon and oxygen isotope results presented in the text are given in per mil relative to the
Vienna Peedee Belemnite (VPDB).

3.2.4 Hyperspectral image analysis

Hyperspectral imaging is a remote sensing technique which can help to collect lithological and
to some extent also geochemical information from inaccessible outcrops. It is thus a promis-
ing tool to determine the presence of dolomite bodies in inaccessible cliffs and to study their
characteristics from the distance. Hyperspectral imaging is based on the collection of spectral
reflectance as well as radiance data in hundreds of spectral bands (Jensen [2005]). A spectral
band represents a nanometer wide interval of the electromagnetic spectrum. Numerous images
of different electromagnetic intervals stacked onto each other form a three dimensional im-
age cube, or the hyperspectral image. The interval of the electromagnetic spectrum exploited
during this study is located in the near infrared region (Fig. 3.1). In general, hyperspectral
imaging leverages the fact that each mineral yields a characteristic absorption intensity of pho-
tons across the electromagnetic spectrum. The position and intensity of these absorption bands
provides information on the nature and chemical characteristics of the observed mineral. The
major advantage of this well established technique can be attributed to the fact that inaccessible
areas can be studied from the distance within a relatively short period of time. The following
introduction into the physical fundamentals of hyperspectral imaging aims to give an overview
of the imaging process with focus on calcite and dolomite. In particular, this theoretical intro-
duction deals with two main aspects of hyperspectral imaging. First, it attempts to introduce
the concept of radiative transfer since this is of fundamental importance for the collection of
hyperspectral data. Second, it provides a condensed introduction into the physics of absorption
bands linked to specific intervals of the electromagnetic spectrum which is of high relevance
for the determination of minerals.
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Figure 3.1: The electromagnetic spectrum is divided into several intervals. The near, middle
and far infrared area range from 0.78 to 1000 µm, although only the interval 0.95
to 2.5 µm was considered during this study.

Physics of reflectance and radiance spectroscopy

Hyperspectral imaging requires the application of the concepts of irradiance, spectral radiance,
transmittance and reflectance. These concepts evolve from the theoretical concept of light be-
ing explained as an electromagnetic wave and thus, bound to wave mechanics. In other words,
the information of the target surface is encoded in the light returned from the target and thus,
can be physically described with the frequency, intensity etc. of the light. With respect to
hyperspectral imaging, the approached light source is the radiant flux emitted from the sun.
Spectral irradiance (E) is one of the basic tenets of physical science and defined as the radi-
ant flux impinging on a two dimensional surface measured in watt per square meter per Hertz
(Elachi and van Zyl [2006]). By definition, the light reflected by the observed source area
is detected in the form of a steradian. The steradian is defined as the solid angle (Fig. 3.2)
measured from the centre of a virtual sphere (targeted point) with the radiant r towards the
edges of the virtual area r2 located on the virtual surface of the sphere. The degree of radiant
flux transmitted from the steredian is designated as spectral radiance (Lλ) measured in W/m2–
sr–µm. As a direct descendant of the approached solar luminous source, the intensity of L

depends on the luminous flux of the sun and thus, delivers intensities at best on its highest level
at noon time. In comparison, transmittance and reflectance are defined as relative terms lacking
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Figure 3.2: The concept of radiance bases on the position of the source area (target) and the
resulting solid angle of the flux (modified after Elachi and van Zyl [2006])

any units. Transmittance (T) comprises the fraction of electromagnetic radiation which passes
through a specific material with respect to different wavelength. As opposed to this transmit-
tant process, reflectance (ρ) refers to the portion of incident light reverted from a steradian. The
concept of reflectance is most important in the subject of hyperspectral imaging in which the
reflectance intensity observed at different wavelengths provides the base for the constitution
of spectral reflectance curves unique for every mineral. Besides the fundamental concepts of
irradiance, spectral radiance, transmittance and reflectance, the understanding of the process
of hyperspectral imaging causing and impacting the incident electromagnetic wave detected by
the hyperspectral camera demands a closer look. Electromagnetic radiation results from the
conversion of various forms of energy such as kinetic, chemical, thermal, electrical, magnetic
or nuclear energy. Waves present in the infrared and visible interval of the electromagnetic
spectrum are mainly induced by “molecular excitation (vibrational or orbital) followed by de-
cay” (Elachi and van Zyl [2006]) and thus, the emitted frequency is dependent on the energetic
divergence level in the molecule. The detection of the electromagnetic radiation emitted from
the targeted molecules is achieved by a detector sensible to the density of the radiant flux or,
in other words, the irradiance. The detection itself exploits the technique of transforming the
electromagnetic energy into a different state of energy such as e.g., an electric current. The
interaction of the incident electromagnetic wave with the target is mainly influenced by the
wave frequency (photon energy) and the energetic characteristics of the target. In the majority
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of the cases, the wave frequency is stated in hyperspectral images in the form of the associated
wavelength. The infrared frequency interval partly relevant to this study ranges from 100 to 1
THz or converted from 3 nm to 0.3 mm (Fig. 3.3).

Figure 3.3: In this study a narrow part of the near infrared interval (100 THz or 3 nm to 1THz
or or 3 mm - blue box) was used (modified after Elachi and van Zyl [2006])

The energy level of the target (molecule) compiles the energy of the stationary state, plus a
rotational and a vibrational energetic component. The exact arrangement of these energetic
components is directly associated with the molecular structure of the target or in other words,
with the crystalline structure of the mineral. As a result of the interaction with the incident
light, electrons and molecules start to rotate, vibrate or can be displaced which causes energy
exchange reactions. These reactions are of crucial importance in the visible and near infrared
region of the electromagnetic spectrum and used to determine the targeted mineral. The narrow
arrangement of atoms in the crystal lattice results in numerous energy transfer phenomena such
as "molecular vibration, ionic vibration, crystal field effects, charge transfer, and electronic
conduction" (Elachi and van Zyl [2006]). Subsequent to the interaction of the electromagnetic
waves with the targeted mineral, the waves experience scattering while travelling through the
atmosphere (Fig. 3.4). The scattering links to molecules such as N2 (Rayleigh scattering) as
well as aerosols or dust (Mia Scattering) present in e.g., clouds and is defined as down scatter-
ing of reflected skylight. During cloudy or hazy weather conditions this process is particularly
regarded to be of relevance for the interpretation of the electromagnetic wave detected by the
sensor. Cloudless days and a very low amount of dust diminish this down scattering process and
result in the spectral irriadiance being similar to the radiation reflected from the surface (un-
scattered). In addition, light approaching the sensor compiles another type of radiation which
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is not interacting with the target and thus, lacks valuable information. Field studies conducted
under atmospheric conditions require the correction of this so called path-radiance component
which arises as a result of random scattering in the atmosphere. Relying on the same physical
concepts valid for reflected radiation, emitted electromagnetic waves are similarly effected by
random path emission or down emission and can also be emitted from a surface without any
scattering. As a consequence of the presence of these scattering effects the processing of hyper-
spectral images definitively requires atmospheric corrections and calibration of the camera prior
to the image interpretation. In addition, water vapour (H2O), carbon dioxide (CO2) and oxygen
(O2) act as atmosphere absorption constituents (Schowengerdt [2007], van der Meer [2004])
and cause two major absorption zones in the near infrared region. Those are located between
2.5-3 µm and 5-8 µm (Ready and Wintz, 1973), 1.9, 1.4, 1.12, 0.95 and 0.76 µm. These strong
absorption bands are spectrally present in all non-lab based remote sensing studies.
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Figure 3.4: Three potential scenarios can affect the electromagnetic wave while travelling
through the atmosphere. First, subsequent to the reflection of the wave at the sur-
face of the target no scattering occurs. Second, subsequent to the reflection the
wave is scattered in the atmosphere and third, the wave lacks interaction with the
target but is scattered in the atmosphere. Similar processes are applicable to the
emission of an electromagnetic wave (modified after Schowengerdt [2007])
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Fundamental spectral characteristics of carbonate phases

Vibrational modes

In carbonate molecules, there are four fundamental tones determined by the planar CO3 ion (ν1

to ν4) (Table 3.3). Further transitional states are characterised by vibrational quantum numbers
of 2 (or higher) and referred to as overtones (or higher order over tones) with corresponding
frequencies of 2ν1 to 2ν4. (x · ν1 to 4). Combinations of fundamental tones and over tones are
called combination tones present in 5 different areas of the near infrared region for carbonates.
These different types of modes cause and define position and intensity of absorption bands
present in the spectra of minerals and are applied to distinguish carbonate mineral phases.

Table 3.3: Characteristics of four vibrational modes of carbonates (after Clark et al. [1990])

Calcite, aragonite and dolomite spectra characteristics

The analysis of calcite and dolomite spectra has been object of study since decades. Labora-
tory approaches revealed remarkable offsets in the position of peaks among different carbonate
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minerals (Baissa et al. [2011]). In general, three major and two minor absorption bands were
recognised in the spectra which refer to CO3 (Huang and Kerr [1960], van der Meer [2004])
(Table 3.4). Variations in the fundamental crystal structure cause three to five major absorption
bands and three minor bands for aragonite (Huang and Kerr [1960]). The spectra of dolomite
reveals a strong absorption band at 2320 nm (Clark et al. [1990], Crowley and Hook [1996],
Gaffey [1986], Hunt [1977]) and two weaker bands at 1850 and 1970 nm (Baissa et al. [2011]).
Marly units in carbonates are characterised by an absorption feature at 2200 nm (Baissa et al.
[2011]). However, apart from the compositional information derived from hyper spectral im-
ages research was pursued to derive quantitative information such as carbonate ratios from
spectral reflectance data. For example,Hunt and Turner [1953] and Adler and Kerr [1962]
found that the reflectance spectra allows conclusions regarding the calcite ratios. Furthermore,
Mustard [1992] evaluated definite Fe/Mg ratios in carbonates which is e.g., of relevance for the
discrimination of ferroan dolomite and calcite phases.

Variations in the peak position

Variations in the position of peaks can be related to different parameters. Several studies sug-
gested the characteristics of metal ions such as the valencies of the cation and anion, the coor-
dination number of the cation, the degree of covalence of the bond, the interatomic distances
between cation and anion, the mass of the cation and the site symmetry (Gaffey [1987]) to
be of crucial importance (Burns [1993], Hunt [1977], van der Meer [2004]). Based on sim-
ilar differences of electronegativities as well as similar enthalpies of the formation of bonds
the covalence of the bond can be regarded as negligible because they are similar for carbonate
minerals. Furthermore, the relative distance between carbon and oxygen can affect the peak
position (Gaffey [1987]). In detail, an increase in the bond length should shift peaks to longer
wavelength (Gaffey [1987]). However, X-ray diffraction studies have proven the distance to be
identical in carbonate minerals (Effenberger et al. [1981]). Displacement of absorption bands
could further be associated to vibrations of the carbonate radical linked to Ca, Pb and Mg
cations (Gaffey [1987]). Hence, the electronic structure as well as the mass of the cation de-
termine the relative position of bands as suggested by Adler and Kerr (1963). In comparison,
the position of peaks in the aragonite group is more impacted by the mass of the cation and the
electronegativity, whereas both factors are less relevant for the calcite group (Gaffey [1987]).

Substituted iron

Among all other possible cations (van der Meer [2004]), iron and copper have the most signif-
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Table 3.4: Major absorption peaks published in literature for calcite, dolomite and other car-
bonate minerals.
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icant impact on the position of peaks in the spectra of carbonate minerals in the near infrared
region. Divalent, undistorted Fe2+ will cause an absorption band around 1000 nm (Ballhausen
[1962], Burns [1993]). In case of non symmetric octahedral sites more bands will be present
(Burns [1993]). Furthermore, the presence of Fe 3+ iron in an octahedral site results in 3 addi-
tional absorption features located at 1000 nm (Morris et al. [1985]). Shape, number, position,
intensity and width of Fe2+ bands refer to the type, position and symmetry of ligands surround-
ing the iron (Burns [1993]). In the case of calcite, size and symmetry of the octahedral site
determine the characteristics of Fe2+ bands (Gaffey [1987]). Furthermore, the relative ratio
between magnesium and iron impacts the position of absorption around 1000 and 2000 nm
(Adams [1975], Cloutis et al. [1986], van der Meer [2004]). Weathering of carbonate miner-
als commonly results in an increased strength of Fe3+ features (Gaffey [1987]). Furthermore,
increased proportions of water cause masking of bands in the 1900 nm region (Gaffey [1987]).

Treatment of hyperspectral data sets

Several methods have been developed over time to derive compositional information from the
characteristic spectra of pixels in hyperspectral images. The majority focusses on the detection
of specific absorption bands and evaluates their depth (van der Meer [2004]). In this study
we implemented a principle component analysis (PCA), an independent component analysis
(IC) and a minimum noise fractionation (MNF) to obtain compositional information from the
studied carbonate rocks.

Principle component analysis - PCA

The principal component analysis (PCA) is a widely applied tool to modify the hyperspectral
data set and to reduce the size of the image (Mitternicht and Zinck [2003], Zhao and MacIean
[2000]). Implementing a PCA serves the visual and numerical identification of band correla-
tions (Schowengerdt [2007]). Band correlations are theoretically linked to topographic effects,
sensor band overlap or material spectral correlations (Schowengerdt [2007]) and appear as lin-
ear correlations between endmembers characterized by spectral redundancy. The general aim
of the PCA is to detect bands lacking any spectral redundancy (Ready and Wintz [1973]) in
order to increase the efficiency of the subsequent image processing and to define spectral end-
members.
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Figure 3.5: Rotation of the coordinate system as one step of the PCA in order to improve the
visibility of important phases in the image (modified after Prasad et al. [2011]).

For all images incorporated in this thesis the software ENVI was used to compute a PCA which
can be mathematically expressed as a linear transformation of a multivariate dataset into a new
coordinate system (Fig. 3.5). The multivariate data set comprises multiple variables such as dif-
ferent wavelength and the reflection intensity. In order to compute a PCA of the hyperspectral
image, the multivariate data set is used to calculate a covariance matrix with band variances
in diagonal matrix direction and band covariances in off-diagonal direction (sensu Richards
[1993]). As a second step, eigenvectors are derived from the covariance matrix followed by the
subtraction of the mean from the original image input data set. Subtracting the mean allows
an origin shift in the coordinate system resulting in the mean spectrum located at zero in every
band. As a last step, the mean corrected data set is rotated or in other words the image data
"are projected onto the transpose of the eigenvector matrix". In a two dimensional projection
one array comprises image data stored in columns and another array contains information on
eigenvectors saved in columns (Solutions [2000]).

Independent component analysis - IC

Compared to the PCA, the IC displays also insignificant quantities of spectrally important pix-
els which would be superimposed by noise in the PCA. In addition the IC is a useful tool
to reduce the dimensions of the hyperspectral image and to extract its characteristics, to sep-
arate interesting features and to reduce noise (Solutions [2015]). With respect to the basic
mathematical concept the IC applies a non-Gaussian calculation linked to higher order statis-
tics and thus, is independent of a covariance matrix. The application of higher order statistics
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aims to incorporate stronger statistical assumptions to the calculation process and to detect a
larger amount of potentially interesting features in the image. The first step in generating an
IC data set comprises the centering and whitening of all incorporated bands by considering the
mean, eigenvectors and eigenvalues. Similar to the PCA, the dimensionality of the IC dataset
is reduced to 20 bands in this study during the whitening process. Subsequently, the IC trans-
form matrix is calculated derived from a negentropy maximisation of the whitened sample data
(Hyvärinen and Oja [2000]). The comparison of PCA and IC results revealed often a better
detection of small quantities of pixels associated with late diagenetic dolomite in this study.

Minimum noise fractionation - MNF

The minimum noise fractionation determines the degree of noise in the bands and de-correlates
spectral bands (Green et al. [1988]). In detail, MNF relies on a linear transformation based
on two consecutively performed PCAs. The first step is defined as noise whitening and deter-
mines the noise of the covariance matrix in order to diminish the correlation between noise and
valuable spectral data. The second step involves the rotation of the data produced during the
first step by considering the noise standard deviation (Kurz et al. [2012]). The mathematical
concept of the MNF is implemented in the software ENVI and was applied with good success
to achieve better results during the decision tree classification step.

Technical details of the procedure applied in this study

A Pushbroom scanner system from Norsk Elektro Optikk AS (NEO) was used to capture cliff
faces in the near infrared spectrum during March and April 2014. The scanner (Fig. 3.6) com-
piled spectral information along an array of linearly aligned detector elements which scanned
a field of view (Schowengerdt [2007]) of 16 degrees (Fig. 3.6). Pixel information in this field
of view refers to the continuous spectrum, which is indicative and unique for every mineral
phase. The high resolution of the camera system of 5.45 nm (288 bands in total) allowed the
visualisation of small-scale changes in the continuous spectrum (wavelength 930 to 2500nm)
of present lithologies. The built in MCT sensor (mercury cadmium telluride photoconductive
detector) compiled spectral information with a maximum frame rate of 450 frames per second
(fps) with a bit resolution of 16bit. The built in deep cooling system ensures that the impact of
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Figure 3.6: Set up of the hyperspectral camera in the field.

varying temperatures on the sensor during the day (based on the equation):

Eg = (1.59x − 0.25) + (5.23 · 10−4T · (1 − 2.08x)) + 0.327x3 (3.4)

x = composition ratio of Hg, Cd and Te; T = absolute temperature

can be regarded as negligible. Pre-processing of raw image files was conducted by Mapping
Solutions Ltd. and focused on the calibration of the HySpex - SWIR 320 nm (short wave in-
frared) system and atmospheric and solar irradiance curve corrections. The first step of the
main image processing method conducted in this study involves the elimination of pixels lack-
ing data values (NaN [not a number]) or infinite pixels in the reflectance and radiance image of
every outcrop (Fig. 3.7). Due to the atmospheric impact on the amount of infinite pixels linked
to the presence of clouds and the daytime of image capturing variable bands were erased from
the hyperspectral images. In most images the bands 35, 37, 74-95, 158-187, 195, 245, 265
and 274-288 were eliminated and were no longer taken into consideration during further image
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processing (the exact band details of each hyperspectral image are given in appendix 10.2).
However, some images allowed more bands to remain incorporated in the hyperspectral image.
All spectra presented in this study were smoothed with a Savitzky-Golay filter. As a second
step, a principal component analysis (PCA), an independent component analysis (ICA) and a
minimum noise fractionation (MNF) analyses were conducted on all reflectance and radiance
images (Fig. 3.7). The determination of noisy bands provide the basis for numerical methods
to identify bands lacking spectral overlaps. Further numerical processing focussed only on 20
bands of PCA, ICA and MNF containing valuable information. Subsequently, a numerical sep-
aration of visually defined regions of interest was applied based on band math’s calculations.
Numerical operations were always conducted by considering the maximum and minimum de-
viation of the absolute reflectance and radiance value in every band derived from the absolute
difference of pixels in the region of interest. As a final step, all band math calculations were
executed in a decision tree in order to obtain a reliable well-defined distribution of lithologies
present in all images incorporated in this study (Fig. 3.7). The decision tree procedure as a su-

Figure 3.7: Summary of the different steps of the processing procedure of hyperspectral images
captured in the Central Oman Mountains.
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pervised principle of classification (active definition of certain endmembers) was preferred to
unsupervised types of classification such as K means or iterative self- organising data methods
during image processing. Numerous series of trial classifications conducted with unsupervised
methods revealed significant misclassifications of endmembers, not fully applicable to the dis-
tribution of lithologies observed in the field. In comparison with field panoramas and outcrop
analysis, the application of supervised classifications gave reasonable results of the distribution
of limestone and dolomite phases.
In order to obtain length and thickness information of dolomite bodies determined in hyper-
spectral images, Google Earth was applied.

Figure 3.8: Overview of the working procedure of calculating length and thickness of DT2
dolomite bodies determined in hyperspectral images.
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Prominent points such as cliff edges, base points of fractures or trees present in the studied
hyperspectral images were used to measure the distance between those points in Google Earth.
Based on the distance measurements the scale of the images was calculated (Fig. 3.8). The cal-
culated scale was used to calculate the length and thickness of dolomite bodies in hyperspectral
images. The distortion present in all images was not considered in the length and thickness
calculations.



4 Geological features that control the shape and
internal fabrics of late diagenetic dolomite bodies

4.1 Introduction and previous work

The nature of controls on the distribution and characteristics of burial (Mattes and Mountjoy
[1980], Morrow [1982]) and hydrothermal dolomite bodies (Barale et al. [2013], Braithwaite
and Rizzi [1997], Mattes and Mountjoy [1980], Nader et al. [2006],Wendte et al. [2009]) has re-
ceived considerable attention in research during recent decades. This relates to the fact that nu-
merous North American, Middle and Far Eastern hydrocarbon reservoirs are impacted by burial
or hydrothermal dolomitisation (Al-Aasm [2003], Duggan et al. [2001], Green and Moun-
tjoy [2005], Haeri-Ardakani et al. [2013], Wierzbicki et al. [2006]). Burial or hydrothermal
dolomite bodies in general show various geometries (Cantrell et al. [2004], Davies and Smith
[2006], Gilat et al. [1978], Iannace et al. [2011], Lapponi et al. [2011], citeRN184), sizes and
internal fabrics (Sharp et al. [2010]). The presence of dolomite bodies is controlled by dolomi-
tising fluids and thus, the interplay of fluids and available fluid pathways is often investigated.
In particular, dolomitisation along fractures is interpreted to have formed numerous dolomite
bodies (Barale et al. [2013], Davies and Smith [2006], Haeri-Ardakani et al. [2013], Lavoie
and Morin [2004], López-Horgue et al. [2010], Reinhold [1998], Shah et al. [2012], Sharp
et al. [2010], Vandeginste et al. [2014 under review], Vandeginste et al. [2013], Wierzbicki
et al. [2006]). However, the importance of other structures such as stylolites (Gasparrini et al.
[2006], Green and Mountjoy [2005], Nader et al. [2006], Nader et al. [2008], Wierzbicki et al.
[2006]), primary depositional features e.g., burrows, bedding planes (Nader et al. [2012]) or
major unconformities to act as migration pathways for dolomitising fluids in burial settings is
often mentioned but has not been studied in detail yet. The spectacular outcrop exposures in
the Lower Permian of the Central Oman Mountains allow the detailed examination of dolomite
body characteristics and simultaneously constitute a surface analogue for the subsurface Lower
Khuff reservoir Formation (Coy [1997], Koehrer et al. [2010], Lee [1990]). The first investiga-
tions of late diagenetic dolomite structures in the Central Oman Mountains are reported in an
unpublished PhD thesis (Coy [1997]), where tabular and fault controlled dolomite bodies and
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their geographic location are presented. This chapter aims to provide a more detailed view on
late diagenetic bodies, particularly with regard to geometries and petrographic characteristics
of the dolomite bodies. The fact that dolomite bodies form porosity and permeability hetero-
geneities in carbonate reservoirs (Katz et al. [2006], Lapponi et al. [2011]) is related to the dia-
genetic fabrics present. Diagenetic fabrics are represented by e.g., breccias, vuggy fabrics and
zebra dolomites (Davies and Smith [2006], Gasparrini et al. [2006], Gasparrini et al. [2006a])
and a better understanding of the distribution of diagenetic fabrics could help to predict highly
permeable zones. Sharp et al. [2010] evaluated the spatial distribution of diagenetic fabrics
in dolomite bodies in Iran in order to assess fluid pathways in a more systematic way and to
define their impact on the formation of dolomite bodies. Previous studies in the Central Oman
Mountains by Coy [1997] and Vandeginste et al. [2014] did not focus on the diagenetic fabrics
and thus, this study aims to provide these data on the characteristics, distribution and shapes
of vugs, breccias and zebra structures. Furthermore, this study aims to present more struc-
tures such as unconformities assumed to be of relevance for the distribution of late diagenetic
dolomite bodies as previously presented by Vandeginste et al. [2014] and Coy [1997]. In order
to address these questions, field mapping and petrography were carried out in 15 outcrops. The
collection of data in the Lower Permian aimed [1] to understand the formation, recrystallisation
and replacement characteristics of the different types of dolomite, [2] to provide an overview
of the stratigraphic and lateral occurrence of late diagenetic dolomite bodies, [3] to evaluate the
dolomite body geometries, [4] to examine the importance of structural/ sedimentary elements
on the geometry and [5] to establish a model of the arrangement of diagenetic fabrics in the
dolomite bodies.
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4.2 Geographic areas relevant in this chapter

Figure 4.1: Position of all fifteen outcrops studied in this chapter. The main focus is on Wadi
Mistal and Wadi Sahtan but the outcrop Wadi Hedek was included as well in order
to have a wide lateral spread of outcrops.
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Fifteen outcrops located in Wadi Sahtan, Wadi Mistal and Wadi Hedek were studied (Fig. 4.1).
Wadi Hedek was included in order to have a laterally extensive data set covering most of the
Central Oman Mountains.

4.3 Results

Dolomite bodies show a great variability of dolomite phases in the study area locally char-
acterised by altered fabrics. The geometry, stratigraphic position, and different petrographic
characteristics provide the basis for the discrimination of different types of dolomite. The clas-
sification of different types of dolomite incorporates only non altered dolomite defined as early
diagenetic dolomite (ED) and late diagenetic dolomite (DT 2) (Table 4.1).

Types of dolomite bod-
ies in the Central Oman
Mountains

Early diagenetic dolomite (ED)
Coy [1997]

Type 3 dolomite (DT3) Van-
deginste et al. [2014]

Timing of dolomitisa-
tion

Early diagenetic Permian to Tri-
assic times

Late diagenetic
Santonian times

Host rock Permian to Triassic units Permian and Jurassic units

Dimensions Hundreds of meter thick
dolomite succession

up to several meters

Dominant structural el-
ements

Bedding planes Fractures

Petrographic phases D1 D1 and D2
Vandeginste and John [2012]
and Vandeginste et al. [2013]

Table 4.1: The three different types of dolomite observed in Roadian to Capitanian beds in the
Central Oman Mountains. The nomenclature and description of Type 3 dolomite
(DT 3) refer to Vandeginste et al. [2014]. Petrographic dolomite phases observed
within DT 3 dolomite bodies were defined as D1 and D2 in Vandeginste and John
[2012] and Vandeginste et al. [2013].
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4.3.1 Early diagenetic dolomite (ED)

The early diagenetic dolomite (ED) is vertically continuous over hundreds of meters and later-
ally over several kilometres showing a massive appearance. In most outcrops the basal portion
of ED dolomite is rimmed or cross cut by late diagenetic DT 2 dolomite. Contact zones between
ED dolomite and limestone show irregular to wavy shapes that cross cut various stratigraphic
intervals.

Figure 4.2: A. Partially stratabound base of early diagenetic dolomite (black triangle) rimmed
by limestone (green triangle). The black arrow indicates a non-stratabound section
of the base of the D1 dolomite. B. The fine crystalline fabric and the well-preserved
fossils are typical for early diagenetic ED dolomite. C. The picture shows the sharp
contact between limestone and DT 2 dolomite whereas the contact between early
and late dolomite tends to be dominantly transitional in nature. D. Transition zones
between early diagenetic ED dolomite and DT 2 dolomite are of a transitional na-
ture in outcrops but appear to be dominantly sharp in thin sections. The black tri-
angle indicates early diagenetic ED dolomite showing a fine crystalline fabric. The
white triangles point to late diagenetic DT 2 dolomites characterised by a coarse
crystalline fabric.
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ED dolomite is characterised by brownish weathering colours (Fig. 4.2A and 4.2C) and primary
depositional fabrics and components such as shell debris, crinoids or fusulinid foraminifera
are still recognisable (Fig. 4.2B). The crystal size ranges from 10 to 30 µm and crystal tex-
tures yield subhedral planar-s dolomite rhombs and a finely crystalline matrix (Fig. 4.2D). ED
dolomite patches are often preserved along stylolites (Fig. 4.2A, B black triangle) or as frac-
tured clasts (Fig. 4.2C black triangle) enclosed by coarse crystalline DT 2 dolomite. Contact
zones between ED and DT 2 dolomite can be of transitional nature (Fig. 4.5 orange arrows)
or appear sharp (Fig. 4.2A orange arrows). Patches of ED dolomite present in DT 2 dolomite
occur up to 10 m below the contact zone DT 2 to ED dolomite.

4.3.2 Late diagenetic dolomite (DT2)

Compared to early diagenetic dolomite, the DT 2 dolomite is volumetrically less extensive and
characterised by reddish to red-brown weathering colours. The maximum lateral extension
observed in the 15 analysed outcrops amounts to 1 km while the maximum vertical thickness
of DT 2 dolomite bodies is several tens of meters.

Distribution of DT2 dolomite bodies

Late diagenetic DT 2 dolomite bodies show a wide lateral and vertical extension in Wadi Sahtan
and Wadi Mistal (Fig. 4.3) and are present in Wadi Bani Kharuz and Wadi Hedek to a minor
extent. In Wadi Sahtan, DT 2 dolomite was observed across all stratigraphic units ranging from
basal Roadian to lower Capitanian beds. The thicknesses of dolomite bodies in Wadi Sahtan
(westwards of Jebel Dhawi) can be up to 130 m but average 70 m, and show a decreasing
thickness trend from the western part of the wadi towards its central area. In comparison,
dolomite bodies in the Wadi Mistal area range from a few meters to roughly 40 m, lacking a
thickness trend. Dolomite bodies are present in Roadian beds below the maximum flooding
surface (defined by Bendias et al. [2013]) and above the maximum flooding surface in Wordian
and presumably also Capitanian beds (Fig. 4.3).
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Figure 4.3: Geographic distribution of DT 2 dolomite bodies in the Central Oman Mountains
with main focus on the vertical distribution of late diagenetic dolomite bodies
within the stratigraphic succession. The detailed shape of dolomite bodies is not
represented in this sketch. The geological map shows the Precambrian-Permian
unconformity differentiated in blue parts illustrating areas where dolomite bodies
are lacking and red parts indicating the presence of DT 2 dolomite bodies. The
Precambrian-Permian unconformity is also exposed in Wadi Hedek but accord-
ing to the main focus on the western and central Jebel Akhdar Wadi Hedek is not
shown. The distribution of basement highs and lows is taken from Bendias et al.
[2013]. Late diagenetic dolomite is most common in Wadi Sahtan occurring in all
stratigraphic intervals from Roadian to lower Capitanian beds. Towards the east
of Wadi Sahtan dolomite bodies show a tendency to occur in younger stratigraphic
levels. Two distinct zones showing DT 2 dolomite bodies are present in Wadi
Mistal.
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Internal morphometrics of DT2 dolomite bodies

Late diagenetic DT 2 dolomite bodies reveal mainly bedding parallel and bedding perpendic-
ular to sub- perpendicular elements (Fig. 4.4). Bedding parallel elements deviate only by a
few decimetres from a specific bedding plane, cutting it at low angle and are continuous over
several tens of meters. Bedding parallel DT 2 dolomite to limestone or DT 2 dolomite to ED
dolomite contacts form the dominant geometric element in peripheral areas of dolomite bodies.
Central areas of dolomite bodies are morphometrically dominated by bedding perpendicular
dolomitisation (Fig. 4.4) related to fractures or to a minor extent to subvertical stylolite su-
tures. As a common geometric feature bedding perpendicular elements connect upsection with
bedding parallel elements resulting in christmas tree and mushroom structures.

Figure 4.4: Picture A shows a DT 2 dolomite body exposed in Wadi Sahtan characterised by a
typical christmas tree structure. The picture is slightly tilted in horizontal direction.
The digitalised sketch of picture A displays the distribution of DT 2 dolomite in
red and limestone in grey (picture B). The internal "stem" of the christmas tree
is defined as a bedding perpendicular to sub-perpendicular element of the body
whereas the “crown” consists of bedding parallel elements.
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Petrographic characteristics

Three dolomite phases (D1, D2 and D3) were distinguished in DT 2 dolomite bodies based
on the crystal habitus and occurrence. Defined phases are exclusively representative for DT 2
dolomite bodies and are different from D1 and D2 phases defined for ED and DT 3 dolomite
(Vandeginste et al. [2014] - ) (4.1). D1 dolomite represents the most abundant form of matrix
replasive dolomite. The medium to fine crystalline dolomite (sensu Flügel [2010]) (15 to 140
µm) reveals a planar-s dolomite fabric and tightly packed inequigranular idiotopic to hypid-
iotopic crystals (4.5A and B white triangles). The D1 dolomite phase is often aligned with
stylolites (Fig. 4.5A, B red arrows). Intercrystalline boundaries appear weak under normal
light and mosaic extinction is restricted to subhedral dolomite crystals. D1 dolomite rhombs
show a deep-red orange dull luminescence under the cathodoluminescence microscope. Thin
straight cleavage planes - oriented dominantly in one direction - are present in about 20% of
the crystals. D2 dolomite refers to coarse crystalline dolomite rhombs present in fractures and
along stylolite sutures (Fig. 4.5A, C purple triangles). Rarely, patchy clusters of D2 dolomite
were observed in the D1 matrix. D1 and D2 dolomite phases cross cut and replace D1 dolomite
phases of ED dolomite (Fig. 4.5B orange arrows). D3 dolomite represents accumulations of
saddle dolomite observed in voids and fractures. The coarse to medium crystalline rhombs have
crystal sizes of up to 700 µm, sweeping extinction and saddle shapes. Slightly dull-brown to
deep orange dull luminescence under cold cathodoluminescence was recognised in all samples.
Silicified D2 and D3 dolomite rhombs are locally restricted to the outcrop Wadi Mistal-W-08-a.
Fracture infillings of coarse crystalline calcite spars were observed in association with coarse
crystalline dolomite rhombs. The calcite cement shows bright yellow luminescent colours and
a zonation. Palisade quartz cements represent a second type of fracture infillings often cross
cut by stylolites.
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Figure 4.5: Picture A, B and C were taken under parallel nichols whereas the picture D was cap-
tured under cross polarised light. The white triangle represents medium to coarse
crystalline dolomite phase D1. Coarse crystalline dolomite (phase D2) is indicated
by a purple triangle and ED dolomite by a black triangle. A. The dark phase in the
centre of the image represents ED dolomite (black triangle). ED dolomite reveals
a sharp base rimmed by a stylolite suture (red arrows) and a sharp contact to DT 2
phase D1 dolomite (yellow arrows) at the top. The transition to coarse crystalline
DT 2 phase D2 dolomite (purple triangle) is locally of transitional nature. B. ED
dolomite (black triangle) is mainly preserved along columnar to irregular stylo-
lite sutures and shows locally transitional contact zones to DT 2 phase 1 dolomite
(orange arrows). DT 2 phase D1 dolomite (white triangle) reveals often different
crystal sizes on both sides of stylolites (red arrows). C. ED dolomite is preserved as
clasts of highly fractured nature (black triangle). The clasts are enclosed or rimmed
by coarse crystalline DT 2 phase 2 and 3 dolomite (purple triangle). D. Crackled
coarse crystalline D2 dolomite fabric of the outcrop WMfz.
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Alteration characteristics of DT2 dolomite

Altered fabrics within DT 2 dolomite bodies were recognised along fractures, stylolites, bed-
to-bed contacts and the Precambrian-Permian unconformity. Alteration zones can be volumet-
rically insignificant (mm wide) to highly significant forming meter-wide brownish to purple
zones (see different degrees of alteration in Fig. 4.6A and 4.6B). The widest alteration zone
(10x50 m) was observed on Jebel Dhawi along the Precambrian-Permian unconformity.

Figure 4.6: The pictures A to D show different degrees of altered DT 2 dolomite associated
with goethite and manganese. Blue triangles mark altered DT 2 dolomite whereas
black triangles point to non-altered DT 2 dolomite. White triangles represent cal-
cified D2 dolomite. A. DT 2 dolomite hand sample with thin zones of altered D2
dolomite in vugs. B. Partly altered DT 2 dolomite showing a narrow network of
calcite fractures associated with goethite. C. Specularite needles (blue arrow) are
associated with calcitised D2 dolomite (white triangle) and hematite (red arrow)
(picture taken under crossed polarised light). Specularite is locally restricted to
Jebel Dhawi. D. Coarse crystalline D2 dolomite crystals (white triangle) are partly
calcitised (indicated by the blue triangles) and associated with goethite patches.
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Altered dolomite phases are associated with hematite, silvery specularite (Fig. 4.6C) as well as
dense crusts of manganese and goethite (Fig. 4.6D). Goethite and manganese crusts are present
as [1] layers parallel to dolomite rhomb crystal edges, [2] irregular to cloudy patches within
dolomite rhombs and [3] as crusts covering dolomite rhombs.

4.3.3 Variety of fabrics and structures in relation to DT2 dolomite bodies

Structures associated with dolomite bodies and length of contact zones

The length of contact zones between the base of DT 2 dolomite bodies and the Precambrian-
Permian unconformity ranges within tens to hundreds of meters (Fig. 4.7). However, these
contacts are rarely observed, due to scree coverage. No diagenetic fabrics such as vugs, zebra
structures or breccias along the unconformity were recognised in basal parts of DT 2 dolomite
bodies. The contact between ED and DT 2 dolomite is characterised by a transitional contact
zone revealing a highly irregular shape. The contact length extends to up to hundreds of meters
but is limited to tens of meters in most cases (Fig. 4.7). Furthermore, a tens of meter long
megabreccia body is present in Wadi Sahtan extending tens of meters above the Zoophycus

horizon. DT 2 dolomite was observed as part of the matrix and rarely also in clasts. The
extension of the breccia fabric limits the distribution of DT2 dolomite resulting in tens of meter
long contact zones between dolomitic breccia matrix and unbrecciated limestone. In rare cases,
fingers of dolomite are laterally extending away from the vertical edge of the megabreccia into
the surrounding host rock on both sides of the breccia structure (Fig. 4.7). Bedding planes
or bed-to-bed contacts show a wide range of contact lengths, between a few centimetres to
several meters. Bedding parallel peripheries of dolomite bodies can be found on all sides of
DT 2 dolomite bodies (Fig. 4.7) and were present in each outcrop. This type of contact is
notably common in peripheral areas of mushroom and christmas tree structures, as well as in
large scale brecciated dolomite bodies. Fracture planes related to DT 2 dolomite bodies show
contact lengths between a decimetre to tens of meters (Fig. 4.7). Here, the term “fracture”
refers to a discontinuity in the rock fabric and includes joint and fault planes which are related
to dolomite bodies. Fracture planes are either rimming dolomite bodies dominantly developed
along the hanging wall side or occur in the centre of christmas tree structures.
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Figure 4.7: The sketches on the left side show the simplified contact zone between DT 2
dolomite and structural elements (fracture planes, stylolites), primary depositional
elements (Precambrian-Permian unconformity, bedding planes and megabreccias)
and secondary diagenetic features (base level of ED dolomite). The pictures on the
right side illustrate the appearance in the field. Across the Central Oman Mountains
the length of contact zones between late diagenetic dolomite bodies and rimming
structures were measured in order to classify their importance. Longest contact
zones refer to ED dolomite and the Precambrian-Permian unconformity. Reduced
in length but more common are fracture related contacts as well as bed-to-bed con-
tacts. Stylolites rimming dolomite bodies form generally the shortest contact zones.



74
CHAPTER 4. GEOLOGICAL FEATURES THAT CONTROL THE SHAPE AND

INTERNAL FABRICS OF LATE DIAGENETIC DOLOMITE BODIES

Contact zones along stylolites range from centimetre to meter in length and 10 cm in thickness
(Fig. 4.7). Dolomitised halos were often observed along stylolites connecting upwards with
bedding planes or other bedding-parallel stylolite sutures (Fig. 4.8). A clear link between sty-
lolites and specific lithologies as reported for the subsurface Khuff Formation (Hassan [2007])
was not obvious in the outcrops studied.

Figure 4.8: The sketch on the left side illustrates a common case of up-splitting stylolites. As an
example an outcrop situation is shown. Aligned with the stylolite suture a narrow
dolomitised zone is visible showing a thickness of 4 cm.

Diagenetic fabrics associated with dolomite bodies

Diagenetic fabrics within DT 2 dolomite bodies can be grouped into vug related (VR) and
breccia related (BR) fabrics. Both types of fabrics are associated with fractures, although VR
fabrics were also recognised along bedding planes. VR fabrics comprise three different dia-
genetic patterns. The first pattern is characterised by irregular, up to 25 cm wide vugs and
irregular veins (Fig. 4.9A and B). The infilling of vugs includes white transparent to coarse
grey dolomite or saddle dolomite observed at the rim of the vug structure as well as calcite in
the centre. The second pattern is characterised by bedding-parallel elongated vugs reduced in
size of up to 4 cm in thickness and 10 cm in length as well as narrow veins (Fig. 4.9C).



4.3. RESULTS 75

Figure 4.9: The pictures A to D display the three diagenetic VR patterns observed along frac-
tures and bedding planes. The sketches in the right upper corner refer to the model
displayed in Figure 13. A The first pattern is characterised by up to 25 cm wide
vugs and veins showing irregular shapes. B The infilling of the first pattern ranges
from e.g., coarse dolomite at the edges of vugs (brownish phase) and calcite in
the centre (whitish phase in the centre). C The second type of patterns includes
bedding parallel elongated vugs and veins with diameters of up to 4 cm. D Zebra
fabrics show alternating layers of coarse whitish saddle dolomite and fine grained
grey dolomite. E Breccia fabrics yield crackle to mosaic breccia fabrics close to
the associated bedding plane. The occurrence of bedding parallel veins increases
with increasing distance to the bedding plane.
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The infilling is similar to the first pattern. Large-scale VR fabrics were dominantly observed
in the centre of dolomite bodies, whereas at the edges either the vug diameter is strongly de-
creased or vugs are absent. The third pattern displays zebra fabrics mainly accumulated in
certain beds, although a direct relationship between lithology and accumulated zebra structures
was not recognised. Zebra structures show layered coarse whitish to creamy saddle dolomite
and fine-grained grey dolomite (Fig. 4.9D). The amount of layers within individual zebra tex-
tures is highly variable ranging from 2 cm to more than 20 cm, whereas the thickness of the
single layers does not exceed 3 cm. In total, the width of all three diagenetic patterns of VR fab-
rics extends to up to 10 meters, measured away from the associated fracture or bedding planes.
However, VR fabrics are locally present on both sides of the fracture or bedding plane result-
ing in up to 20 m wide and several meters thick zones characterised by extensively increased
porosities linked to vuggy porosities found in pattern one and two. One type of breccia fabrics
(BR fabric) was recognised in DT 2 dolomite bodies along fractures and less commonly along
bedding planes. BR fabrics were generally observed within 3 m wide zones linked to fracture
and bedding planes. With increasing distance from the associated fracture or bedding plane
the abundance of breccia textures decreases and bedding parallel veins are present (Fig. 4.9E).
The crackle breccia to mosaic breccia fabrics (sensu Morrow [1982]) are characterised by very
angular clasts with clast sizes of up to 30 cm (Fig. 4.9). The interclast matrix is composed of
the phases D1 and D2 of DT 2 dolomite present also in narrow fractures within clasts. Shape
and internal characteristics are similar to the second pattern of VR fabrics, as defined above.
The maximum diameter of vugs and veins ranges between 0.5 cm and 1 cm.



4.3. RESULTS 77

Figure 4.10: Arrangement of clasts next to the basal bedding plane (marked with red arrows)
in the outcrop WBH. As a common feature, fractures are filled with clastic ma-
terial as well as medium to coarse crystalline DT 2 dolomite and cross cut beds
perpendicular to the orientation of the basal bedding plane (green arrows). This
fracture orientation is also typical for fractures which are cross cutting limestones
below the basal bedding plane (purple arrows). The clasts show angular shapes.
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4.4 Interpretation and Discussion

4.4.1 Paragenesis

During eogenesis the limestone succession was affected by an early diagenetic dolomitisa-
tion event (Coy [1997]). Subsequent to early dolomitisation processes the formation of DT 2
dolomite is assumed to have taken place linked to the formation of D1, D2 and D3 dolomite
phases (Fig. 4.11). Based on the Triassic origin of ED dolomite, a post Triassic formation time
of DT 2 dolomite can be derived, which suggests at least medium depth of burial (mesodiagen-
esis). The burial setting is supported by the alignment of coarse crystalline and saddle dolomite
along stylolite sutures. The relative stratigraphic order of early and late dolomitisation is de-
rived from DT 2 dolomite replacing ED dolomite supported by transitional contact zones (Fig.
4.5B orange arrows). Transitional contact zones between early and late diagenetic dolomite
phases are an often observed phenomena in dolomitised successions as for example mentioned
by Merino and Canals [2011]. It can be concluded that the late diagenetic dolomite has replaced
both limestone and early diagenetic dolomite based on the presence of DT 2 dolomite bodies
within limestones and evidences for the replacement of ED by DT 2 dolomite in thin sections.
The dolomitising fluids responsible for the formation of D1, D2 and D3 dolomite were proba-
bly warm based on the presence of saddle dolomite, zebra fabrics typically linked to formation
temperatures of at least 60°C (Gregg and Sibley [1984], Radke and Mathis [1980], Sibley and
Gregg [1987]) and the burial formation depth of DT 2 dolomite. Although the presence of sad-
dle dolomite and zebra dolomite can account for a DT 2 formation triggered by hydrothermal
fluids, burial dolomitisation without the advection of hydrothermal fluids cannot be excluded,
and was for instance suggested for dolomitisation processes in the Barrandian basin by Suchý
et al. [1996]. Saddle dolomite is often formed by saline fluids (12-25 eq.wt.% NaCl) (Al-Aasm
et al. [2002], Al-Aasm and Packard [2000], Al-Aasm and Vernon [2007], Davies and Smith
[2006]) and often associated with fracture related fluid flow (Duggan et al. [2001], Lavoie and
Morin [2004]). However, the precipitation of saddle dolomite can also be triggered by low
saline fluids in association with bitumen as presented by Dewever et al. [2010]. Based on the
absence of bitumen in thin sections this case can be excluded. Furthermore, Gabellone et al.
[2013] linked the precipitation of saddle dolomite to low saline fluids derived from a tectonic
mélange. However, the well bedded carbonate platform succession in the Central Oman Moun-
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tains lacks evidences for this tectonic regime from Permian to Cretaceous times and thus, was
discarded as a potential process. During telo-diagenesis the onset of the migration of fluids
along fractures and close to the exposed rock surface is indicated by the precipitation of blocky
calcite. The zonation of the blocky calcite, the bright yellowish colour under the CL micro-
scope and the void filling character suggest a meteoric origin of the calcite. Vandeginste et al.
[2013] found similar pore filling calcite in dolomite bodies hosted in Jurassic carbonate rocks
in the Central Oman Mountains. In this study, meteoric calcite occurs as fracture infilling and
has locally replaced all dolomite phases (Fig. 4.11). The latter is triggered by dedolomitisation
processes affecting the outcrops during telo-diagenesis, as described by Vandeginste and John
[2012] for fracture-related dolomite bodies formed during Santonian times. Dedolomitisation
associated with the precipitation of goethite and manganese is clearly related to fracture planes
or vuggy fabrics and less commonly to bedding planes.
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Figure 4.11: Summary of important processes that have affected the carbonate succession dur-
ing eodiagenesis to telodiagenesis.
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4.4.2 The importance of different types of structures as migration path-
ways for dolomitising fluids

Based on the common occurrence of diagenetic fabrics along major fluid pathways, as for ex-
ample shown by Sharp et al. [2010], the importance of structural elements on the distribution
and shape of dolomite bodies was evaluated. In detail, the presence of associated diagenetic
fabrics was analysed by assessing the length of contact zones and investigating dolomite body
geometries. Bed-to-bed contacts are dominantly evident in the periphery of dolomite bodies
(Fig. 5); they are associated with various types of diagenetic fabrics and are up to tens of me-
ters wide. The evidence of bedding parallel aligned dolomite is comparable to descriptions of
e.g., López-Horgue et al. [2010]. However, a lithological dependence, as observed in Ireland
by Braithwaite and Rizzi [1997] or in Canada by Duggan et al. [2001] and Wendte et al. [2009],
is lacking in the Central Oman Mountains. The fact that many of the dolomite bodies described
in this study cross cut several lithological beds could potentially be related to the amount of
joints occurring within the beds. However, in order to test this hypothesis further research
will be needed. Besides joints acting as possible migration pathways, the pore space as well
as the amount of interconnected pores are important parameters controlling the distribution of
dolomitising fluids. Early diagenetic pores that formed prior to medium to deep burial play an
important role by providing interconnected pores for migrating fluids in many reservoirs (e.g.,
described in Bathurst [1975] and Longman [1980]). However, the petrographic comparison of
DT 2 dolomite and non-dolomitised limestones present in one lithological bed revealed that the
amount of primary and early secondary pores in the limestone is fairly low and is independent
of the lithofacies type. Evidence for open pore spaces or calcite spar filled pores showing drusy
fabrics are lacking in the limestones studied. Coarse grained subhedral dolomite rhombs as
well as saddle dolomite crystals present in vugs could therefore be explained as an infilling of
pore space created during burial subsequent to early dolomitisation as suggested by Merino and
Canals [2011] for burial dolomitisation.
Fractures are interpreted to have considerably influenced the vertical plumbing system of the
dolomitising fluids based on the common occurrence of diagenetic fabrics such as vugs or brec-
cias along fractures. Diagenetic fabrics commonly only occur on one side of the fracture form-
ing meter long vuggy or brecciated zones. In addition, dolomite bodies reveal sharp, straight
and meter long edges cross cutting the bedding direction at high angles and thus, are aligned to
fracture planes. Based on the three mentioned facts, it is assumed that the fracture formation
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predates the migration of late diagenetic dolomitising fluids. The significance of fractures for
geometrically complex flow in vertical to subvertical directions has been known from numerous
hydrothermal and burial dolomite bodies (Barale et al. [2013], Ronchi et al. [2011], Shah et al.
[2012], Wierzbicki et al. [2006]). Similar to dolomite bodies in Ireland (Braithwaite and Rizzi
[1997]) and Oman (Vandeginste et al. [2014], Vandeginste et al. [2013]), fractures were com-
monly found in the centre of dolomite bodies, particularly well visible with respect to christ-
mas tree shaped dolomite bodies. In contrast, fracture sets at the base of the large scale breccia
structure in Wadi Sahtan show dolomitisation preferably on the hanging wall side as similarly
observed in other burial or hydrothermal dolomite bodies. However, fluid flow through fracture
zones is highly dependent on the characteristics of the fracture zone itself and is impacted by
pressure-temperature conditions and the characteristics of the circulating fluids (Micarelli et al.
[2005], Micarelli et al. [2006]). The length of contact zones between the Precambrian-Permian
unconformity and DT 2 dolomite bodies extending over several tens of meter points to a rela-
tively high significance with respect to the distribution of dolomitising fluids. This assumption
contrasts with the lack of vuggy or breccia fabrics adjacent to the Precambrian-Permian uncon-
formity. However, due to a severe lack of access to the contact zone, diagenetic fabrics might
be present but remain undetected. Centimetre wide dolomitised zones were observed along
stylolite sutures predominantly in the periphery of dolomite bodies. This observation agrees
with stylolite associated dolomite halos in Spain (Gasparrini et al. [2006]), in Canada (Green
and Mountjoy [2005], Mountjoy and Halim-Dihardja [1991], Wierzbicki et al. [2006]) and in
Lebanon (Nader et al. [2008]). Hence, it is assumed that stylolites can act as fluid migration
pathways in the Central Oman Mountains as similarly shown by Marfil et al. [2005] for hy-
drothermal bodies in general. A pure localised origin of replacive dolomitisation triggered by
clay minerals present in stylolite sutures was discarded due to the lack of laterally extensive
dolomite halos along stylolites. However, the absence of laterally extensive dolomite halos
along stylolites implies a comparatively low importance on the distribution of large volumes of
dolomitising fluids and the formation of tens of meter wide dolomite bodies.

4.4.3 Fabrics formed by dolomitising fluids

Various diagenetic fabrics associated with burial or hydrothermal dolomite bodies are gener-
ally known (e.g., Merino and Canals [2011]). However, descriptive arrangements of certain
diagenetic fabrics are rarely described such as by Dewit et al. [2012] or Sharp et al. [2010].
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However, the arrangement of diagenetic fabrics observed in the Central Oman Mountains differ
from observations in Spain and Iran. Hence, two new types of frequently observed diagenetic
fabrics are suggested and refer to VR and BR fabrics.

Vug related fabrics (VR)

Vug related fabrics can be grouped in three zones based on the presence of certain fabrics
and their relative distance to fracture or bedding planes. Zone 1: Irregular large-scale vugs
are often closely associated with fracture or bedding planes and represent the first zone (Fig.
4.9A and B and 4.12). The abundance of vugs is decreasing with increasing distance to the
fracture or bedding plane. Vug dominated fabrics in general partly match observations of Sharp
et al. [2010] in Iran with respect to vugs filled with saddle dolomite closely associated with
fractures. Interpretations of Zhang et al. [2009] in China and Nader et al. [2012] in Spain
provide explanations of the presence of large scale vugs. Firstly, Zhang et al. [2009] suggest the
formation of multiple crack sets along the main fault prior to the fluid ascent. Septa between
the cracks were dissolved resulting in the formation of large vugs. Secondly, Nader et al.
[2012] documented the formation of vugs in line with the hydrothermal enlargement of earlier
cavities. Arguably, a combination of both models is assumed to explain the presence of large
vugs in the Central Oman Mountains. Zone 2: The zone is characterised by narrow vugs and
bedding parallel aligned veins (Fig. 4.9C and 4.12) comparable to subhorizontal sheet vugs
described in Davies and Smith [2006] and explained by fracture controlled solutional processes.
Transitional areas between zone 2 and zebra fabrics are further described from fault zones in
the Ason valley in Spain (López-Horgue et al. [2010]) as well as from the textural equivalent
in Sardinia (Boni et al. [2000]). Zone 3: The third zone represents the furthest zone from
fracture or bedding planes and shows zebra dolomite fabrics commonly accumulated in certain
beds (Fig. 4.9D and 4.12). The position of zebra structures in the Central Oman Mountains
coincides with observations of Nader et al. [2012] and Dewit et al. [2012] in Spain. However,
zebra structures have also been recorded directly adjacent to faults (Shah et al. [2012]), which
is not supported by observations from the Omani case study. The absence of a homogeneous
distribution of zebra fabrics could be due to their favourable formation within low permeable
and matrix dolomitised units, generally explained by Davies and Smith [2006] with respect to
hydrothermal dolomite.
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Figure 4.12: Diagenetic fabrics associated with DT 2 dolomite bodies can be grouped into vug
related fabrics (VR fabrics) and breccia related fabrics (BR fabrics). A. The com-
mon arrangement of patterns in VR fabrics includes large scale irregular vugs
close to fracture or bedding planes followed by bedding parallel aligned veins
and vugs. Zebra dolomite patterns were generally not directly associated with
fractures or bedding planes, instead they are generally present at several meter
distance. (B.) Breccia related fabrics (BR fabrics) include small scale breccias
characterised by crackle and mosaic fabrics. The brecciated zone is laterally re-
stricted to a 3 m wide interval measured away from the associated bedding plane.
In most cases, bedding parallel elongated vugs (similar to zone 2 of VR fabrics)
are present within a distance of at least 30 cm to the main bedding plane.

Breccia related fabrics (BR)

Breccia fabrics in general can be formed in various environments such as sedimentary or tec-
tonic settings and are associated with various processes such as hydraulic or wear abrasion
brecciation (Hulen and Nielson [1988], Jébrak [1997], Weisheit et al. [2013]) and hydrothermal
brecciation (Hulen and Nielson [1988]). Based on the distribution of clasts relative to fracture
planes as well as the presence of typical mosaic to crackle breccia fabrics type A fabrics are
interpreted to be related to dilational processes along faults (Fig. 4.12). This is derived from the
comparison of mapped breccia fabrics with crackle breccia patterns described by Sharp et al.
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[2010] in the Zagros Mountains. Sharp et al. [2010] linked the breccia formation to limited
dilation being responsible for clast supported fabrics in the immediate neighbourhood of frac-
ture planes whereas vein dominated zones with reduced contents of clasts either refer to even
stronger dilation or dissolution of clasts.

4.5 Chapter conclusions

Several parts of the Lower Permian carbonate succession in the Central Oman Mountains were
affected by a late dolomitisation event resulting in the formation of DT 2 dolomite bodies in a
medium to deep burial setting. This chapter presents the stratigraphic distribution, geometries,
petrographic characteristics, associated structures and diagenetic fabrics of late diagenetic DT
2 dolomite bodies. The frequent occurrence of DT 2 bodies in Wadi Sahtan and Wadi Mistal in
Roadian to Capitanian beds constitutes one of the most striking attributes. Due to the presence
of aligned diagenetic fabrics and the length of the contact zones, fracture planes, bed-to-bed
and the base of early diagenetic dolomite represent the most important fluid migration path-
ways. The petrographic analysis revealed a replacement of limestone and ED dolomite by
DT 2 dolomite and a fabric preserving to fabric destructive nature of late diagenetic dolomite
bodies. Observed diagenetic fabrics associated with fractures and bed-to-bed contacts can be
grouped into vug related patterns and breccia related fabrics. Vug related fabrics comprise vugs
of varying sizes and zebra dolomite whereas breccia related fabrics are associated with crackle
breccias and bedding parallel vugs. The observed arrangement of VR fabrics is closely associ-
ated with the distribution of high and low porous zones and thus relevant to reservoir studies in
the subsurface Khuff formation and other dolomitised reservoirs.



5 Relationship between karstification and burial dolomi-
tisation in Permian platform carbonates

5.1 Introduction and previous work

Breccia fabrics can form in various environments, and hydrocarbon reservoirs-related stud-
ies are concerned with the formational processes as well as the fluids involved in brecciation.
Brecciation is often triggered by sedimentary, tectonic or diagenetic processes resulting in cen-
timetres to hundreds of metres wide brecciated fabrics that may have contrasting petrophysical
properties compared to their host rock. Large-scale breccia fabrics attracted comparatively
more attention than small-scale structures in the last decades due to their impact on reservoir
models. A vast majority of large-scale breccia structures has been associated with collapse of
epigenetic karst structures (Hamilton and Ford [2002], Lucia [1995]) linked to the migration of
meteoric fluids in a downward direction. Recent interpretations considered also the importance
of ascending fluids of non-meteoric origin defined as hypogenic karst breccias, for instance as
observed in the Middle East (Frumkin and Gvirtzman [2006], Frumkin et al. [2015]), France
(Audra et al. [2010]), Italy (Tisato et al. [2012]), New Mexico, Texas, Nevada (Dublyansky
and Spoetl [2015]) and Australia (Osborne [2001]). Often at a smaller scale, migrating warm
fluids can also form breccias (Beckert et al. [2015], Frumkin et al. [2015], Hulen and Niel-
son [1988]) linked to hydrothermal dolomite bodies. However, breccia fabrics associated with
dolomite bodies can also be of large sizes, as described for example from the Ramales platform
in Spain, where breccias are related to sinistral strike slip deformation (Dewit et al. [2012]).
Fault controlled breccias linked to dolomite bodies have also been studied in the Zagros Moun-
tains in Iran (Lapponi et al. [2011], Sharp et al. [2010]). The goal of this chapter is to elucidate
the origin of the breccia fabrics in Wadi Sahtan in the context of Middle Eastern petroleum
reservoirs. Although there are hints of karstification and subaerial exposure in the Saih Hatat
and in the Musandam Peninsula from Permian to Triassic times (Strohmenger et al. [2002],
Weidlich [2010]), there is no evidence yet for large scale karstification in the region during
Permian times. The occurrence of large-scale breccias observed within reservoir analogue,
Khuff-equivalent strata at Wadi Sahtan in the Central Oman Mountains raises the question of
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which processes lead to their formation, and which parameters control their characteristics.
In particular, this study defines the formational setting, characterises the fluids responsible for
the dissolution of the host rock and evaluates potential fluid pathways as well as migration
directions.

5.2 Geographic areas relevant in this chapter

Figure 5.1: Position of breccia fabrics studied in this chapter. The position of the outcrop is
indicated on a google earth image (Imagery©2015 CNES/Astrium, Digital Globe,
Map data©2015 Google).

Two breccia fabrics located in Wadi Sahtan are studied in this chapter (Fig. 5.1). The breccia
fabrics occur close to the entrance of Wadi Sahtan. The breccia fabrics evaluated in this chapter
are mentioned in chapter 4 in Fig. 4.7 as Wadi Sahtan-WS-NE2-X and in chapter 7 as Wadi
Sahtan-E-01-re-a..
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5.3 Results

Figure 5.2: A The field panorama displays the studied outcrop and the two observed breccia
fabrics referred to as large scale breccia fabric (LSB) and small scale breccia fabric
(SSB). Both fabrics reveal differences in size, shape and clast/matrix characteris-
tics. The dashed yellow line marks the sample transect for stable isotope and XRD
analysis. B The schematic sketch illustrates the clast size distribution in the LSB
fabric which is separated into area 1 and 2. Area 2 is located in the centre of the
breccia and shows tens of meter wide blocks without brecciation features. The size
of the clasts in area 1 is relatively homogenous and the entire fabric is brecciated. C
The schematic sketch shows the shape of the SSB breccia fabric. In comparison to
B, it is more irregular in shape and shows a decrease in the clast content towards the
top. Non brecciated areas are preserved at the base of the SSB fabric. Explanations
of symbols are valid for B and C.
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Two breccia fabrics are present in the studied outcrop in Wadi Sahtan (Fig. 5.2) defined as a
small-scale breccia fabric (SSB) and a large scale breccia fabric (LSB) (Fig. 5.2). The LSB
and SSB fabrics never touch, and occur as laterally separated units.

5.3.1 Dimensions and shape of the brecciated area

The LSB fabric extends laterally up to 90 m and has a maximum thickness of 40 m measured
in a bedding perpendicular direction (Fig. 5.2). In comparison, the extent of the SSB fabric is
smaller than the LSB fabric with 10 m in width and 15 m in height (Fig. 5.2). The shape of
both breccia fabrics varies with respect to the edges of the brecciated areas. The LSB fabric
exhibits sharp and straight edges parallel to one bedding plane at the top as well as bedding
perpendicular edges on both sides (Fig. 5.2). The base of the central part of the LSB fabric
is covered by scree, so no observations can be reported from that zone. The shape of the SSB
fabric is more irregular and can be described as brecciated zones characterised by a pipe shape
extending away from the central part of the SSB fabric towards stratigraphically older beds
(Fig. 5.2). Non-brecciated areas are locally present in between the brecciated pipe-shaped
areas at the base of the SSB fabric (Fig. 5.2). The top of the SSB fabric reveals a transitional
contact zone from a highly brecciated fabric towards a dolomitised zone lacking any brecciation
features (Fig. 5.2) or clasts floating in a matrix.

5.3.2 Stratigraphic position of the breccia fabrics LSB and SSB

The brecciated interval is located in lower Permian platform carbonates stratigraphically equiv-
alent to lower Khuff units present in the subsurface of Qatar, the United Arab Emirates and
Saudi Arabia. In comparison with the mapping results of Bendias et al. [2013] the base of
the SSB fabric is cross cutting Zoophycus horizon 2 whereas the top is located 21 above this
bioturbated layer. The top of the LSB fabric is roughly located 40 m above Zoophycus horizon
2 and located in limestone beds of Wordian age. Due to scree coverage the lowermost base of
the LSB fabric is not exposed and thus, a specific stratigraphic interval could not be defined.
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5.3.3 Characteristics of clasts in the LSB and SSB breccia fabric

LSB fabric

The brecciated area shows two different zones with respect to the clasts size and appearance.
The outer parts of the LSB fabric are defined as area 1 (Fig. 5.2). The clasts range in size from
1 cm to 40 cm and reveal angular shapes. The central part of the breccia defined as area 2 is
characterised by centimetre to tens of meter sized blocks (Fig. 5.3) and clasts of up to 35 cm in
diameter. Some blocks reveal similar bedding plane directions as the surrounding host rock and
lack evidence for a displacement. The shape of the clasts is angular. The composition of clasts
is similar in area 1 and 2, with two different types of clasts. The first type exhibits brownish
weathering colours and is fabric preserving. Shell debris, crinoids or fusulinid foraminifera are
still recognisable. The finely crystalline texture is characterised by subhedral planar-s dolomite
rhombs of 10 to 30 µm crystal size. The first type of dolomite is, with respect to the fine crys-
talline fabric preserving petrography and the brownish colour, similar to early diagenetic ED
dolomite described by Coy [1997] (referred to as D2 dolomite) and Beckert et al. [2015] (Fig.
5.3G). In comparison, the second type of clasts consists of fine to medium dolomite rhombs
ranging from 15 to 140 µm with inequigranular idiotopic to hypidiotopic crystal shapes. The
planar-s dolomite fabric is tightly packed. Mosaic extinction was rarely observed in association
with subhedral dolomite crystals. Due to similarities in field and petrographic characteristics
with DT2 dolomite of Breesch et al. [2006] and observations of Coy [1997] (described as D3
and D4 dolomite) the second type of clasts is defined as DT2 dolomite (Fig. 5.3F and G). ED
clasts dominate the clastic fabric but the content of DT2 clasts is slightly increased in the ENE
part of area 1.

SSB fabric

In contrast to the LSB fabric, the SSB fabric is characterised by the presence of limestone,
ED and DT2 clasts. The clasts range in size from 0.5 cm to 25 cm and have very angular to
angular shapes. The amount of clasts decreases towards stratigraphically younger beds and
the fabric changes from clast to matrix supported. The topmost part represents a transition
zone into a DT2 dolomite body. Several clasts reveal stylolites oriented in different directions
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Figure 5.3: A and B The images on the left side show the typical appearance of the LSB
fabric present in the WNW part of area 1. The associated sketches on the right
side illustrate the distribution of clasts and matrix present in A. The angular clasts
reveal varying sizes and lack sorting with respect to the clast size. C and D The
image (left side) shows the typical appearance of the LSB fabric present in the ENE
part of area 1. Similar to B a wide spectrum of clast sizes can be observed in the
digitised sketch on the right side. E Central part of the LSB fabric defined as area
1. The white lines indicate large non brecciated blocks which often lack evidence
for a displacement (left most block). F The image shows the typical appearance of
DT2 dolomite in the outcrop captured under crossed nichols. The edges of crinoid
columnals are often replaced by dolomite rhombs. G Early dolomite clasts often
float in the DT2 dolomite matrix (captured under parallel nichols).
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ranging from bedding parallel to nearly bedding perpendicular. At the base and in the centre
of the breccia up to centimetre wide areas lack brecciation features and are preserved as lime-
stone. Preserved bedding planes within these limestone areas reveal bedding directions similar
to the non-brecciated host rock and lack any evidences for a displacement. Centimetre-wide
nearly bedding parallel pipes filled with clasts connect brecciated areas across non brecciated
limestones.

5.3.4 Characteristics of the breccia matrix

LSB fabric

The brecciated fabric is characterised by a dark red DT2 dolomite matrix (Fig. 5.3A and C).
The preservation of fossils is generally very poor. Fractures revealing DT2 dolomite halos with
increasing width towards stratigraphically younger beds occur at the base of the breccia (Fig.
5.5A). Vugs with a maximum diameter of 0.5 cm are rarely observed in the matrix (Fig. 5.5B)
characterised by coarse dolomite crystals at the edge and blocky calcite in the centre. Other
diagenetic fabrics such as zebra structures are not present.

SSB fabric

The matrix present in the SSB fabric is not dolomitised at the base and in the centre and changes
gradually into DT2 dolomite towards the breccia top and the edge (Fig. 5.2, 5.2C and D). The
most striking difference to the LSB fabric form finely laminated limestone layers with a max-
imum lateral extent of 30 cm and a thickness of 15 cm (Fig. 5.5A). The laminae contain
abraded crinoid debris alternating with fine crystalline mudstone laminae (Fig. 5.5C). The lam-
inae contain abraded crinoid debris alternating with fine crystalline mudstone laminae. The
laminae contain abraded crinoid debris alternating with fine crystalline mudstone laminae (Fig.
5.5C). The faunal assemblage ranges from crinoids, to gastropods, bivalves, rugose and tabulate
corals, fusulinid foraminifera and bryozoa. Bioturbated layers (Zoophycus) reveal sharp bound-
aries with the limestone matrix of the SSB breccia fabric (Fig. 5.5E). In addition, celestite laths
occur within and around the SSB fabric (Fig. 5.5F).
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Figure 5.4: The images A and C show the distribution of clasts in the SSB fabric. The sketches
B and D presented on the right side illustrate the clast size and clast distribution as
well as the matrix observed in A and C. In contrast to the LSB fabric large parts
of the matrix have a limestone composition and only the top and edge parts of the
breccias show a dolomitised matrix. E Stylolite sutures present within clasts often
show different directions and terminate at the edge of the clasts. F Centimetre wide
pipes are oriented in nearly bedding parallel directions and are filled with clasts.
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Figure 5.5: The base of the LSB fabric shows fractures aligned by dolomite halos A. The width
of the halos is often increasing towards stratigraphically younger beds. B Vugs
filled with calcite and dolomite float within the dolomite matrix or are present at
the edge of clasts. In the matrix of the SSB fabric C finely laminated layers (white
arrow) with crinoid debris occur. The bedding direction of these layers often devi-
ates from the bedding planes of the host rock. Image D shows weathered celestite
laths hosted in an undolomitised limestone matrix which is rich in fossils such as
bivalve shells and crinoids. E The unbrecciated limestone matrix reveals a sharp
border (red dashed line) with the brecciated SSB fabric. The unbrecciated fabric
shows intense Zoophycus bioturbations. Picture F shows dolomitized celestite laths
present in a hand sample D.
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5.3.5 Picture based clast analysis

Picture based area calculation analysis was applied to two pictures of the LSB and two of the
SSB fabrics presented in Figure 5.3 and 5.4 in order to evaluate the relative ratio between clasts
and matrix. The results of the LSB fabric reveal a clast/matrix ratio of 44/56% for Fig. 5.4B
and a ratio of 51/49% for Fig. 5.3D. Only images from the base and the centre of the SSB
fabric were analysed. The results reveal a clast/matrix ratio of 51 to 49% for Fig. 5.4B and 68
to 32% for Fig. 5.4D. Thus, the clasts occupy a larger volume in the SSB fabric.

5.3.6 Stable isotope analysis

The results show clusters in the stable oxygen versus carbon plot related to different areas in the
LSB fabric (Fig. 5.6A). DT2 dolomite samples taken within the dolomite fingers (Fig. 5.2A)
have relatively similar carbon and oxygen isotope values (Fig. 5.6A dark grey area) [δ18O de-
viate on average by a maximum of 3.5 ‰ VPDB and δ13C by a maximum of 2 ‰ VPDB].
Thirteen DT2 dolomite samples taken within the matrix of the LSB fabric reveal similar values
to the dolomite fingers [δ18O: -2.5 ‰ to -6 ‰ VPDB and δ13C: 2.9 ‰ to 4.8 ‰ VPDB]. How-
ever, the centre and the edges of the LSB fabric show more positive carbon and oxygen values
(Fig. 5.6A light grey area) [δ18O: -2.42 ‰ to 0.6 ‰ VPDB and δ13C: 4.6 ‰ to 6.2 ‰ VPDB].
The spatial variation of the values present in the DT2 dolomite clusters is best visible along a
transect across the LSB fabric including the non-brecciated dolomite rimming the breccia (Fig.
5.6B). The outer edges of area 1 and 2 of the LSB fabric show δ18O values of 0.6 to -2.42 (‰
VPDB) compared to the δ18O signature of -2.5 to -6.0 (‰ VPDB) of the dolomite fingers ex-
tending away from the breccia (Fig. 5.6B). The carbon isotopic signature shows more negative
values of about 3.5 ‰ VPDB in dolomite fingers rimming the breccia and more positive values
of about 6 ‰ VPDB inside the breccia body. However, several excursions in the carbon isotope
signature within the unbrecciated dolomite fingers reach nearly similar values as the samples
in the breccia matrix. Oxygen and carbon isotopic values seem to co-vary (Fig. 5.6B).
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Figure 5.6: A The graph on the left side displays the oxygen and carbon isotope values of DT2
dolomite samples of the LSB breccia matrix and adjacent non brecciated dolomite
fingers. The results of the surrounding non dolomitised limestone host rock and
ED dolomite are plotted as well. The matrix of the LSB fabric reveals two different
phases of DT2 dolomite. The graph on the right side shows all late diagenetic
dolomite phases recognised in Permian host rocks in the Central Oman Mountains.
DT 2 and Type 3 (DT3 P) dolomite samples presented in Vandeginste et al. [2015]
are plotted, in order to show the consensus in the carbon and oxygen isotope values
of DT2 dolomite samples compared to this study. B The graphs show oxygen and
carbon isotope values measured across the LSB fabric and adjacent parts of the
DT2 dolomite fingers.
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5.3.7 XRF elemental analysis

The amount of magnesium and calcium present in the DT2 dolomite matrix of the LSB fabric is
relatively homogenous ranging from 9.5 to 13.2% (± 1.1) for magnesium and 22.9 to 23.9% (±
0.2) for calcium. The only exception form the large limestone blocks occurring in area 2 with
a decreased magnesium content of 3.0% (± 0.2) and an increased calcium content of 25.2%
(± 0.2). Different magnesium and calcium values were only measured in the large limestone
blocks occurring in area 2 with 3.0 % (± 0.2 %) and 25.2 % (± 0.2 %) respectively. A slightly
increased silica content of 1.4% (± 0.02) was recorded in area 1 in the LSB fabric compared to
0.3% (± 0.0) in area 2. Furthermore, the potassium content increases from area 2 (0.1% ± 0.04)
towards the WNW into area 1 (0.3% ± 0.01). The highest manganese content has been recorded
in the ENE part of area 1 with 5108 ppm (± 177.8) compared to 471 ppm (± 26.9) in area 2. The
iron content is variable and lacks a trend. The non-brecciated DT2 dolomite fingers extending
away from the LSB fabric are characterised by significantly increased manganese contents of
up to 9702 ppm (± 316.4) compared to the LSB and SSB fabric. Calcium, magnesium and iron
in the dolomite fingers are comparable to part 1 in the LSB fabric (Table 5.1). The SSB fabric
reveals locally increased values of calcium (up to 27.1% (± 0.2)), manganese (6837 ppm (±
229.7)) and zinc (up to 291 ppm (± 14.8)) in comparison with the SSB fabric.

5.4 Interpretation and discussion

Two potential timings ([1] synsedimentary to shallow burial and [2] medium to deep burial)
were considered as possible for the formation of the LSB and SSB fabrics. The synsedimen-
tary to shallow burial timing would imply formation of the LSB and SSB fabrics ranging from
the deposition of lower Permian beds until the Wordian age based on the age of the strata host-
ing the breccias. The second interval defined as medium to deep burial ends presumably with
the emplacement of the ophiolite during the Cretaceous, based on the dolomite phases present.
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Table 5.1: The table presents concentrations of elements measured in samples of the LSB and
SSB fabric obtained with the XRF tool.
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5.4.1 Synsedimentary to shallow burial origin of the breccia

A synsedimentary origin of the breccia fabric could be associated with mass flow deposits
caused by grain or debris flows and turbidity currents. However, several facts make a synsedi-
mentary origin of the LSB and SSB breccia fabric improbable. Firstly, the limestone bed above
the LSB fabric has a very sharp and straight contact with the underlying breccia and an un-
even base would be expected for the first laterally continuous bed deposited above a mass flow
deposit. In addition, the presence of tens of metres wide blocks in area 2 of the LSB fabric
which lack a displacement and non-brecciated zones in the SSB fabric contradict a mass flow
deposit. Secondly, the depositional environment for this interval of the Khuff was interpreted as
a shallow dipping carbonate platform with a gentle topography (Koehrer et al. [2012]) several
kilometres away from the platform margin (according to the paleofacies map of Ziegler [2001]).
There is no evidence for wide and deep channels or mass flow deposits in the well-bedded car-
bonates of Lower Permian age in Wadi Sahtan. Thirdly, the angular clasts lack any signs of
longer transport, which would result in more pronounced rounding. A second mechanism for
a shallow burial origin of the breccia would be the formation of surficial karstic features such
as e.g. collapsed sinkholes. This can be excluded due to the absence of the characteristic sub-
aerial regolithic cover sediments (Salvati and Sasowsky [2002]). Instead, the top of the LSB
breccia fabric is characterised by a straight marine carbonate bed that can be traced over several
hundreds of meters. A shallow burial origin of the breccia is furthermore not likely due to the
presence of both the early and late diagenetic dolomite observed in clasts. DT2 dolomite was
formed during burial (Beckert et al. [2015]) postdating initial pressure solution. Therefore, a
medium to late diagenetic origin of the breccia is assumed supported by stylolite orientations
in the clasts of the SSB fabric that deviate erratically from orientations measured in the sur-
rounding host rock. This implies a stylolite formation prior to brecciation and thus, contradicts
a shallow burial origin. Thus, a shallow burial or synsedimentary origin of the breccia fabric
with subsequent dolomitisation and recrystallisation of clasts as observed in brecciated out-
crops at the Musandam Peninsula (Breesch et al. [2010]) can be excluded.
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5.4.2 Medium to deep burial origin of the breccia

Tectonic abrasion, dissolution of evaporitic layers and subsurface karstification are most likely
to be of relevance in this setting, and field and geochemical characteristics of the breccia fabrics
can help to determine which mechanism was responsible for their formation. A pure tectoni-
cally related mechanical diminution or abrasion scenario (Jébrak [1997], Keulen et al. [2007],
Mort and Woodcock [2008], Wright et al. [2009]) can be excluded due to the absence of in-
tensive faulting, shearing and shear bands as well as clasts yielding striations. In addition,
limestone beds above the LSB fabric lack displacements contradicting the presence of an ex-
tensive fracture zone. Furthermore, although there are lots of faults and fractures in the region,
none of the faults reveal gouges with long deformation bands linked to the formation of tens of
meter wide breccia structures as present in Wadi Sahtan. The pipe-to-finger shape of the SSB
fabric does not indicate a fault gouge setting. This is supported by vertical variations in the
clast/matrix content in the SSB fabric whereas fault gouges often reveal extensive crackling up
processes of beds rimming a vertical fracture zone in lateral direction away from the fracture
plane. Another scenario comprises the dissolution of local patches of sulphates which requires
a brine density flow (Anderson and Kirkland [1980]) triggered by pressurised meteoric water
exploring a present fracture system. The potential presence of some sulphate minerals is sup-
ported by the presence of celestite laths within and next to the SSB fabric. However, a primary
deposition of sulphates, for example linked to extensive evaporation, can be excluded due to the
fully marine record of the deposited Middle Permian sediments indicated by crinoids, rugose
corals and fusulinids. Thus, only allochthonous sulphate intrusions are conceivable, potentially
sourced from Ediacaran-Cambrian evaporites that were primarily deposited along the northern
margin of Gondwana (Husseini and Husseini [1990], Smith [2012]). A regional complication
for this scenario though is that the evaporitic layers of the Ara salt in Oman occur in the Huqf
and Dhofar area and do not underlie Permian strata in the Central Oman Mountains (based on
the salt basin distribution map of Smith [2012] and Reuning et al. [2009]). Therefore, the dis-
solution of tens of metres wide patches of evaporites followed by a collapse and brecciation of
overlying units is also not considered as a realistic scenario. Due to the high amount of large
scale dolomite bodies related to karst systems in the Middle East e.g., hosted in the Cretaceous
Sarvak formation in Iran (Hajikhazemi et al. [2010], Lapponi et al. [2011], Sharp et al. [2010]),
the Bih formation in the United Arab Emirates (Fontana et al. [2010]) or the Hiyam Formation
exposed in the Saih Hatat (Chauvet et al. [2009]), a karst origin of the breccia is considered here.
This could be related to the involvement of hydrothermal, hypogenic and meteoric fluids in the
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formation of karst cavities in the studied outcrop section. Firstly, a hydrothermal karst origin of
the observed breccia fabrics potentially linked to H2S as described by Hill [1990] is considered
implausible. A hydrothermal control on the karst formation requires warm ascending fluids.
The presence of dolomite clasts and matrix comparable to dolomite bodies described in Vande-
ginste et al. [2015] and Beckert et al. [2015] with respect to field characteristics and stable iso-
tope results could potentially indicate the ascent of warm dolomitising fluids resulting in karst
cavities. However, the breccia matrix of the SSB fabric is partly composed of undolomitised
limestones and thus, migrating warm dolomitising fluids were not involved in the formation
of the breccia matrix. Furthermore, the absence of typical hydrothermal karst features such as
veins or crystal lined vugs as observed e.g., in Hungarian karst systems (Dublyansky [1995])
make a hydrothermal karst system unlikely. Classical indicators of high temperatures such as
zebra fabrics or saddle dolomite are also missing in the outcrop. A secondly potential scenario
involves ascending fluids arrested in their movement resulting in a so-called hypogenic type of
karst, a process well documented in the Middle East for example from Israel (Frumkin et al.
[2015]) or Saudi Arabia (Kempe et al. [2009b]). The straight and vertical orientation of the
edges of the LSB fabric coincides with observations in other hypogenic caves such as in Jordan
(Kempe et al. [2009a]) potentially representing vertical shafts. In Wadi Sahtan the nearly hor-
izontal pipes in the SSB fabric and the partly non-displaced blocks in area 2 of the LSB fabric
constitute an indication for network structures in a hypogenic or meteoric setting. However,
the most emblematic features of hypogenic caves, i.e. network mazes or spongework mazes
(Klimchouk [2011]) potentially present before brecciation, are not preserved. Thirdly, the pos-
sibility of a meteoric karst system was examined. In order to assess the assumed meteoric karst
formation in more details, the results from the clast to matrix ratio with ImageJ were compared
with the diagram from Woodcock et al. [2006]. The ratios of the LSB breccia fabric indicate
a matrix to cement supported chaotic breccia fabric. Due to the decrease of clasts from the
base to the top observed in the SSB fabric a trend from a matrix/ cement supported chaotic
breccia fabric to a cave sediment with chips and blocks can be interpreted. This supports the
potential presence of a subsurface meteoric karst system. However, a subsurface meteoric karst
system requires the presence of meteoric water exploiting pathways that allow fluid exchange
with the surface. Evidences for a temporary subaerial exposure of Upper Permian to Early
Triassic carbonate beds are presented by Koehrer et al. [2012] incorporated in the lithofacies
type "burrowed to vertically rooted mudstone to wackestone" deposited in a backshoal setting.
These carbonate sediments occur several tens of metres above the studied breccia fabrics and
require a fluid exchange potentially along fracture planes although no long fracture planes are
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exposed in the outcrop. However, fluid and sediment exchange with the surface is evidenced
by stratified sediments in the matrix of the SSB fabric containing crinoidal debris.

5.4.3 Characterisation of fluids and fluid flow mechanisms

Observed dolomite phases

ED dolomite is associated with the migration of mesosaline brines present in a seepage reflux
setting (Vandeginste et al. [2013]). The direction of migration of fluids is thus defined as down-
wards to slightly lateral. Early dolomitising fluids are expected to have entered the succession
during shallow burial and most likely predate the karstification. This is derived from the fact
that most of the clasts are formed of ED dolomite. Brecciation of early dolomitised limestones
in the Middle East has for example been observed on the Musandam peninsula (Breesch et al.
[2010]). DT2 dolomite is considered as late diagenetic in origin and linked to the ascent and
lateral migration of presumably warm fluids. The ascending nature is indicated by the increas-
ing width of dolomite halos around fractures towards stratigraphic younger beds observed at
the base of the breccia fabrics. These features could be interpreted as small scale christmas tree
structures or decimetre scale dolomite plumes associated with fluid migration, similar to what
was observed in Iran (Sharp et al. [2010]). Christmas tree patterns have also been recognised in
other dolomite bodies such as in Spain (López-Horgue et al. [2010]) and in more eastern areas
of the Jebel Akhdar tectonic window (Vandeginste et al. [2013]). The locally more positive
δ18O values measured in the breccia matrix of the LSB fabric could arguably be interpreted to
represent either: 1) mixing of fluids with different temperatures, or 2) a replacement of early by
late dolomite. These assumptions are based on the fact that the oxygen isotopic composition
of the dolomite depends on the precipitation temperature and the isotopic composition of the
parent fluid (Hoefs [2004]). In the studied outcrops the last assumption is assumed to be the
most likely one. The replacement of early (ED) by late diagenetic dolomite (DT2) in the Cen-
tral Oman Mountains has been described by Beckert et al. [2015] for other outcrops of similar
age. In addition, results of McKean [2012] show δ18O values of -3.24 to -0.74 ‰ (VPDB)
and δ13C values of 6.31 to 6.48 ‰ (VPDB) for ED dolomite. This is consistent with results
of early diagenetic dolomite measured by Beckert et al. [2015] (δ18O: -4 ‰ to 1 ‰ VPDB
and δ13C: 3 ‰ to 6 ‰ VPDB) defined as pervasive D2 dolomite. The comparison of ED and
DT2 dolomite [δ18O: -2.5 ‰ to -6 ‰ VPDB and δ13C: 2.9 ‰ to 4.8 ‰ VPDB] shows more
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positive oxygen and carbon values for ED dolomite (Fig. 5.6A). Thus, a replacement of ED by
DT2 dolomite and potential mixing of phases in one sample would result in the observed trend
presented in Fig. 5.6. A similar trend of oxygen isotopes linked to the replacement of early
by late dolomite has also been observed by Breesch et al. [2010] on the Musandam Peninsula.
Although the replacement of ED by DT2 dolomite is the preferred scenario a mixing of multi-
ple fluids at different temperatures associated with variable δ18O values could also result in the
observed isotopic trend. This scenario is supported by the absence of diagenetic fabrics such
as vugs or zebras in areas with more positive oxygen values whereas more negative oxygen
values (i.e. warmer fluids) were observed in the dolomite fingers. Saddle dolomite and zebra
dolomite textures are common features in these dolomite fingers indicating temperatures above
60°C (Radke and Mathis [1980], Spötl and Pitman [2009]). Due to the lack of measurable fluid
inclusions in thin sections, exact dolomite formation temperatures could not be obtained. In
addition, the deep burial around Cretaceous times triggered recrystallisation which impacted
clumped isotope temperatures (Vandeginste et al. [2014]). However, in case of a mixing of
multiple fluids it can be assumed that the elemental composition of these fluids is relatively
similar due to a lack of elemental variations between the centre (area 2) and the edge (area 1) of
the LSB breccia fabric. The contents of magnesium and calcium are similar plotting around 11
% and 23 % respectively. Deviations of less than of 0.1 % were also determined for silicium,
potassium and iron. The strontium content is about 10 ppm lower in area 2 comparing to area
1 even though this difference is negligible.

Fluids associated with the karstification

Based on evidences from the characteristics of the clast and matrix within breccias, early and
late diagenetic dolomitising fluids are not considered as relevant to the karstification. Thus, a
third fluid is assumed to be responsible for the cavity formation. In many hypogenic carbonate
hosted cave systems, besides the temperature and the ionic strength of the solution, the content
of CO2 and H2S are postulated as important factors to trigger dissolution (Dublyansky [1995],
Dublyansky [2000]). However, a dominant presence of H2S in the karstifying fluid remains
unlikely due to the absence of sulphuric minerals like sphalerite, galena or marcasite in the
outcrop. The enrichment of fluids in CO2 in hypogenic settings demands either thermometa-
morphism of carbonates, or oxidation as well as thermal degradation of organic compounds
by mineral oxidants or igneous processes (Klimchouk [2011]). Thermal metamorphism can
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be excluded due to the absence of a magma body rimming the platform carbonates. This is
supported by the absence of a characteristic isotopic signature (e.g., δ18O lower than -22 ‰ as
shown for hydrothermal carbonates by Horton et al. [2012]) expected to be present in case of
the involvement of magmatic fluids. However, this is highly dependent on the rock/ fluid ratio
and a high rock/fluid ratio could imply a closed system recrystallisation. Igneous processes
as well as the migration of hydrocarbons required for thermal degradation have not been pro-
posed regionally during Triassic to Cretaceous times. Thus, a hypogenic source of fluids rich
in H2S or of magmatic origin appears less likely compared to the migration of meteoric fluids.
In addition, due to the absence of evidence for flow charge and discharge, the reconstruction of
pathways or directions of flow proves to be complicated.

5.4.4 Proposed model for the formation of the breccia fabrics

The interpreted conceptual model of formation of the LSB and SSB fabrics has been subdivided
into five stages presented in Fig. 5.7. Based on the aforementioned discussion only meteoric
and hypogenic karstification are considered as potential processes resulting in cavity formation
followed by collapse. The deposition of platform carbonates during Lower to Middle Permian
times represents the first stage (Fig. 5.7A). During shallow burial, lithification and initial com-
paction potentially triggered the formation of fractures in the succession. Linked to seepage
reflux of mesosaline brines, limestone replacement by a finely crystalline and fabric preserving
dolomite took place defined as ED dolomite (Beckert et al. [2015], Vandeginste et al. [2015]).
The migration of these early diagenetic dolomitising brines terminates at the end of this stage.
The second stage (Fig. 5.7B) comprises the migration of karstifying fluids through the succes-
sion most likely during medium burial. The timing was firstly derived from the vertical edges
of the LSB fabric presumably linked to tens of metres long fracture planes that are expected
to postdate shallow burial. The direction of fluid flow is either directed downwards (meteoric
fluids) or upwards (hypogene karst formation). Due to the presence of crinoid debris in the
limestone matrix of the SSB fabric in between non displaced blocks a meteoric karst system is
more likely (descending transport direction). Major fluid pathways are typically fracture planes
cross cutting bedding planes and thus, forming a network. Secondly, the presence of ED clasts
in the LSB and SSB fabric indicates a migration of karstifying fluids postdating the forma-
tion of early dolomite by seepage reflux of saline brines during shallow burial. Thirdly, the
assumed meteoric origin of the karst system requires fluid pathways connected to the surface
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during times of subaerial exposure. Evidences for subaerial exposure are provided by Koehrer
et al. [2012] during Triassic times, which implies medium burial conditions for beds deposited
during Middle Permian times. During this stage the formation of cavities is initiated due to the
migration of karstifying fluids. The lateral and vertical extension of the cavities (Fig. 5.7C)
is progressively widened by dissolution during the third stage. Due to the large amount of ED
clasts in the LSB fabric it can be assumed that a direct contact zone between karst cavity and
the base of ED dolomite was developed. An irregular box work fabric of cavities is assumed
based on the occurrence of large non-displaced blocks in the LSB fabric and narrow nearly ver-
tical pipes in the SSB fabric. The non-displaced blocks acted as pillars in between the cavities
and stabilised the karst system. During stage four the collapse of the cavities is most likely
initiated (Fig. 5.7D) resulting in the formation of clast filled cavities. A collapse scenario is
supported by the clast appearance and the relative clast/matrix ratio compared to the diagram
of Woodcock et al. [2006]. The presence of the large blocks in area 2 indicates the preservation
of pillars in the centre of the cavern. The matrix of the breccia is most likely composed of
carbonate sediment characterised by an increased porosity. That provides additional pathways
for migrating late diagenetic dolomitising fluids resulting in the matrix being replaced by DT2
dolomite. This second type of dolomitising fluids (DT2 dolomite) migrates upwards through
the succession following major fractures and the pre-existing karstic system (Beckert et al.
[2015], Vandeginste et al. [2015]). ED clasts are presumably recrystallised by DT2 dolomite
up to a certain extent. The last stage (Fig. 5.7E) is characterised by the dolomitisation of LSB
fabric and the formation of tens of meters wide dolomite fingers extending laterally away from
the breccia. Due to the presence of DT2 clasts in a limestone matrix at the base of the SSB
fabric it is assumed that the breccia formation postdates the recrystallisation of the units above
the SSB fabric by DT2 dolomite.
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Figure 5.7: The five sketches display the suggested model for the formation of the LSB and
SSB fabric observed in Wadi Sahtan. The breccia fabrics are assumed to represent
a collapsed cavernous system either linked to a meteoric or a hypogenic karst.

5.5 Chapter conclusions

The Middle East hosts a large number of brecciated structures observed in platform carbon-
ates and salt deposits. Traditionally, their origin was mainly linked to epigenetic fluid migra-
tion whereas the importance of hypogenic processes for the region received more attention
only during recent years. This chapter aimed to provide a detailed analysis of the presence of
dolomitising and karstifying fluids examined in tens of metres wide breccia fabrics in a strati-
graphic interval equivalent to the Lower Khuff in the Central Oman Mountains. The breccias
are hosted in Lower Permian carbonates of the Arabian plate which were exposed to two differ-
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ent dolomitising fluids as well as a fluid that caused the formation of karst cavities. Within the
breccia fabrics, the first type of dolomite (ED dolomite) was mainly observed in clasts whereas
the surrounding host rock constitutes of extensive ED dolomite from Permian to Triassic beds.
Mesosaline brines are assumed to be the dolomitising fluids for ED during shallow burial (Van-
deginste et al. [2013]), and based on field characteristics dolomitisation is interpreted to predate
karstification. During medium burial what was most likely a maze pattern karstification was
initiated, triggered by the migration of either meteoric or hypogenic fluids. The geochemical
signal required for the clear separation of both processes is not clear due to a later recrystallisa-
tion event during and subsequently to the emplacement of the ophiolite. However, a meteoric
karst process is the favoured interpretation based on evidences for cave sediment (derived from
the diagram of Woodcock et al. [2006] defined for chaotic breccias in England) and evidences
for early marine sediment transport from the surface (laminated sediments rich in crinoid de-
bris observed in the breccia matrix). Subsequent to the collapse of the karst cavities a second
ascending dolomitising fluid (late diagenetic DT2 dolomite) is thought to have entered the brec-
ciated area. The warm fluids recrystallised large parts of the matrix and to a minor extent clasts,
as indicated by a trend in the carbon and oxygen isotopes. Due to the relative timing of kars-
tification and later dolomitisation by DT2 dolomite, the formation of cavities is assumed to
predate the emplacement of the ophiolite in Oman. This scenario, which links epigenic karst
with burial dolomitisation, implies that the spatial distribution of dolomite bodies will follow
the template of karstic conduits. If this interpretation is correct, it implies that a geostatistical
predictive model can be derived for the distribution of late diagenetic dolomite bodies by using
typical variograms for the distribution of karstic features.



6 Fluid flow in Khuff equivalent reservoir strata:
new insights from stable isotope geochemistry

6.1 Introduction and previous work

The geochemical characteristics and preferential migration pathways of dolomitising fluids are
key in predicting the occurrence and spatial attributes of dolomite bodies crucial for generating
accurate reservoir models. In the Middle East, two main reservoir units referred to as the
Arab Formation (Jurassic) and the Khuff Formation (Permian) host dolomite bodies (Ehrenberg
et al. [2007]), and reservoir engineers are thus faced with the challenge to predict dolomite
bodies in limestone host rocks and incorporate them into reservoir models. Several types of
dolomite are known to occur in the two reservoir units, and the characteristics of, for example,
early diagenetic dolomite bodies present in Khuff and Arab formations are well constrained.
Early diagenetic dolomite bodies are often controlled by certain lithofacies types or large scale
depositional settings such as shoals which gives good control on their position and size in
reservoir models (Ehrenberg et al. [2007], Honda et al. [1989]). However, major reservoir
units in the Middle East contain also other types of dolomite such as hydrothermal dolomite
(Alsharhan and Magara [2006], Videtich [1994]), the characteristics of which can be impacted
by a whole set of different features such as fractures, bedding planes or unconformities (Cantrell
et al. [2001], Davies and Smith [2006], Dewit et al. [2012]). Therefore, the incorporation
of hydrothermal dolomite into reservoir models is much more challenging and requires the
careful study of, for example, drill cores or outcrop equivalents. Outcrop analogue studies are a
fantastic means to understand the three dimensional arrangement of dolomite bodies in relation
to their geochemical properties (Antonellini and Mollema [2000], Cantrell et al. [2001], Slater
and Smith Jr. [2011]).
This chapter aims to improve the characterisation of hydrothermal to burial dolomite bodies
in Khuff equivalent strata in the Oman Mountains. The first, main objective is to determine
whether or not late diagenetic dolomite bodies are controlled by the lithological setting of the
host rock and thus, determine predictive subsurface rules by facies analysis. In case there is no
lithological control, then secondly, an evaluation of strata underlying Permian carbonates (in
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this case the crystalline Precambrian basement) is performed in order to determine controlling
structures on fluid distribution. Thirdly, the origin of dolomitising fluids is investigated since
this impacts the geochemical characteristics of formed dolomite bodies. Here, ICP-AES and
stable isotope analyses help to understand the origin and chemical characteristics of dolomite
bodies in Khuff equivalent strata. Fourthly, this study attempts to evaluate variations in the
temperature and geochemistry of the dolomitising fluids with lateral distribution. Finally, the
study evaluates whether the potential migration of later fluids such as hypersaline brines has
significantly modified the characteristics of late diagenetic dolomite bodies and if this impacted
the reservoir relevant parameters of the dolomite bodies. Answering these research questions
improves the accurate inclusion of late diagenetic dolomite bodies into Khuff reservoir models.

6.2 Geographic areas relevant in this chapter

Twelve transects were sampled and partly lithologically mapped. The aim of sampling was to
determine geochemical variations across the dolomite body and not to map the Lower Permian
in the study area which was already done by Bendias et al. [2013]. Lithological mapping was
only performed in a few outcrops in order to evaluate the presence of a lithological control
on the certain lithofacies types on the position of the base of dolomite bodies. The sampled
transects are located in the two main Wadi structures in the Central Oman Mountains, defined as
Wadi Sahtan and Wadi Mistal, as well as in a smaller Wadi in the east of the Oman Mountains in
Wadi Hedek. The transects are thus evenly distributed across the Jebel Akhdar tectonic window
(Fig. 6.1). Sampling and lithological mapping focused on red late diagenetic dolomite bodies
defined as DT2 dolomite bodies which are discussed in detail in chapter 4. The transects always
cover the base of DT2 dolomite bodies and include in several outcrops also the centre and the
base. Where possible the limestone host rock as well as early diagenetic (ED) dolomite (see
chapter 4 for further discussions of ED dolomite) are incorporated in the transects. The outcrop
Wadi Mistal-WM was sampled and geochemically analysed by Veerle Vandeginste and Cédric
M. John and the obtained data set was, prior to this thesis, presented in part in the Master thesis
of Tilden McKean. Furthermore, Veerle Vandeginste and Cédric M. John collected samples in
the outcrop Wadi Sahtan-VV followed by geochemical sample processing. The obtained results
are also incorporated in this chapter.
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Figure 6.1: Overview of geographic details of the twelve profiles relevant to this chapter. The
position of three lithologically mapped and sampled logs in Wadi Sahtan, Mistal
and Hedek is indicated in green. All other logs given in black were only sampled
but not lithologically mapped in order to obtain stable isotope results of dolomite
and limestone phases.
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6.3 Results

6.3.1 Host rock lithologies

Eight different lithofacies types (LFT) were observed along the profiles across red late diage-
netic (DT2) dolomite bodies (Fig. 6.2 and 6.1). Massive limestones (LFT 1) reveal a grey
colour and rarely contain crinoids (Fig. 6.2A). Crinkly to wavy manganese crusts at a millime-
tre scale are common as well as stylolites showing wavy to columnar shapes. Crinoidal mud-
to wackestones (LFT 2) are of light to dark grey colour and contain crinoids, fusulinids, rugose
corals and bryozoans (Fig. 6.2B). A fining upward trend was observed in several outcrops.
Cauliflower structures are common. Silty laminae are of rare occurrence. Stylolite sutures
reveal irregular to columnar shapes. LFT 2 is equivalent to the graded wacke- to mudstone
of (Bendias et al. [2013]). Fusulinid wacke- to packstones (LFT 3) (equivalent to the graded
pack- to wackestones of (Bendias et al. [2013]) are of light to medium gray colour and show
millimetre sized bedding parallel laminations. Fusulinid foraminifera form the most common
type of fossil in this lithofacies type, whereas trochyspiral gastropods and disarticulated bi-
valves are less frequent (Fig. 6.2C). Burrowed to bioturbated wacke- to packstones (LFT 4)
(equivalent to burrowed to vertically rooted mud- to wackestones of (Bendias et al. [2013])
show a gray colour. Bioturbations refer to Zoophycus and Thalassinoides traces (Fig. 6.2D).
Crinoids, disarticulated bivalves, trochyspiral gastropods and fusulinid foraminifera are accu-
mulated between the bioturbations. Crinoidal wacke- to packstones (LFT 5) are characterised
by a pale grey colour (Fig. 6.2E) (equivalent to graded pack-wackestones of (Bendias et al.
[2013]). The beds show rarely an irregular base and fining up with muddy top sets. Cauliflower
structures and irregular stylolites are common. In addition to crinoids, disarticulated bivalves,
planspiral and trochyspiral gastropods, solitary sponges, rugose corals and branched bryozoans
were observed. Sponge wacke- to packstones (LFT 6) are characterised by sponge spicules,
crinoids, disarticulated bivalves and trochyspiral gastropods (Fig. 6.2F). The colour ranges
from medium to dark grey. Poorly sorted bivalve packstones (LFT 7) are of light to dark grey
colour and often show an irregular base of beds. Crinoids, trochyspiral gastropods, articulated
and disarticulated bivalves and fusulinid foraminifera are commonly accumulated in lenses or
patches (Fig. 6.2G).
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Figure 6.2: Overview of lithofacies types observed along the mapped profiles in close vicin-
ity to the edges of dolomite bodies. A Massive mudstone with some rare crinoids
B Crinoidal mudstone to wackestone which is equivalent to the graded wacke- to
mudstone of Bendias et al. [2013] C Fusulinid wackestone to packstone D bur-
rowed/ bioturbated wackestone to packstone (Zoophycus) E Crinoidal wackstone
to packstone F Sponge wackestone to packstone G Poorly sorted bivalve packstone
H Partly cross bedded coraline packstone.
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Table 6.1: Summary of the characteristics of observed lithofacies types including colour, phys-
ical and sedimentary structures as well as main components. The lithofacies types
of (Bendias et al. [2013]) equivalent to lithofacies types presented in this study are
given in the right column.
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The LFT 7 and LFT 8 are equivalent to the poorly sorted bioclast rich pack to grainstone of
(Bendias et al. [2013]). Poorly sorted cross bedded coralline packstones (LFT 8) show a gray
colour. Cross bedding of fossil debris is common. Solitary rugose corals and trochyspiral to
planspiral corals are mostly present in areas with horizontal bedding (Fig. 6.2F).

6.3.2 Stratigraphic position and correlation of lithologically mapped logs

The logs in Wadi Sahtan (Way to Yasib-WtY) and Hedek (Wadi Hedek-WH) are positioned
in contact with the Precambrian-Permian unconformity but reveal different length of 53.0 and
25.0 m respectively (Fig. 6.3). Due to scree coverage the exact distance between the unconfor-
mity and the base of the log in Wadi Mistal (Wadi Mistal-WH) (profile length 48.0 m) could
not be determined in the field but is approximately 35 m based on comparisons with the Wadi
Mistal profile of (Bendias et al. [2013]). The correlation between logs mapped in this study and
logs of (Bendias et al. [2013]) uses firstly, the presence of two Zoophycus horizons which can
be observed across the Central Oman Mountains and secondly, prominent fossil rich marker
beds which reveal strong similarities in the studied outcrops. Due to a palaeotopographic high
of the Precambrian-Permian unconformity in Wadi Mistal the logs WtY and WM cannot be
correlated directly (Fig. 6.3). The palaeotopographic high present between Wadi Hedek and
Wadi Sahtan was determined by (Bendias et al. [2013]) based on the thickness of the mapped
profiles calculated from the top of the Khuff Sequence 6. The thickness variations of the de-
posited limestone packages in, for example, Wadi Mistal and Wadi Sahtan are interpreted to
be linked to the topography of the Precambrian- Permian unconformity. The mapped profile
in the outcrop Way to Yasib-WtY is located 7.0 km away from the Wadi Sahtan log (Khuff

KS6 sequence) of (Bendias et al. [2013]) and was thus used to stratigraphically position the
WtY log. A similar approach was applied in Wadi Mistal resulting in the log Wadi Mistal-WM
compared with the Wadi Mistal log of (Bendias et al. [2013]).
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Figure 6.3: Correlation of logs mapped in this study with logs of (Bendias et al. [2013]). A
direct correlation of the log Way to Yasib-WtY and Wadi Mistal-WM is not pos-
sible due to a palaeotopographic high of the Precambrian-Permian unconformity
in Wadi Mistal. The extreme topographical variation in the shape of the unconfor-
mity results from the absence of a uniform scale in the lateral position of logs. The
used colour scheme is consistent with lithofacies types presented in Table 6.1, and
photographic examples of lithofacies types observed along the profiles are given in
Fig. 6.2. The logs are presented in detail in Fig. 6.4, 6.5, 6.6.



116
CHAPTER 6. FLUID FLOW IN KHUFF EQUIVALENT RESERVOIR STRATA: NEW

INSIGHTS FROM STABLE ISOTOPE GEOCHEMISTRY

6.3.3 Carbon and oxygen variations of DT2 dolomite in relation to litho-
facies types

Three outcrops distributed across the Central Oman Mountains (in Wadi Hedek, Wadi Mistal
and Wadi Sahtan) were lithologically logged and the δ18O and δ13C values of the matrix of the
lithofacies types along the sampled logs determined.

Figure 6.4: A Illustration of the position of the mapped log in Wadi Hedek (Wadi Hedek-WH).
Sampling focused only on DT2 dolomite. Peaks in stable isotope results are promi-
nent in oxygen and carbon isotopes. B The legend summarises symbols and colours
used in Wadi Hedek and all other outcrops presented subsequently.
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The outcrops are presented from east to west. δ18O and δ13C of measured DT2 dolomite
samples are given in per mil in the Vienna PeeDee Belemnite scale throughout the text. The
transect in Wadi Hedek has its base at the Precambrian-Permian unconformity. The outcrop is
completely dolomitised and thus lacks limestone to dolomite transition zones. The base of the
dolomite body is composed of massive mudstones (Fig. 6.4). These massive mudstones show
δ18O values ranging from -3.5 to -3.9 ‰ and δ13C values ranging from 2.8 to 3.0 ‰ (Fig.
6.4). In comparison, the samples SP 4 and SP 5 taken 4 and 5 meter above the unconformity in
poorly sorted bivalve packstones as well as crinoidal wackestones are characterised by much
more negative δ18O values (-11.1 to -12.4 ‰ ). Within this stratigraphic interval a negative shift
is also present in carbon isotope values (0.9 to 1.2 ‰ ).
In Wadi Mistal (outcrop Wadi Mistal-WM) the studied DT2 dolomite body is hosted in lime-
stone at the base and early diagenetic (ED) dolomite at the top (Fig. 6.5). Due to the convex
shape of the base of the DT2 dolomite body, limestone and DT2 dolomite were studied and
sampled parallel along a section of 45 cm. Within this zone below the sharp contact of lime-
stone and DT2 dolomite (see interval 18.3 m to 19.3 m) oxygen values of the limestone show
an abrupt decreasing trend from -4.4 ‰ (18.3 m) to -7.5 ‰ (19.0 m).
The base of the dolomite body is hosted in crinoidal mudstones to wackestones, partly cross
bedded coralline packstones, massive mudstones and poorly sorted bivalve packstones. Similar
to the negative trend in oxygen values of limestone, δ18O results of DT2 from the base of the
dolomite body are highly negative [δ18O: -7.6 ‰ (18.7 m) measured in crinoidal mudstones
and wackestones] and show an abrupt rise to -5.39 ‰ (19.5 m) in partly cross bedded cora-
line packstones. The contact zone between limestone and DT2 dolomite is also characterised
by abrupt shifts in the carbon signature (Fig. 6.5). For about 18 m the δ13C in the limestone
ranges between 4.15 and 5.9 ‰ . Close to the contact zone, a negative shift in δ13C occurs
showing 1.8 ‰ which steadily increases to 3.6 and 4.0 ‰ within a zone of 45 cm. In compari-
son, DT2 dolomite reveals a positive peak in δ13C 70 cm above the base of the dolomite body
(δ13C: 5.0 ‰ ). Apart from this peak, carbon isotope values of > 5 ‰ were only recognised
in the topmost area of the dolomite body. At 20.8 m DT2 dolomite reveals a less prominent
negative shift in δ13C (3.5 ‰ ) hosted in poorly sorted bivalve packstones which is associated
with a prominent negative shift in δ18O (-7.7 ‰ ). Towards the top of the dolomite body carbon
and oxygen isotope values reveal a smooth gradational increase (δ18O up to -2.3 ‰ and δ13C
up to 6.5 ‰ ) (Fig. 6.5).
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Figure 6.5: Overview of the outcrop in Wadi Mistal (Wadi Mistal-WM). Samples were taken
along a 75.0 m long transect through the profile. The orange line marks the litho-
logically mapped profile, whereas the green line shows the sampled zones. Units at
the base of the profile (up to 19.3 m) are composed of limestone characterised by a
sharp contact to red DT2 dolomite (18.8 to 43.0 m). The transition zone from DT2
to brown ED dolomite extends over 16 m (from 43.0 to 59.0 m). The uppermost
part of the section is composed of ED dolomite.
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The studied dolomite body in Wadi Sahtan (Way to Yasib-WtY) in the west of the Central Oman
Mountains stretches out along the Precambrian-Permian unconformity and shows a sponge
wackestone to packstone at the base (Fig. 6.6). In comparison to Wadi Hedek-WH and Wadi
Mistal-WM, the sampled transect lacks prominent shifts in the carbon and oxygen isotopic
signature across the dolomite body. The basal part of the body was not sampled. δ18O values
within the dolomite body range from -2.9 to -6.5 ‰ and δ13C values vary from 1.4 to 5.3 ‰
(Fig. 6.6). A smooth gradational trend from negative to more positive oxygen values from the
base to the top of the dolomite body is also absent. For comparison, results from one weathered
unit are plotted (SP 7) showing highly negative δ18O of -14.3 ‰ and δ13C of -0.7 ‰ (Fig. 6.6).
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Figure 6.6: Field panorama of the lithologically mapped and sampled outcrop in Wadi Sah-
tan (Way to Yasib-WtY). Samples were taken along a 36 m long transect through
the profile (green line). The orange line marks the lithologically mapped profile.
Carbon and oxygen isotope results lack prominent peaks in the isotopic signature.
Due to complete dolomitisation of the outcrop, there is no transition zone between
limestone and DT2 dolomite.
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6.3.4 Carbon and oxygen variations plotted across DT2 dolomite bodies

The small scale (2.0 m in width) dolomite body in Wadi Sahtan (Wadi Sahtan WS-W-1) lacks
prominent shifts in the carbon or oxygen isotopes not only within the dolomite body, but also
at the contact to the surrounding limestone (Fig. 6.7). The three measured DT2 samples reveal
δ18O of -2.3 to -2.8 ‰ and δ13C of 3.7 to 4.1 ‰ . In comparison, variations in the limestone
signature are slightly more prominent (δ18O of -1.7 to -6.7 ‰ and δ13C of 1.8 to 4.8 ‰ ). In
contrast, the outcrop Wadi Sahtan WS-W-2 shows more negative values close to the sharp con-
tact between limestone and DT2 dolomite (Fig. 6.7). Similar to most other outcrops, shifts
in the carbon and oxygen isotope signature are coherent. Within an interval of 30.0 cm δ18O
values show highly negative values of -7.2 ‰ at the limestone dolomite contact and reveal a
positive shift to -3.8 ‰ and a strong decrease to -8.4 ‰ . In a similar manner, δ13C values
change from 0.0 to 4.2 to 2.9 ‰ . The second strong peak in δ18O values located at 7.9 m
(δ18O: -9.8 ‰ ) is only associated with a subtle peak in δ13C shifting from 2.9 ‰ (at 5.7 m) to
2.3 ‰ (at 7.9 m). In a more eastern area of Wadi Sahtan, three transects were sampled across
an irregularly shaped DT2 dolomite body defined as Wadi Sahtan-WS-NE2, Wadi Sahtan-WS-
ECF and Wadi Sahtan-WS-NE2-X (Fig. 6.8). The vertical transects WS-NE2 and WS-ECF
reveal no prominent shifts in carbon and oxygen isotopes at the limestone dolomite contact.
The δ18O values of DT2 dolomite along the transect WS-NE2 range within -2.7 to -5.8 ‰ ,
whereas δ13C values are even more homogenous (δ13C between 3.7 to 4.8 ‰ ). The transect
WS-ECF shows one prominent δ18O peak within the dolomite body located between 17 and
18 m of the transect characterised by δ18O values of -0.1 and 0.0 ‰ . As similarly observed
within the dolomite body in Wadi Sahtan-WS-W-2, this peak in WS-ECF is a positive shift in
the oxygen isotope curve. However, as opposed to most other transects the positive excursion
of the δ18O value is incoherent with the δ13C curve, which shows a negative trend around 17
and 18 m (Fig. 6.8). The transect WS-NE2-X represents a horizontal sampling line across the
dolomite body. WS-NE2-X aimed to assess variations in the stable isotope signature within the
same bed for a distance of several tens of metres until the accessibility of the outcrop required
a shift to an adjacent or nearby bed. Carbon values lack any prominent peaks and range within
2.2 and 4.7 ‰ . The majority of δ18O values range also within -2.8 and -6.0 with the exception
of one peak at 28.5 m showing a more positive δ18O value of -1.2 ‰ .
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Figure 6.7: Images in the upper line show a dolomite body in the outcrop Wadi Sahtan-WS-
W-1 which reveals transition zones from limestone into DT2 dolomite. Due to the
lateral extent of about 2.0 m, this dolomite body forms the smallest dolomitised
body studied in this project. No significant peaks in δ18O and δ13C were observed.
The second dolomite body Wadi Sahtan-WS-W-2 is located only a few metres away
from Wadi Sahtan-WS-W-1, but is characterised by significant peaks in the carbon
and oxygen isotopic signature.
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Figure 6.8: Overview of sampled vertical (Wadi Sahtan-WS-ECF and Wadi Sahtan-WS-
NE2) and lateral (Wadi Sahtan-WS-NE2-X) transects across one irregular shaped
dolomite body in Wadi Sahtan. In comparison to other outcrops, prominent peaks
in the oxygen isotopic signature at the limestone dolomite contact are not present.
However, two positive peaks in δ18O occur within the dolomite body observed in
Wadi Sahtan-WS-NE2-X and Wadi Sahtan-WS-ECF.
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The variation of stable isotopes was also studied along a vertical and a horizontal transect in
the outcrop Wadi Bani Hirras-WBH located in the eastern part of Wadi Mistal (Fig. 6.9). As
opposed to all other outcrops showing a direct contact between limestone and DT2 dolomite,
Wadi Bani Hirras-WBH shows firstly, a positive excursion in the δ18O signature at the base of
the dolomite body (δ18O up to -5.0 ‰ ) and secondly, a negative trend in the δ13C signature
in the same stratigraphic interval. Subtle positive δ18O excursions at the top of the dolomite
body reach only values of up to -6.0 ‰ (SP 18) (Fig. 6.9). Four samples taken within one
bed were also compared to determine potential peaks along a horizontal transect across the
dolomite body. However, δ18O and δ13C differ only by a 3.2 and 0.7 ‰ respectively.

Figure 6.9: The dolomite body present in Wadi Bani Hirras was sampled in a vertical and lat-
eral direction. The horizontal transect lacks any prominent peaks in carbon and
oxygen stable isotopes. The vertical transect includes limestone and early diage-
netic dolomite which host the DT2 dolomite body. The base of the dolomite body
shows a positive peak in δ18O, whereas the δ13C curve reveals a negative trend.
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The dolomite body in the outcrop Wadi Sahtan-VV lacks any prominent peaks in the δ18O and
δ13C signature at the contact limestone to DT2 dolomite (Fig. 6.10).

Figure 6.10: Dolomite body in Wadi Sahtan (Wadi Sahtan-VV) which was sampled and geo-
chemically analysed by Veerle Vandeginste.

Limestone and DT2 dolomite show about the same δ18O (δ18O of limestone: -3.31 ‰ and δ18O
of DT2 dolomite: -3.92 ‰ ) and δ13C (δ13C of limestone: 5.98 ‰ and δ13C of DT2 dolomite:
-4.89 ‰ ) values. In comparison to ED dolomite, DT2 dolomite shows more negative δ18O
values at the contact ED (δ18O: -1.61 ‰ ) to DT2 (δ18O: -5.37 ‰ ) dolomite (Fig. 6.10).
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Figure 6.11: Sampling details and stable isotope results of transects in the outcrop Wadi Mistal-
WM-E and in the outcrop Wadi-Annlin. Peaks in the carbon and oxygen isotope
curve were not observed in Wadi Mistal-WM-E. In comparison, Wadi-Annlin
shows δ18O of -7.7 ‰ at the base of the DT2 dolomite body. The middle and
top part of the dolomite body are intensely weathered and show more negative
carbon values.
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The sampled outcrop in Wadi Mistal (Wadi Mistal-WM-E) lacks any prominent peaks in carbon
and oxygen values within the dolomite body (Fig. 6.11). The DT2 dolomite also reveals no
significant variations in the oxygen signature at the contact between limestone and dolomite.
Within the body, δ18O ranges within -4.9 to -7.1 ‰ and δ13C shows values of 3.2 to 4.3 ‰ .
The outcrop in Wadi-Annlin is characterised by intense weathering which has recrystallised
the centre and the top of the DT2 dolomite body (Fig. 6.11). δ13C values of the brownish to
black dolomite show up to -5.5 ‰ . The base of the dolomite body is preserved as unaltered
DT2 dolomite with δ18O of -7.7 ‰ and δ13C of 3.4 ‰ .

6.3.5 Comparison of elemental concentrations of DT2 dolomite in Wadi
Sahtan and Mistal

The elemental composition of DT2 dolomite was determined in one outcrop in Wadi Mistal
(Wadi Mistal-WM) and in Wadi Sahtan (Wadi Sahtan-VV). The results are summarised in Ta-
ble 6.2. The average contents of manganese (0.6 %), sodium (427 ppm) and iron (1.2 %) are
higher in Wadi Sahtan compared to Wadi Mistal (0.2 %, 317 ppm and 0.5 % respectively).
In contrast, strontium (0.009 %) and potassium (163 ppm) contents are higher in Wadi Mistal
compared to Wadi Sahtan (0.008 % and 112 %) (6.2). Magnesium amounts to 11.9 % in Wadi
Sahtan and 11.7 % in Wadi Mistal and is thus comparable in both Wadis. Iron, manganese
or sodium lack any prominent trends in variations of the concentration across the sampled
dolomite bodies.
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Table 6.2: Elemental concentrations of DT2 dolomite measured in samples from Wadi Sahtan
(Wadi Sahtan-VV) and Wadi Mistal (Wadi Mistal-WM).
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6.3.6 Geographical variations in stable isotopes and elemental cross plots

Figure 6.12: The cross plot of δ18O and δ13C data combines isotope results of DT2 dolomite
from Wadi Sahtan, Mistal and Hedek. The map on the left side shows the Central
Oman Mountains including the three major sampling areas Wadi Sahtan, Wadi
Mistal and Wadi Hedek. Measured δ18O and δ13C DT2 dolomite values plot in
two distinct clusters defined as the Wadi Mistal (orange) and the Wadi Sahtan
(green) cluster.

Differences in the δ18O and δ13C values were evaluated across the Central Oman Mountains.
Wadi Sahtan located in the western area is characterised by δ18O values between -6 and -2.5 ‰
with a few exceptions showing more negative values (Fig. 6.12 green phase). δ13C values range
within 2.5 and 5 ‰ . The majority of δ13C results plot within 3.2 and 4.2 ‰ and δ18O results
show dominantly -4.0 to -5.5 ‰ .
Towards the east in Mistal δ18O values are generally more negative (δ18O: -5.0 to -9.0 ‰ ) and
δ13C results are slightly more positive (δ13C: 3 to 6 ‰ ) (Fig. 6.12 yellow phase). δ18O ranges
within -7.0 and -5.0 ‰ whereas δ13C shows values of mainly 3.0 to 4.5 ‰ . The overlapping
area between results from Wadi Sahtan and Wadi Mistal is relatively narrow and thus, results
were grouped into two distinct classes. Wadi Hedek in the eastern part of the Central Oman
Mountains has similar δ18O and δ13C isotope values to Wadi Sahtan and was thus assigned to
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the Wadi Sahtan group. However, more samples are needed in order to strengthen the assign-
ment of Wadi Hedek to the Wadi Sahtan group.
Furthermore, several cross plots generated from data of the outcrop Wadi Mistal-WM (Fig. 6.13
yellow phase) and Wadi Sahtan-VV (Fig. 6.13 green phase) were used to determine elemental
variations in Wadi Mistal in comparison to Wadi Sahtan. In Wadi Mistal, the Mg/Fe ratio of
the trend line (1:0.37) is higher compared to Wadi Sahtan (1:0.05). R2 (0.17) (Fig. 6.13) of
the data set in Wadi Mistal indicates slightly better correlation whereas R2 (0.01) of Mg and
Fe in Wadi Sahtan shows a very independent correlation. In comparison, Fe and Mn show a
positive covariation in both Wadi Sahtan (R2: 0.4) and Mistal (R2: 0.95) with a Mn/Fe ratio of
1:1.5 and 1:2.31 (Fig. 6.13) respectively. The relative ratio between Sr and Fe is comparable in
Wadi Mistal (1:0.0007) and Sahtan (1:0.0041) although the Sr/Fe correlation observed in Wadi
Mistal (R2: 0.01) is more independent compared to Sahtan with R2: 0.34. Mg and Mn show
a good correlation in Wadi Mistal (1:0.24) whereas the correlation coefficient in Wadi Sahtan
(1:0.03) is low (Fig. 6.13). The relative ratio between Mg and Mn amounts to 1:0.17 in Wadi
Mistal and 1:0.01 in Wadi Sahtan.
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Figure 6.13: Four elemental cross plots of DT2 dolomite results from Wadi Mistal (orange)
and Wadi Sahtan (green) focus on the elements Mg, Fe, Mn and Sr. In general,
the correlation in Wadi Mistal is higher compared to Sahtan.
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Normalisation of carbon and oxygen isotope values in transects

Based on the two major clusters of carbon and oxygen isotope values (given in green and yel-
low in Fig. 6.12), the results collected along the transects were normalised in order to visualise
and evaluate the position of major peaks within dolomite bodies (Fig. 6.14). The aim was to
emphasize the intensity of excursions of comparable logs. The normalisation is based on the
average carbon and oxygen isotope values derived from Wadi Mistal and Wadi Sahtan (Table
6.3). The normalised values for the transects were calculated by subdividing the measured δ18O
and δ13C along the transects by the average δ18O and δ13C and thus, normalised values express
the relative deviation from the average. Values, assumed to be impacted by early dolomitisation
and recent meteoric fluids (black boxes in Fig. 6.12) were not included in the calculation of the
average values.

Table 6.3: Average δ18O and δ13C values were determined in Wadi Mistal and Wadi Sahtan in
preparation for the normalisation all transects in both wadis.

Transects taken in Wadi Mistal often reveal the most prominent deviation from the average
δ18O value close to the base of the dolomite bodies. These prominent deviations are of nega-
tive nature resulting in δ18O values of about 3 ‰ lower than the average. Carbon isotope values
show a similar negative trend at the base of the dolomite bodies although the deviation from
the average is only about 1 ‰ . The top most area of DT2 dolomite bodies was only studied in
the outcrop WM, showing δ18O and δ13C values more positive than the average (Fig. 6.14).
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Figure 6.14: Plot of the results of a normalisation of measured carbon and oxygen isotope
values along the sampled transect. In Wadi Mistal the most prominent excursions
in the logs occur at the base of the dolomite bodies whereas in Wadi Sahtan strong
excursions are also present in the centre of the sampled dolomite bodies.

In Wadi Sahtan, a trend in the deviation from the average δ18O is not visible. Strong negative
(about 6.0 ‰ ) and positive (about 3.0 ‰ ) δ18O deviations were observed at the base of the
dolomite body in WS-W-2, whereas WS-W-1 shows only one prominent positive excursion
(about 2.0 ‰ ) (Fig. 6.14). The dolomite body WS-ECF shows a strong deviation (4.0 ‰ )
from the average δ18O in the centre of the body. The progressions of the δ13C deviation curves
are relatively similar to the δ18O curves. Strong negative δ13C excursions are present at the
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base of the WtY dolomite body (-2.5 ‰ ), whereas WS-ECF reveals a positive peak (3.0 ‰ ) in
the centre of the body (Fig. 6.14).

Sr, Fe and 87Sr/86Sr characteristics of samples with very negative δ18O values

Samples with prominent excursions in δ18O and δ13C were studied to determine geochemical
differences with DT2 dolomite samples lacking any prominent depletion trends in carbon and
oxygen (Table 6.4). In the outcrop Wadi Mistal-WM, samples with very negative δ18O values
show 87Sr/86Sr ratios of about 0.71436, strontium values of 54 to 143 ppm and iron contents
of 219 to 85659 ppm. In comparison, DT2 samples without very negative δ18O values have
87Sr/86Sr ratios of 0.70779 and slightly lower strontium values of up to 106 ppm. Iron contents
are much lower and range between 303 and 4988 ppm.

Table 6.4: Overview of geochemical characteristics of samples with and without prominent
δ18O excursions. Both groups show different 87Sr/86Sr ratios.

Iron and strontium values as well as 87Sr/86Sr ratios were plotted against very negative δ18O
values (red rhomb in Fig. 6.15) and compared with samples without very negative δ18O values
(blue triangle in Fig. 6.15). Samples with negative δ18O values (red rhomb) show with increas-
ing depletion in 18O a much more significant increase in the 87Sr/86Sr ratio and in the iron and
strontium content. Furthermore, a decreasing strontium content is associated with a much more
radiogenic 87Sr/86Sr compared to samples without very negative δ18O values.
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Figure 6.15: Comparison of DT2 dolomite samples with prominent negative excursions of
δ18O (red rhomb) and samples without significantly negative δ18O values (blue
triangle) from the outcrop Wadi Mistal-WM. Cross plots show significant differ-
ences in the increase of iron, strontium and the 87Sr/86Sr ratio with a decrease in
δ18O of both sample groups.
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6.3.7 Carbon and oxygen stable isotope trends of dolomites and lime-
stones

The measured carbon and oxygen isotope values of the limestone host rock and all DT2 dolomite
samples show similar isotopic values (δ18O: 0.5 to -13.0 ‰ and δ13C: 0.0 to 7.0 ‰ ) (Fig. 6.16).
In addition, the undolomitised host rock and DT2 dolomite show a positive correlation between
δ18O and δ13C values. Generally, more positive δ18O values correspond to more positive δ13C
values and vice versa. The observed spread of carbon and oxygen values in the limestone host
rock is compared with the isotopic composition of limestones during Permian times published
by Veizer [1983].

Figure 6.16: A δ18O of limestone (blue square) and DT2 dolomite (red square) plotted against
the corresponding δ13C values. The undolomitised limestone host rock shows a
similar isotopic composition as the late diagenetic DT2 dolomite. Both lithologies
are characterised by a positive correlation between δ18O and δ13C values. B Iso-
topic composition of the limestone hosting the DT2 dolomite bodies close to the
contact zone (less than 1 meter in dark blue) and further away (more than 1 meter)
from the contact zone between limestone and DT2 dolomite. No clear preferential
isotopic composition of limestones close to the contact was determined. Results
are compared with the isotopic composition of Permian marine limestone.
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A large amount of samples reveals 5.0 ‰ more negative δ18O values than expected for Permian
limestones (Veizer [1983]), whereas only a few samples show additionally more negative δ18O
values (up to 1.5 ‰ ). Limestones with a δ18O composition more negative than expected for
Permian limestones are spatially not restricted to the direct vicinity of DT2 dolomite bodies.
Samples taken more than 1 m away from the edges of DT2 dolomite bodies (Fig. 6.16) also
show prominent depletions in δ18O or δ13C.

6.4 Interpretation and discussion

6.4.1 Controlling factors of the migration of dolomitising fluids in the
Central Oman Mountains

Flow behaviour of dolomitising fluids in the Central Oman Mountains

Late diagenetic dolomitising fluids are assumed to migrate through Permian limestone succes-
sions during the time window of the Triassic to Cretaceous (Santonian). This is derived from
cross cutting relationships of DT2 and ED dolomite. ED dolomite was formed during Early
Triassic (Coy [1997]) and is cross cut by DT2 dolomite. Therefore, the formation of DT2
dolomite could have been initiated during Triassic times but, as discussed in chapter 5, the for-
mation of karst cavities also predates the formation of DT2 dolomite. Thus, it is more likely
that the earliest formation of DT2 dolomite was during Jurassic times. The latest possible for-
mation of DT2 is defined by cross cutting relationships with DT3 dolomite. DT3 dolomite was
formed during Early to Middle Cretaceous times (Vandeginste et al. [2013]) and cross cuts DT2
dolomite. As a consequence, the formation of DT2 dolomite bodies is most likely initiated by
the earliest during the Jurassic but is considered to predate the emplacement of the ophiolite
during Cretaceous times.
The dolomitising fluids, resulting in the formation of DT2 dolomite, are interpreted to ascend
in the area of Wadi Mistal followed by a lateral distribution towards the east (Wadi Hedek)
and the west (Wadi Sahtan) (Fig. 6.17). The lateral migration is supported by variations in the
concentration of certain elements with increasing distance to Wadi Mistal.
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Figure 6.17: Suggested model of the flow characteristics of dolomitising fluids in the Central
Oman Mountains. Based on stable isotope results it is assumed that warm dolomi-
tising fluids ascend in the area of Wadi Mistal and spread laterally towards the
east (Wadi Hedek) and the west (Wadi Sahtan). As a main lateral fluid pathway
the Fara Formation is exploited associated with a subtle change in the elemental
composition of the dolomitising fluid and a temperature decrease. The ascent of
fluids in Wadi Mistal and Sahtan is potentially triggered by faults in these areas.
The lithological map of the Oman Mountains was modified after Le Métour et al.
[1993] and details of the lithological framework of the crystalline basement were
derived from Allen [2007] and Sharland et al. [2001a]
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Iron, manganese and sodium concentrations are higher in Wadi Sahtan whereas potassium and
strontium concentrations show a depletion compared to Wadi Mistal. These geochemical vari-
ations are assumed to be linked to the interaction of dolomitising fluids with other litholo-
gies such as the Fara Formation which is composed of bedded pelagic carbonates, cherts, fine
grained turbidites and volcanoclastics (Allen [2007]) and underlies Permian platform carbon-
ates (Fig. 6.17). Based on 87Sr/86Sr results Vandeginste et al. [2015] also suggested an inter-
action of dolomitising fluids with siliciclastic rocks which are for example present in the Fara
Formation. However, strontium isotope results are only available from Wadi Mistal and can
thus not be used to determine a potential trend towards Wadi Sahtan. A second argument in
favour of the preferential ascent of dolomitising fluids in Wadi Mistal followed by a lateral
migration towards Wadi Sahtan and Hedek are variations in the oxygen and carbon isotopic
signature which will be discussed below.
The lateral migration of dolomitising fluids is not considered to be linked to the Precambrian-
Permian unconformity (boundary between the Fara Formation and Permian platform carbon-
ates) because a topographic high in the area of Wadi Mistal and Wadi Bani Kharuz compared
to Sahtan which would require a downward migration of fluids (vertical distance of up to 85
m) (Bendias et al. [2013]) (Fig. 6.17). The topography is assumed to be a primary feature
which was not generated by a later tectonic overprint indicated by thickness variations of the
deposited limestone packages in Wadi Sahtan and Mistal between the Precambrian-Permian
unconformity and the top of KS6. The downward migration of ascending fluids is unlikely
since warmer dolomitising fluids show an increased buoyancy. The increased buoyancy is
caused by the hydrothermal circulation in deeper parts of the basin prior to the ascent which
reduces the density of the fluid (Warren [2000]). In relatively warm systems, the relative ratio
between buoyant and viscous forces is high which is expressed in a high Raleigh number and
thus the fluid is even more forced to ascend. The presence of saddle dolomite and zebra tex-
tures indicates higher temperatures of the dolomitising fluid, which therefore was potentially
also characterised by increased Raleigh numbers. Thus, a potentially rapidly ascending fluid is
unlikely to migrate downward for a vertical distance of about 85 m.
It is more likely that the fluids exploited permeable layers within the Fara formation. The as-
sumption that the Precambrian-Permian unconformity does not act as the main fluid pathway
is furthermore supported by a significant reduction of dolomite bodies at the topographically
highest point in Wadi Bani Kharuz. If all the dolomitising fluid required for the generation
of dolomite bodies in Wadi Sahtan would have travelled along the unconformity in Wadi Bani
Kharuz it would have resulted in extensive dolomitisation in this area. However, in Wadi Sah-
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tan and Wadi Mistal several dolomite bodies show a basal contact zone with the unconformity
and thus, it is assumed that the importance of the unconformity lies in the local spreading of
dolomitising fluids within the zones of major fluid ascent.

Implications of isotopic clusters for fluid flow in the Central Oman Mountains

The comparison of δ18O and δ13C values obtained from samples in Wadi Sahtan, Wadi Mistal
and Wadi Hedek shows two distinct clusters (Fig. 12 green and yellow phase). About 30 %
of measured samples in Wadi Sahtan and Mistal show overlapping δ18O and δ13C values sug-
gesting a dolomite formation at comparable fluid temperature and similar fluid chemistry. This
is supported by comparable macroscopic characteristics (colour, diagenetic fabrics, geometry
etc.) of the dolomite bodies and thus, it can be concluded that dolomite bodies in Wadi Sah-
tan, Wadi Mistal and Wadi Hedek are likely to be cogenetic. However, about 70 % of the
samples show a significant difference in δ18O but at the same time comparable δ13C values.
This δ18O difference between the two clusters (Fig. 6.12) could, firstly, be related to a pref-
erence of dolomitising fluids in Wadi Sahtan to replace ED dolomite whereas in Wadi Mistal
mainly limestone was dolomitised. Secondly, this could be related to varying temperatures of
the dolomitising fluid with Wadi Mistal (more negative δ18O values) being affected by warmer
fluids than Wadi Sahtan and Wadi Hedek (Lonnee and Machel [2006]) (more positive δ18O
values). A third scenario would include variable δ18O values of the dolomitising fluid present
in Wadi Mistal and Sahtan.
The first case was previously discussed in chapter 5 and is considered as a common process in
the transition zone between ED and DT2 dolomite. However, a dominant replacement of ED
by DT2 dolomite in Wadi Sahtan is not likely since the carbon isotope values of DT2 dolomite
are more negative (δ13C: most of the samples lower than -4 ‰ ) than ED dolomite (δ13C: most
of the samples more positive than -3 ‰ ). In case of a replacement of ED by DT2 dolomite, a
strong modification in carbon is not to be expected.
In the second scenario, warm dolomitising fluids are interpreted to ascend in Wadi Mistal and
migrate laterally towards Wadi Sahtan and Wadi Hedek associated with a decrease in temper-
ature while migrating through the Fara Formation. Due to later recrystallisation of Permian
strata during the emplacement of the ophiolite exact formation temperatures of the dolomite
bodies in Wadi Mistal and Wadi Sahtan cannot be determined. However, it can be assumed
that dolomite bodies formed before the emplacement of the ophiolite (based on cross cutting
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relationships with DT3 dolomite formed during Santonian times) and were recrystallised in
a homogeneous way due to likely similar burial conditions (depth, temperature, duration). It
should be mentioned, that the recrystallisation of the platform carbonate succession in the Cen-
tral Oman Mountains may not be as homogenous as expected here since the emplacement of
the ophiolite could have affected certain areas more than others. However, subtle differences
in the tectonic thrusting are difficult to constrain and thus, a homogenous recrystallisation is
assumed here.
Based on published oxygen isotope fractionation curves a temperature difference between Wadi
Mistal and Wadi Sahtan can be calculated (Table 6.5) assuming that the fluid stable oxygen
isotope composition was the same between the two locations. An indication of elevated tem-
peratures of the dolomitising fluids in both Wadis is the presence of saddle dolomite cements
indicating temperatures of the dolomitising fluid of at least 60 − 80 ◦C (Radke and Mathis
[1980]). The comparison of measured δ18O values in Wadi Sahtan and Mistal with published
oxygen isotope fractionation curves (Table 6.5) allows conclusions regarding the composition
of the dolomitising fluids. Based on measured carbonate δ18O values of -6.0 ‰ (average) in
Wadi Mistal and -4.2 ‰ (average) in Wadi Sahtan, oxygen isotope fractionation leads to a
δ18O of the dolomitising fluid of at least 2.0 ‰ assuming a fluid warmer than 60 ◦C (calculated
according to Horita [2014] - Table 6.5). A δ18O similar to recent seawater of 0.0 ‰ would
represent a fluid of 56 ◦C (calculated according to Horita [2014] - Table 6.5) and thus not warm
enough to result in the formation of saddle dolomite cements and therefore not considered as
feasible to result in DT2 dolomite. The difference in δ18O of Wadi Mistal and Sahtan would
imply a temperature difference of the dolomitising fluid of about 11 ◦C (Table 6.5). (The cal-
culated temperatures vary based on the applied fractionation curve between 7 ◦C (Matthews
and Katz [1977]), 11 ◦C (Horita [2014]) and 13 ◦C (Northrop and Clayton [1966], Vasconcelos
et al. [2005]). Due to the temperature range of 80− 350 ◦C given for the curve of Horita [2014]
this fractionation curve is considered as most applicable to the burial to hydrothermal dolomite
bodies relevant to this study.) However, most dolomitised units showing saddle dolomite ce-
ments form at 90 − 160 ◦C (Spötl and Pitman [2009]). In this case, assuming temperatures of
90−160 ◦C would result in a δ18O composition of the dolomitising fluid of about 11 ‰ . Using
the same fluid composition in Wadi Mistal and Wadi Sahtan would imply a temperature of the
dolomitising fluid in Wadi Mistal 22 ◦C higher than in Wadi Sahtan. The difference in δ18O
and thus the calculated temperature difference is not considered to be caused by the error of the
stable isotope measurement since the difference in δ18O is of systematic nature resulting in two
distinct isotope clusters.
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Table 6.5: Summary of calculated temperature differences between the dolomitising fluid in
Wadi Mistal and Wadi Sahtan based on oxygen isotope fractionation curves pub-
lished in literature and assumed δ18O of the dolomitising fluid. Due to the most ap-
propriate temperature range of 80 − 350 ◦C the fractionation curve of Horita [2014]
was used to calculate the relative temperature difference based on average δ18O val-
ues obtained from Sahtan and Mistal of -4.2 ‰ and -6.0 ‰ respectively.
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A random measurement error is not expected to show such a systematic difference between
Wadi Mistal and Sahtan. Furthermore, the relative difference between the average value of
both clusters is much higher than the error measured in sample replica. Apart from the two
main clusters (Fig. 6.12 yellow and green phase), samples with a significant depletion in δ13C
and δ18O were observed in Wadi Sahtan and Mistal. These depletions are assumed to be caused
by recent meteoric fluids which dedolomitise the DT2 dolomite bodies. This assumption is sup-
ported by measured samples of heavily weathered DT2 dolomite presented in chapter 7 which
show strongly depleted δ13C and δ18O values. However, narrow patches of dedolomite are
difficult to determine in hand samples due to very small calcite crystals replacing dolomite
rhombs and thus, often stay hidden in stained hand samples. Besides the significantly depleted
δ13C and δ18O signatures of samples outside the two main clusters, there are also several sam-
ples that show very positive δ13C and δ18O values. The latter signatures are attributed to the
replacement of ED dolomite by DT2 dolomite as presented in chapter 5.

Control on the occurrence of dolomite bodies in Wadi Mistal and Wadi Sahtan

Two tens of metres long fault offsets are present in the Abu Mahara Group (Matthews and Katz
[1977]) directly underneath Wadi Mistal and Wadi Sahtan. Both faults are considered to be the
controlling factor for the accumulation of dolomite bodies in Wadi Mistal and Wadi Sahtan.
Although these fault offsets occur up to 1440 m below the Precambrian-Permian unconformity
(Fig. 6.17), they are assumed to have an impact on the fracture network of the overlying strata of
the Nafun and Ara Group derived from the tectonic history of the region. Based on cross cutting
relationships with ED and DT3 dolomite, DT2 dolomite was formed from Triassic to Santonian
times, as mentioned above. During this period the study area was affected by the transformation
of a passive into an active margin of the Arabian plate (Sharland et al. [2001a]) associated with
the onset of the ophiolite obduction. These major tectonic processes result in the formation
of new faults and fractures potentially impacted by pre-existing fractures in the underlying
basement such as the fault offsets in the Abu Mahara Group. The importance of pre-existing
fault structures for later deformation processes is for example known from fold-thrust belts
(Butler [1989]). In the Middle East, Sepehr and Cosgrove [2004] evaluated the reactivation of
pre-existing basement faults and concluded a significant importance of pre-existing faults in
the basement of the Arabian platform for the evolution of the Zagros fold-thrust belt in Iran.
Thus it is assumed that pre-existing faults in the underlying basement in Oman may also have
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impacted the formation of faults during major tectonic events. In this case, major faults present
in the basement underneath Wadi Mistal and Wadi Sahtan may have triggered the formation of
new faults in both areas acting as preferential fluid pathways for dolomitising fluids. However,
extensive structural measurements would be required to prove the proposed link between large
faults in the Abu Mahara Group and fractures in the Lower Permian, which, however, was not
part of this thesis and thus, this statement remains a proposed idea laking the final proof.

Fluid flow mechanisms

Due to cross cutting relationships with other types of dolomite in the region it is clear that DT2
dolomite was formed later than the Triassic and was thus formed in an intermediate to deeper
burial environment. Four different hydrological drives for dolomitising fluids are known from
the intermediate to deeper burial environment defined as compaction flow, thermal convection,
topography driven flow and tectonically driven flow.
A compaction driven flow caused by sediment accumulation is not considered as a realistic
fluid pumping process due to a very low susceptibility of carbonates to compaction caused by
early cementation (Whitaker et al. [2004]). Furthermore, in the Central Oman Mountains ED
was formed prior to DT2 dolomite and most likely increased the resistance to compaction addi-
tionally. A compaction driven fluid migration linked to tectonic loading as proposed by Oliver
[1986] is also unlikely since the platform carbonate succession in the Central Oman Mountains
is - apart from an ongoing back arc rifting - not affected by intense tectonic overprints until the
precipitation of the ophiolite. Though, the formation of DT2 dolomite predates the formation
of the ophiolite and was thus most likely not triggered by major tectonic loading.
However, the mobilisation of fluids due to compaction might have affected siliciclastics of the
Sumeini and Hawasina nappes which were deposited as slope sediments along the margin of
the Arabian plate. Expelled fluids potentially exploited Precambrian layers underlying Permian
platform carbonates and travelled upwards along faults in Wadi Sahtan and Mistal. However,
as previously discussed, δ18O values indicate warmer dolomitising fluids in Wadi Mistal com-
pared to Wadi Sahtan. A fluid source area located in the west of the Jebel Akhdar is thus not
likely since fluid temperatures would be higher in Wadi Sahtan as it is closer to the fluid source
compared to Wadi Mistal. Furthermore, mass balance calculations revealed a significant lim-
itation of this type of dolomitisation to form extensive amounts of dolomite (Machel and An-
derson [1989], Machel [2004]). The hundreds of meter long and tens of meter thick dolomite
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bodies’ extend over 70 km in the Central Oman Mountains which represents a large volume of
dolomite which therefore most likely cannot have been formed by compaction driven fluid flow.
Topography driven fluid flow through limestone successions is evident in areas with uplifted
sedimentary basins which are affected by large amounts of meteoric recharge (Garven [1995]).
However, the 87Sr/86Sr ratio of DT2 dolomite is indicative for seawater or basinal brine which
kept the original 87Sr/86Sr seawater signature and thus, the extensive migration of meteoric wa-
ter through the succession is not assumed. Furthermore, the carbonate platform sediments were
continuously drowned and there is no evidence for uplifting. It should be mentioned, that there
is local evidence for aerial exposure of the limestone succession during Triassic times (Koehrer
et al. [2012]) which, however, did not result in significant variations of the deposited marine
limestone succession since, for example, pedogenic deposits are absent. Thus, it is not assumed
that a significant amount of meteoric water entered the succession which would be required for
the formation of these hundreds of meter long and tens of meter thick dolomite bodies.

Figure 6.18: Arrangement of autochthonous platform carbonates of the Arabian plate and the
Sumeini and Hawasina nappes. Sediment accumulation may have resulted in flu-
ids being expelled in the Sumeini or Hawasina Group followed by a compaction
driven fluid migration towards the Arabian Plate (modified after Bernoulli et al.
[1990]).

As a last option, thermal convection is considered as a potential mechanism to trigger the flow
of dolomitising fluids through the platform carbonate succession. Christmas tree shapes ob-
served in several dolomite bodies in association with the presence of saddle dolomite cements
(indicating fluid temperatures of at least 60 − 80 ◦C (Radke and Mathis [1980])) provide ev-
idence for the partly fracture controlled ascent of hydrothermal fluids. Hydrothermal fluids
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are most likely formed in extensional back-arc basins, in large scale rift systems, along ma-
jor wrench faults related to deep basement processes and along continental margins with either
crustal thinning or convergent tectonism (Bradley and Kidd [1991]). Volcanism also favours the
generation of elevated heat flow conditions (Davies and Smith [2006]). Volcanic or magmatic
activity is not reported in the study area during Jurassic to Cretaceous times and δ18O values
(δ18O: about -4.2 ‰ ) are more positive than expected in case of the involvement of magmatic
fluids (δ18O: about -22 ‰ sensu Horton et al. [2012]).
However, large scale rift systems can also act as preferable settings for the migration of heated
fluids along fractures. During Permian to Early Cretaceous times the Central and Northern
Oman Mountains were affected by rifting and extension caused by the development of the pas-
sive margin (Hanna [1990]). The formation of faults during this period may have triggered
fluid flow through Permian carbonates. The pumping mechanism for dolomitising fluids relies
on the heating of connate waters which promotes their buoyancy resulting in fluid ascending
along fractures (Lucia [1995]). The lateral fluid flow away from the fractures is triggered by a
continuously reduced pore-fluid-pressure gradient with increasing distance to the main conduit.

6.4.2 Local control on the migration of dolomitising fluids within Wadi
Mistal and Sahtan

Absence of a lithological control on the position of base and top of DT2 dolomite bodies

Dolomitisation controlled by certain lithofacies types is a common phenomenon in near surface
environments (Eichenseer et al. [1999]). However, facies controlled burial or hydrothermal
dolomitisation is a more rarely observed process for example described from the Swan Hills
Formation in the USA by Saller et al. [2001]. The potential importance of certain lithofacies
types for the lateral distribution of ascending dolomitising fluids was thus also of relevance in
this study. However, the three mapped logs in Wadi Hedek, Mistal and Sahtan show different
lithofacies types at the base of the DT2 dolomite bodies. In Wadi Hedek a massive mudstone is
aligned with the basal part of the dolomite body whereas in Wadi Mistal a crinoidal mudstone
to wackestone was observed. Compared to Wadi Hedek and Mistal, in Wadi Sahtan the fossil
content of the bed hosting the base of the dolomite body is strongly increased, characterised
by sponge spiculae, crinoids, bivalves and gastropods and was defined as a sponge wackestone
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to packstone. Therefore, a dominant lithofacies type controlling the position of the base of
dolomite bodies is absent. This observation is consistent with results of Vandeginste et al.
[2013] for dolomite bodies hosted in Jurassic platform carbonates in the Central Oman Moun-
tains who also postulated a missing link between certain lithofacies types and the position of
dolomite bodies. Furthermore, specific sequence stratigraphic cycle system tracts are known
to have an impact on the distribution of dolomite bodies. The comparison of mapped logs in
this study with interpreted reservoir architecture units of Bendias et al. [2013] reveals that the
basal part of the dolomite body in Wadi Sahtan is associated with fore to offshoal units. As
opposed to Wadi Sahtan, in Wadi Mistal the basal part is hosted in shoal sediments. Thus, the
overarching lithological architecture of the platform carbonate succession also lacks an impact
on the distribution of DT2 dolomite bodies in the Central Oman Mountains. It can thus be
concluded that the position of dolomite bodies in the Central Oman Mountains is independent
of the lithological framework of the Permian platform carbonates.

Importance of prominent δ18O and δ13C peaks within DT2 dolomite bodies

As presented in Fig. 6.12, δ18O and δ13C results from Wadi Mistal and Wadi Sahtan have two
distinct signatures which is assumed to be caused by the lateral migration of dolomitising fluids
through the Fara Formation and cooling during ascent. However, on a local scale most of the
sampled DT2 dolomite bodies also show prominent negative δ18O and δ13C excursions at the
base of the dolomite body or in rare cases also in the centre (see sampled transects).
Areas in DT2 dolomite characterised by these prominent excursions show in addition differ-
ent iron and strontium ratios (Fig. 6.15). One example from Wadi Mistal (Wadi Mistal-WM)
is given in Fig. 6.15 where samples with δ18O below -6.0 ‰ (red rhomb) are considered as
negative excursions compared to the average δ18O of above -6.0 ‰ (blue triangle) measured
in most of the samples. Samples taken from the centre and the upper part of the dolomite body
show a 87Sr/86Sr ratio of 0.70779 (Table 6.4 and Fig. 6.19) which is consistent with the seawa-
ter composition during Jurassic to Cretaceous times (Veizer [1989]) which is assumed to be the
time interval for dolomite formation. Thus, dolomitising fluids responsible for the formation of
DT2 dolomite were either of seawater composition or represent brines which kept the original
87Sr/86Sr ratio of seawater and thus, most likely did not interact intensively with siliciclastics
rich in Rb.
In comparison, the highly depleted δ18O and δ13C values at the base of the dolomite body are
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associated with a 87Sr/86Sr ratio of 0.71436 (Table 6.4 and Fig. 6.19) which is indicative for
hotter and more radiogenic deep basinal fluids (Qing and Mountjoy [1992]). This is supported
by a strong increase in Sr and Fe as well as more radiogenic 87Sr/86Sr ratios associated with
a decrease in δ18O. A relative decrease in the content of Sr results also in an increase of the
radiogenic 87Sr/86Sr ratio.
Arguably, samples with no significant depletion in δ18O could represent DT2 which was more
host rock buffered during dolomitisation comparing to samples with very negative δ18O values.
In this case, both groups of samples would have been formed by a similar type of dolomitising
fluid but specific areas in the formed dolomite body were preferably host rock buffered whereas
other areas were mainly buffered by the dolomitising fluid. A host rock buffering would be sup-
ported by the presence of very negative δ18O but congruently also more negative δ13C values.
Those congruent depletions are, for example, present in certain intervals in the undolomitised
limestone (see outcrop Wadi Mistal-WM). However, very negative excursions in δ18O occur
mainly at the base of dolomite bodies which is, as previously discussed, not linked to a certain
lithofacies type or stratigraphic interval. Thus, a specific lithofacies type or stratigraphic inter-
val potentially causing very negative δ18O values of DT2 dolomite is unlikely. Furthermore,
areas showing highly negative δ18O values appear as locally restricted decimetre wide zones in
the logs with very sharp boundaries to areas lacking any variations from the mean δ18O. The
relative homogeneity of the platform carbonate succession makes a locally restricted host rock
buffering during dolomitisation at the base of dolomite bodies unlikely.
Thus, it can be assumed that hot radiogenic deep basinal fluids explored the edges of existing
dolomitised areas such as the sharp contact between DT2 dolomite and limestone and caused
local recrystallisation of DT2 dolomite. These zones of recrystallised DT2 dolomite are always
indicated by the negative δ18O and δ13C excursions and can thus easily be determined. A pos-
sible alteration of local areas of the DT2 dolomite bodies during burial diagenesis resulting in
the observed negative δ18O peaks as for example observed by Immenhauser et al. [2007] can
be excluded. In this case, a depletion in δ18O would be associated with a decrease in Sr and
a relative enrichment in Fe (Land [1980], Land [1985], Veizer [1983]) which is not observed
in the studied outcrop. Furthermore, hot deep basinal brines explored most likely not only the
edges and sometimes central parts of existing dolomite bodies. This is indicated by strong
depletions in δ18O of about 50 % of the measured limestone host rocks compared to Permian
marine limestone (Veizer et al. [1999]) (Fig. 6.16). Fluid pathways are also not restricted to
the limestone-DT2 dolomite contact as indicated by the lack of preferential δ18O depletion of
the limestones in samples in direct vicinity to the base of dolomite bodies (less than 1 m). As
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shown in Fig. 6.16 the δ18O depletion of limestones is independent of the zone less than 1
m below the limestone dolomite contact. However, further strontium isotope measurements of
limestone samples with and without prominent oxygen isotope depletions would be required in
order to exclude an impact of burial diagenesis (Immenhauser et al. [2007]) which potentially
resulted in a recrystallisation of carbonates in a variable way.

Figure 6.19: Variations in the 87Sr/86Sr ratio of limestone through time (modified after Veizer
[1983]) are shown on the left. The 87Sr/86Sr ratio of samples at the base of the
dolomite body showing strongly depleted δ18O values (red rhomb) indicates the
presence of hot deep basinal brines. The central and the upper part of the dolomite
body were formed by dolomitising fluids with a 87Sr/86Sr close to seawater dur-
ing Jurassic to Cretaceous times. The right diagram shows a cross plot of 1/Sr
and 87Sr/86Sr. the grey area indicates the 87Sr/86Sr ratio of seawater according to
Veizer et al. [1999].

6.5 Chapter conclusions

The studied late diagenetic dolomite bodies are hosted in Permian platform carbonates which
represent a stratigraphic analogue to subsurface Khuff reservoir units in the Middle East. The
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formation of these dolomite bodies in the Central Oman Mountains is most likely triggered by
the ascent of warm dolomitising fluids in Wadi Mistal and the lateral migration of fluids to-
wards the east (Wadi Hedek) and the west (Wadi Sahtan). The main fluid pathway exploited by
dolomitising fluids during the lateral migration is considered to be the Fara Formation which
underlies Permian platform carbonates. The Fara Formation consists, among others, of cherts,
fine turbidites and volcanoclastics which are considered to interact with dolomitising fluids re-
sulting in an increase of Fe, Mn and Na in precipitated DT2 dolomite. Due to the accumulation
of dolomite bodies in Wadi Mistal and Wadi Sahtan, it is assumed that fractures and faults are
the main pathways for the ascent of fluids in both areas. The formation of fractures in Wadi
Mistal and Sahtan might be controlled by the reactivation of large faults in the Abu Mahara
Formation during the beginning of ophiolite obduction during Cretaceous times. The lateral
migration of dolomitising fluids through the Fara Formation followed by ascent in Wadi Sah-
tan and Hedek results in a temperature decrease by at least 11 ◦C compared to Wadi Mistal.
Based on comparisons with lithological logs mapped along the edges of dolomitised areas it
can be concluded that the local position of late diagenetic dolomite bodies in Wadi Mistal and
Sahtan is not controlled by the lithological framework of the host rock. Mudstones to pack-
stones were observed at the base of the dolomite bodies associated with shoal but also fore- to
backshoal settings. Thus, a certain lithofacies type or depositional setting is not considered as
a reliable feature to predict the position of DT2 dolomite bodies in Khuff reservoirs at a local
scale. Subsequent to the formation of DT2 dolomite bodies, hot deep basinal brines travelled
through Permian platform carbonates and exploited the edges and locally the centre of DT2
dolomite bodies. From a reservoir perspective, the lateral migration of dolomitising fluids is
most likely controlled by the siliciclastic Fara Formation whereas the ascent of fluids in certain
areas is triggered by large fault off sets in the underlying Precambrian Abu Mahara Group.
Those are considered to trigger preferential fluid ascent in certain areas and are thus relevant
to the prediction of highly permeable zones in the form of late diagenetic dolomite bodies. On
a broader scale it is assumed that late diagenetic dolomitising fluids exploited other Permian
Khuff strata in the Middle East controlled by large scale tectonic features of the underlying
crystalline basement. However, the local distribution of dolomitising fluids within the Permian
platform carbonates relies on several other features, such as bedding planes, styolites, fractures
and unconformities as discussed in chapter 4.



7 Ground-based hyperspectral imaging as a tool to
identify different carbonate phases in natural cliffs

7.1 Introduction and previous work

Several remote sensing techniques such as hyperspectral imaging were applied during recent
years to determine the distribution of lithologies in geological exposures (Bierwirth et al.
[2002], Kruse [1988]). Hyperspectral imaging may be the critical solution to investigate the
architecture of inaccessible sedimentary and diagenetic units for, for example, quantitative
reservoir studies; and it allows fast data acquisition over very large areas (km scale). Hyper-
spectral imaging is based on the collection of spectral reflectance data in hundreds of spectral
bands. For compositional determination studies, hyperspectral imaging is based on the fact that
each mineral and even variations of one mineral yield characteristic spectral absorption fea-
tures across the electromagnetic spectrum (van der Meer et al. [2012]). In particular, airborne
hyperspectral remote sensing is increasingly popular due to the quick acquisition of composi-
tional information of the Earth surface in extensive areas (Chabrillata et al. [2010], Crósta and
de Souza Filho [2000], Crouvi et al. [2006]). However, the near vertical viewing geometry
in airborne spectrometry constitutes an insurmountable challenge, for example, in mountain-
ous terrains with vertical cliffs that can much better be assessed with ground-based techniques.
Therefore, ground-based hyperspectral imaging was tested in carbonate quarries (e.g., (Kurz
et al. [2012])) at short distances to the cliff exposures. In general, the separation of carbon-
ate phases, such as dolomite and limestone, by hyperspectral imaging is enabled by slightly
displaced absorption features in the spectra, as determined in several laboratory studies (Adler
and Kerr [1963], Chester and Elderfield [1967], Clark et al. [1990], Gaffey [1986], Huang and
Kerr [1960], Hunt et al. [1950], Windeler and Lyon [1991]). These clear spectral variations
allow the determination of calcite and dolomite also in hyperspectral images captured in nat-
ural cliffs (Boesche et al. [2016]) and in soils (Cozzolino and Morón [2003]). In addition,
hyperspectral imaging of field samples taken in known lithofacies in the study area proved to
be advantageous for the spectral characterisation of carbonate phases (Debba et al. [2005]).
This sampling approach resulted in several dolomite and calcite phases being distinguished on
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sample surfaces by Baissa et al. [2011]. In the USA Beitler et al. [2007] took this approach
a step further and presented a comparative study of hyperspectral data of cliffs and samples
as well as of geochemical data for the study of sandstones. A relatively similar approach pre-
sented by Lagacherie et al. [2008] aimed to analyse carbonatic soils by combining laboratory,
field and airborne hyperspectral measurements. Such a method offers an effective way to vali-
date lithological information derived from hyperspectral images through geochemical analysis
and can aid in improved separations between similar lithologies. However, the application of
spectra collected from samples under laboratory conditions to natural cliffs in the field always
faces the issue of weathering which often modifies significantly the geochemical composition
of the parent rock. Younis et al. [1997] evaluated the influence of weathering on the spectral
signature of limestones and other lithologies in semi-arid environments. However, a detailed
evaluation of the effect of weathering on the detection of weathered dolomite in the field is still
lacking. Therefore, here we present a study that demonstrates the opportunities and pitfalls of
using hyperspectral images to identify dolomite bodies in a remote field location: the Central
Oman Mountains. In the study area, additional challenges in the interpretation of hyperspec-
tral images arise from transitional contacts between different dolomite phases (ED and DT2
dolomite). We collected samples along a linear traverse across one accessible dolomite body
at Wadi Mistal as suggested in the sampling approach of Gupta [2003]. Unweathered parts of
the samples were powdered and analysed for geochemistry and spectral characteristics. The
goal was, firstly, to chemically characterise dolomite and limestone phases and to determine
geochemical variations within the dolomite body, secondly, to evaluate the spectra with the aid
of identifying characteristic absorption peaks and thirdly, to determine the degree of spectral
variations within the dolomite phases. Fourthly, we aimed to evaluate the differences between
dolomitic spectra in the powdered samples versus spectra in the natural cliffs revealing dolomite
bodies, which was previously tested by van der Meer [1995] in other outcrops. The latter objec-
tive is driven by the fact that it is assumed that the dolomite bodies are extensively weathered at
the cliff face but most likely in a variable manner which presumably impedes the determination
of dolomite bodies in hyperspectral images more than previously assumed by van der Meer
[1995]. The presence of weathering processes effecting dolomite bodies is a documented phe-
nomenon in the region (Beckert et al. [2015]) but the amount of variability in the weathering
behaviour has not been evaluated yet. Fifthly, we examine the potential to detect and charac-
terise dolomite bodies from hyperspectral images captured at varying distances to cliff faces in
the study area. The outcomes of our study enable us to elucidate the challenge of weathering
in the interpretation of hyperspectral images for the mapping of dolomitic structures.
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7.2 Geographic areas relevant in this chapter

Figure 7.1: Position of all thirteen hyperspectral images used in this chapter to test the process-
ing procedure of hyperspectral images.

Thirteen hyperspectral images taken in Wadi Sahtan and Wadi Mistal were analysed (Fig. 7.1).
The images were taken in cooperation with Mapping Solutions Ltd. but processed and analysed
by the author. Out of all hyperspectral images taken in the Central Oman Mountains the thirteen
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images were chosen because they clearly contain DT2 dolomite and are geographically wide
spread.

7.3 Results

The results obtained during this study are presented in two sections. The first section deals with
the lithological as well as geochemical characteristics of all lithologies present in hyperspectral
images and in the outcrop in Wadi Mistal. The second section focuses on firstly, the hyper-
spectral characteristics of lithologies studied, secondly differences between spectra collected in
outcrops and in the laboratory and thirdly the impact of varying distances to the outcrops on
the determination of dolomite bodies in hyperspectral images.

7.3.1 Lithological and chemical characteristics of observed lithologies

Macroscopic features of the lithologies

The studied stratigraphic interval reveals 7 different lithologies although not all lithologies are
present in every outcrop. The lithologies are presented in their stratigraphic order ranging from
Precambrian to Permian times (7.1) and differ in the composition with respect to siliciclastic
and carbonate content. Carbonate lithologies are distinguished by the content of marl in the
limestones and by the type of dolomitisation which affected the platform carbonate succession.
Lithologies were identified through field mapping as well as sampling and can be distinguished
in hyperspectral images. Precambrian rocks can be grouped into shales and sandstones. Shales
show brownish to purple colours in the field and often directly underlie Permian carbonates in
the Central Oman Mountains (Fig. 7.2A). Depending on the content of quartz in the layers,
this lithology forms ridges resistant to weathering. Precambrian sandstones are restricted to a
few outcrops in Wadi Mistal and Wadi Sahtan and commonly occur as thin layers of up to 3
m in thickness. The colour ranges from light to dark brown and often appears similar to DT2
dolomite from the distance. One accessible sandstone bed in Wadi Sahtan consists of rounded
quartz grains with a maximum diameter of 0.2 cm and a quartzitic matrix with brownish iron
crusts.
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Table 7.1: Summary of Precambrian and Permian lithologies recognised in field observations.
Massive and marly limestones as well as ED and DT2 dolomite were sampled in the
outcrop in Wadi Mistal.

Massive limestones comprise mud- to packstones with a low content of stylolites (Fig. 7.2B).
Bendias et al. [2013] mapped the characteristics of these Permian limestones in detail and
presented logs taken in Wadi Mistal and Sahtan. The fossil content varies from bed to bed and
reveals a typical open to shallow marine fauna including rugose corals, crinoids, bivalves and
gastropods. Massive limestones range in colour from medium to dark grey with a bed thickness
decimetric to metric in scale. Marly limestones occur as several laterally continuous beds
present within 20 m above the Precambrian-Permian unconformity and are characterised by a
carbonaceous marl composition with flaser structures (Fig. 7.2C). The fossil content is strongly
reduced as opposed to the increased content of stylolites. Due to similar bed thicknesses and
colours, massive and marly limestones can only be distinguished on hyperspectral images in
inaccessible outcrops but not on normal light field photographs. Early diagenetic dolomite (ED
dolomite) reveals a brownish weathering colour; and ED dolomite is fabric preserving with
respect to fossils such as crinoids, bivalves and rugose corals (Fig. 7.2D). This type of dolomite
is identical with D2 dolomite defined by Coy [1997] and ED dolomite presented in Beckert
et al. [2015]. ED dolomite occurs as a massive dolomitised zone with a thickness of several
hundreds of metres and a kilometre wide lateral extent. ED dolomite can be found in Permian
to Triassic beds in all the selected wadis analysed in this study in the Central Oman Mountains.
Contact zones between ED and limestone appear sharp with wavy to bedding parallel shapes.
Late diagenetic dolomite (DT2 dolomite) is characterised by a reddish weathering colour and
medium to dark grey colours on fresh surfaces (Fig. 7.2D, E and F). The contact zones of
DT2 dolomite to the undolomitised limestone host rock appear sharp, whereas contact zones
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to ED dolomite are commonly of a transitional nature (Fig. 7.2D). As a common feature in
all analysed outcrops, the base of DT2 dolomite bodies is often aligned with marly limestone
beds. The maximum lateral extent of DT2 dolomite bodies observed in the images amounts to
1 km, whereas the maximum vertical thickness is several tens of meters. DT2 dolomite bodies
often occur as lenses revealing various morphologies. This type of dolomite is similar to D3
and D4 dolomite presented by Coy [1997] and DT2 dolomite shown in Beckert et al. [2015].
Very late diagenetic dolomite (DT3 dolomite) occurs only in Wadi Mistal and is restricted to
the northern and western flanks of the Wadi structure (Fig. 7.2F). Vandeginste et al. [2013]
defined this type of dolomite as fracture related with brick red weathering colours. The lateral
and vertical extent of DT3 dolomite is restricted to a few metres.

Figure 7.2: Field photographs of the lithologies present in outcrops selected for hyperspectral
imaging; most lithologies are also present at the Wadi Mistal outcrop.
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Elemental composition of massive limestones, DT2 and ED dolomite

Figure 7.3: A The mapped outcrop comprises most of the lithologies present in the hyperspec-
tral images such as ED and DT2 dolomite and massive limestone. The sampled
transect is shown as a yellow line. The hyperspectral image taken in this outcrop
is defined as Wadi Mistal-W-01-a. B The sketch shows the digitised distribution of
lithologies derived from the outcrop given in B. C In total 34 samples were taken
along the transect covering massive limestone, DT2 dolomite and the base of ED
dolomite. For later comparisons with spectra derived from the hyperspectral im-
ages 12 samples (displayed in bold italic) were selected. The table summarises the
results from the ICP-AES analysis focussed on the contents of calcium, magne-
sium, iron, manganese and strontium in the measured samples.
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The elemental composition was determined by analysing powdered samples taken along a tran-
sect in Wadi Mistal (yellow line in Fig. 7.3). The calcium, magnesium, iron, manganese and
strontium contents of all 34 samples are given in the table in Fig. 7.3C and Fig. 7.4 displays
the elemental variations as a plot in function of distance along the transect through the stratig-
raphy. The stratigraphic sample position of 12 of these samples (marked in bold italic in Fig.
7.3C) was also used for later spectral sampling (e.g., in Fig. 7.8) to allow comparisons between
geochemical and spectral results. The calcium and magnesium content shows a strong change
at the contact between limestone and DT2 dolomite (Fig. 7.4) with a decrease from 38.4 to
22.6 % for calcium and an increase from 0.9 to 11.8 % for magnesium content. Within the
DT2 dolomite body, calcium (21.4 to 24.2 %) and magnesium (11.4 to 12.5 %) remain both
at the same level and lack a significant decreasing or increasing trend. Iron and manganese
show similar trends and have very low values in limestones (5 to 319 ppm) and ED dolomite
(5 to 140 ppm). In comparison, within the DT2 dolomite body iron and manganese strongly
increase (iron up to 12392 and manganese up to 4693 ppm) and show a dominantly decreasing
trend towards ED dolomite. Furthermore, it is of interest to note that the highest peak in iron
and manganese occurs 3.35 m above the limestone - DT2 dolomite contact. Within this zone of
3.35 m iron increases from 1047 to 12392 ppm and manganese from 1870 to 4693 ppm. Stron-
tium content shows a dominant peak within the limestone and remains at a relatively constant
level within the DT2 dolomite body. The strongest strontium peak of 1414 ppm occurs in one
limestone bed 13.05 m below the contact between limestone and DT2 dolomite.
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Figure 7.4: Geochemical variations of calcium, magnesium, iron, manganese and strontium
measured with ICP-AES in function of distance along the transect through the
stratigraphy. The colour scheme is similar to Fig. 7.3C and interpreted hyper-
spectral images.
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Weathering of late diagenetic dolomite phases (DT2 dolomite)

Field characteristics

Alteration was mainly observed in DT2 and ED dolomite, whereas massive limestones lack
a significant weathering trend. Alteration of DT2 dolomite associated with the precipitation
of alteration products occurs within a millimetre to centimetre wide zone. Unaltered DT2
dolomite usually reveals medium to coarse crystalline dolomite rhombs and saddle dolomite in
fractures and veins as well as an infilling of vugs (Fig. 7.5A). Partially altered DT2 dolomites
reveal dedolomite rims or patches in and along fractures and veins (Fig. 7.5B). The presence of
dedolomite was determined by comparing the appearance of stained hand samples with similar
weathered dolomites described in Beckert et al. [2015]. Saddle dolomite is also often replaced
by dedolomite. Heavily altered DT2 dolomites display a completely dedolomitised fabric as-
sociated with the presence of goethite (Fig. 7.5C). In contrast to the first three cases, Fig. 7.5D
and E show altered DT2 dolomite characterised by the intense precipitation of minerals such
as hematite, pyrite and specularite. Furthermore, goethite and manganese were also found in
association with dedolomite in case of heavily altered specularitic DT2 dolomite (Fig. 7.5E).
Alteration of dolomite bodies in the Oman Mountains has also been observed in carbonates of
Jurassic age by Vandeginste and John [2012] associated with the precipitation of goethite and
manganese and interpreted as resulting from meteoric weathering during the Pleistocene.
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Figure 7.5: A Photograph of fresh surface of a DT2 dolomite (grey areas) with saddle dolomite
as a fracture- and vein infilling (white areas). B Partially altered DT2 dolomites of-
ten show unweathered DT2 dolomite and dedolomite. Dedolomitisation is mostly
concentrated along veins and fractures. C Heavily altered DT2 dolomites lack un-
altered areas and consist mainly of dedolomite and goethite. D In comparison to A,
B and C, samples in pictures D and E are characterised by the intense precipitation
of new non-dolomitic minerals. D shows a DT2 dolomite characterised by the pre-
cipitation of hematite and goethite whereas the DT2 dolomite itself lacks evidences
for alteration. Only millimetre wide areas showing a brownish to orange colours
contain dedolomite. E DT2 dolomites defined as specularitic DT2 dolomites con-
sist mainly of specularite and hematite. Most of the DT2 dolomite is replaced by
dedolomite.
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Carbon and oxygen stable isotope results

The carbon and oxygen stable isotope signature of unweathered DT2 dolomite ranges between
-2.5 ‰ to -6 ‰ VPDB for δ18O and 2.9 ‰ to 4.8 ‰ VPDB for δ13C (Fig. 7.6 grey box ac-
cording to chapter 4). In comparison, altered DT2 dolomite shows strongly depleted carbon
values (δ13C: -0.45 ‰ to -8.42 ‰ VPDB) (Fig. 7.6 group 1) whereas oxygen shows no signif-
icant difference from unweathered DT2 dolomite. The majority of samples in this group show
δ13C values lighter than -4 ‰ VPDB. A second group of weathered samples is characterised
by more negative δ13C and δ18O values (δ18O below -6 ‰ VPDB) (Fig. 7.6 group 2). In group
2 strongly depleted oxygen values (δ18O: -6.5 ‰ VPDB) seem to be related to δ13C values
heavier than -4 ‰ VPDB.

Figure 7.6: Carbon and oxygen isotope signature of unaltered DT2 dolomite (gray box - ac-
cording to chapter 4) in comparison with the two groups of altered DT2 dolomite.
The dashed line marks the assumed trend with increasing intensity of alteration of
group 1 and 2 respectively.
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7.3.2 Spectral characteristics of lithologies observed in hyperspectral im-
ages

Figure 7.7: A Field panorama of the cliff face in Wadi Mistal presented in Fig. 7.3. B In-
terpreted hyperspectral image defined as Wadi Mistal-W-01-a. Five lithologies
are present in this outcrop defined as massive limestone (blue), marly limestone
(green), ED dolomite (yellow), DT2 dolomite (red) and DT3 dolomite (turquoise).
The nomenclature of dolomite in this outcrop is consistent with those described
in Vandeginste et al. [2015] and chapter 4. For comparisons, the spectra of shales
and sandstones of Precambrian age (derived from the hyperspectral image Wadi
Mistal-E-06-c) are plotted as well.
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The hyperspectral images Wadi Mistal-W-01-a and Wadi Mistal-E-06-c were used to compare
absorption peaks present in spectra of all lithologies. Marly limestones, DT2 and DT3 dolomite
show a very strong absorption at 1003 nm. In addition, marly limestones and DT3 dolomite
exhibit an absorption peak at 1230 nm which is absent in other spectra. At 1948 nm, Precam-
brian shales and sandstones are characterised by an absorption peak which is not present in
spectra derived from Permian lithologies. Precambrian sandstones contain additionally absorp-
tion peaks at 2002 nm and 2197 nm. Marly limestones show a prominent absorption at 2153
nm whereas massive limestones contain an absorption peak at 2330 nm. ED, DT2 and DT3
dolomite reveal a prominent absorption at 2310 nm. Precambrian shales and sandstones lack
these prominent carbonatic absorptions, but reveal an absorption at 2375 nm.

Spectral characteristics of massive limestone, DT2 and ED dolomite collected in hyper-
spectral images along the sampled transect in Wadi Mistal

In order to evaluate potential variations in the absorption peak position and depth, twelve sam-
pling locations along the transect of geochemical samples (Fig. 7.3A and B) were chosen
(marked in bold italic in Fig. 7.3C) for spectral sampling. Spectra of massive limestones
show relatively similar absorption peaks with minor variations in the reflectance intensity (Fig.
7.8A). As a typical feature, a strong absorption peak is always present at 2330 nm. In compar-
ison to DT2 dolomite, massive limestone as well as ED dolomite contain an absorption peak
at 2003 nm in the spectra. DT2 dolomite reveals minor variations in the presence and depth
of absorption peaks across the dolomite body. Strong peaks (1003 nm) are evident in lower
areas of the DT2 dolomite body (spectral sampling positions similar to MPA 12A, MAP13B
and MPA18), whereas the top shows weaker absorption peaks (MPA26) (Fig. 7.8A and B).
Stratigraphically lower areas of the DT2 dolomite body reveal also an absorption peak at 1230
nm. The uppermost part of the dolomite body (MPA33) contains a strong absorption peak at
1970 nm occurring only as a weak absorption in all other spectra and lacking in the spectrally
sampled area MPA14. All DT2 and ED dolomite spectra are characterised by an absorption
peak at 2310 nm (Fig. 7.8C). The spectra of ED dolomite is different to DT2 dolomite as it
lacks an absorption around 1003 nm.
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Figure 7.8: A Graph of the spectra of massive limestones, DT2 dolomite and ED dolomite
which were spectrally sampled at the same sampling locations as the geochemical
samples (see transect in Fig. 7.3A and B). The colour scheme is similar to Fig.
7.3C and interpreted hyperspectral images. B One of the major differences in the
spectra of DT2 dolomite and ED dolomite/ massive limestones is the presence of
a strong absorption peak at 1003 nm. C Limestone and dolomite spectra can be
clearly distinguished by their characteristic absorption peaks at 2310 nm (DT2 and
ED dolomite) and at 2330 nm (massive limestones).
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Spectral characteristics of unaltered massive limestone, DT2 and ED dolomite powders
collected under laboratory conditions along the sampled transect

Figure 7.9: A Spectra of powdered samples taken in one outcrop in Wadi Mistal (Fig. 7.3)
which were spectrally measured under laboratory conditions. The position of at-
mospheric absorption zones is indicated for comparison with spectra collected in
the field. B The graph displays the detailed positions of absorption peaks from 2000
to 2400 nm. Limestones and dolomites reveal two significant absorption peaks at
2290 nm/ 2334 nm and 2266 nm/2315 nm.
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Unaltered aliquots of the samples taken along the transect in Wadi Mistal were powdered and
spectrally measured under laboratory conditions in order to analyse differences to spectra col-
lected in field images. In general, the spectra of massive limestone, DT2 dolomite and ED
dolomite appear relatively similar with respect to the position of major absorption peaks (Fig.
7.9A). The massive limestone shows absorption peaks at 2290 and 2334 nm, whereas DT2 and
ED dolomite reveal absorptions at 2266 and 2315 nm (Fig. 7.9B). In addition, spectra of pow-
dered samples lack an absorption peak at 1003 nm, as well as an absorption peak at 1230 nm.
Prominent peaks at 1970 and 2003 nm were also only observed in spectra taken from field im-
ages. In comparison to spectra collected from field images, spectra of powdered samples lack
significant variations in the depth of absorption peaks across the DT2 dolomite body. An ex-
ception to this rule is the spectra taken at the base of the dolomite body (MPA12A) that reveals
an increased reflection intensity for dolomite (Fig. 7.9A).

Spectral characteristics of weathered DT2 dolomite bodies collected in hyperspectral im-
ages across the Central Oman Mountains

Thirteen different outcrops showing DT2 dolomite bodies distributed across the Central Oman
Mountains were chosen to evaluate potential variations in the characteristics of DT2 dolomite
spectra (Fig. 7.1). The spectra show strong differences in the presence and depth of absorption
peaks. All dolomite bodies reveal an absorption peak at 1003 nm except for two dolomite
bodies in the western area of Wadi Sahtan (Wadi Sahtan-W-07-a and Way to Yasib-02-re) and
two in Wadi Mistal (Wadi Mistal-W-16-c and Wadi Mistal-E-06-c) (Fig. 7.10). The spectra of
Wadi Sahtan-W-07-a and Wadi Mistal-E-02-a also lack an absorption peak at 1133 nm which
is present in all other spectrally sampled DT2 dolomite bodies. At 1230 nm only Wadi Mistal-
E-02-a shows an absorption peak and at 1970 nm Wadi Mistal-E-02-a and Wadi Mistal-W-01-a
reveal absorptions (Fig. 7.10). From 1997 to 2008 nm all dolomite bodies are characterised by
absorption peaks except for two dolomite bodies in Wadi Mistal (Wadi Mistal-W-01-a and Wadi
Mistal-W-11-a). Wadi Mistal-W-11-a shows together with Wadi Mistal-E-02-a an absorption
peak at 2018 which lacks in all other dolomite bodies (Fig. 7.10). Interestingly, all dolomite
bodies show typical dolomite absorptions at 2310 nm with the exception of Wadi Mistal-W-11-
a and Wadi Mistal-W-07-a. Both spectrally sampled dolomite bodies contain absorption peaks
at 2330 nm indicating a calcitic composition.
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Figure 7.10: Spectra derived from dolomite bodies which are distributed across the Central
Oman Mountains.

7.3.3 Differences in the detection of DT2 dolomite bodies at varying dis-
tances to the cliff face

The overview panorama presented in Fig. 7.11A was captured at 5 to 9 km distance to the
cliff faces and shows only remnants of DT2 dolomite bodies lacking any detailed geometries.
This results in an undetailed scale of the image of 1:18500 (measured in the area E and C
in Fig. 7.11A) and thus, dolomite bodies of less than about 5 meter in height are below the
image resolution. However, even the relatively thick vertical extension of the dolomite body
W-07-a of 50 m results only in 10 pixel in image (vertical image extension 384 pixel) which is
not sufficient to determine shape characteristics (Table 7.2). Improved accuracies of detection
have been recorded at smaller distances of 1 to 4 km. For example, the most distant outcrop
(8.96 km) indicated as B in Fig. 7.11A was recaptured with a distance of 3.29 km (result
shown in Fig. 7.11B). The resolution of the image (1:8990) allows the detection and rough
characterisation of the dolomite bodies in the centre of the image with respect to shape and



7.3. RESULTS 169

dimensions.
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Figure 7.11: Overview of outcrop and interpreted hyperspectral images of the western area of
Wadi Mistal. The lithologies detected on the interpreted hyperspectral images
follow the key given in Fig. 7.7. An overview panorama is presented in A taken
at a distance of 5 to 9 km to the cliff faces (image scale 1:18500). Across the
complete panorama only a few pixels indicate the presence of DT2 dolomite bod-
ies. B (image scale 1:8990) and C (image scale 1:5500) were captured with a
decreased distance of 1 to 4 km to the cliff faces indicated as B and C in the
overview panorama in A. At this distance DT2 dolomite bodies could be detected
and a rough characterisation of dolomite body shapes was enabled. At a distance
of 50 to 350 m (D (image scale 1:1700) and E (image scale 1:3800)) details of the
character of contact zones and smaller patches of DT2 dolomite could be detected.
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The locally 25 m thick dolomite body can be determined in the hyperspectral image thanks to
a smaller size of the pixel of 2.3 by 2.3 m (7.2). At distances lower than 350 m the pixel size is
of 0.43 by 0.43 m in W-01-a or 0.79 by 0.79 m in W-08-a (Table 7.2). Patches of DT2 dolomite
of only several meters are evident in the interpreted images (Fig. 7.11D and E) and transitional
contact zones between different types of dolomite are evident.

Table 7.2: Scale of the hyperspectral images and thickness of DT2 dolomite bodies.

7.4 Interpretation and Discussion

7.4.1 Evaluation of laboratory spectra

Geochemical characteristics of field spectra

The evaluation of spectra collected in the field focussed on DT2 dolomite bodies and the sur-
rounding host rock. In detail, variations in the spectra of various DT2 dolomite bodies across
the Central Oman Mountains were studied.

DT2 dolomite bodies:
The carbonate composition of DT2 dolomite bodies is indicated by the presence of character-
istic combination and overtone bands of the planar carbonate ion. The observed strong absorp-
tion peak around 2330 nm refers to the 3ν3 overtone vibrational mode, whereas the 2ν1 + 2ν3
vibrational mode causes an absorption observed at 1975 nm (sensu Clark et al. [1990]). How-
ever, the internal separation between different carbonate phases is a more challenging task due
to subtle shifts in the spectra that are often difficult to capture in field images due to a limited
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spectral resolution of 5 nm. Therefore additional peaks were used to detect dolomite bodies
derived by comparisons with other studies. Gaffey [1987] recognised typical dolomitic absorp-
tions at 2319, 2244, 2165, 1979 and 1740 nm, and such absorptions appear at similar positions
(2310, 2245, 2164, 1975 and 1738) in spectra of the DT2 dolomite bodies. The absorption
peak located at 2310 nm is the most indicative peak for DT2 dolomite whereas the limestone
host rock always shows a prominent absorption at 2330 nm. Furthermore, DT2 dolomite bod-
ies could be determined by the presence of a typical absorption at 1135 nm which was also
recognised by Adler and Kerr [1963] in measured dolomite samples. All dolomite bodies re-
veal this absorption peak with the exception of Wadi Sahtan-W-07-a and Wadi Mistal-E-02-a.
Interestingly, Wadi Mistal-W-11-a and Wadi Mistal-W-07-a lack absorptions at 2310 nm but
contain an absorption peak at 2330 nm indicating a calcitic composition. The calcitic compo-
sition of the dolomite body in Wadi Mistal-W-11-a is furthermore supported by an absorption
peak at 1997 nm which was also detected by Gaffey [1987] at 1999 nm in calcite samples. The
presence of calcite absorptions in dolomite bodies is assumed to be associated with weathering
and dedolomitisation which is discussed later. Furthermore, spectra taken from the dolomite
bodies reveal several substitutions with other major cations such as iron. The presence of iron is
indicated by a strong absorption peak located at 1003 nm (sensu Ballhausen [1962] and Burns
[1993]). Variations in the peak intensity in general refer to variations in the roughness of the
outcrop surface caused by different grain or mineral sizes. Visual observations of cliff faces
revealed dolomite crystals of up to 0.5 cm which results in strongly reduced brightness and less
deep absorption peaks in comparison to fine grain sizes

Host rock:
Massive limestones were clearly identified by the presence of a strong absorption peak at 2330
nm indicative for calcite (sensu Gaffey [1987] and Clark et al. [2003]). In addition, the lime-
stone sample WS272 in the USGS spectra library reveals this absorption peak at 2330 nm.
Marly limestones show a prominent absorption at 2153 nm. This absorption is formed by the
accumulation of clay rich absorption seams. The presence of iron in marly limestones and
DT3 dolomite is indicated by strong absorptions around 1003 nm supported by rusty weath-
ering colours in outcrops. The dolomitic composition of ED dolomite is demonstrated by the
presence of a typical dolomite absorption at 2310 nm in comparison to the dolomite sample
HS102.3B listed in the USGS spectra library and Gaffey [1987]. This absorption occurs also in
the spectra of DT3 dolomite. The absence of an iron absorption around 1003 nm forms one the
major differences between ED and DT2 dolomite. Precambrian shales and sandstones show an
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absorption at 2375 nm. Additionally, absorption peaks occur at 2002 nm and 2197 nm indicat-
ing a quartzitic composition as similarly shown by the sample HS117.3B in the USGS spectra
library.

Geochemical characteristics of laboratory spectra

Compared to weathered cliffs, spectra from unaltered powder samples reveal two peaks in-
dicating a calcitic or a dolomitic composition instead of one, depending on the sample type.
Massive limestones show absorptions at 2290 and 2334 nm (in the field only 2330 nm is ev-
ident), whereas DT2 and ED dolomite reveal absorptions at 2266 and 2315 nm (in the field
only 2310 nm is evident) (Fig. 7.9B). The determination of this additional peak in limestones
and dolomites is enabled by the increased spectral resolution of 1 nm. In comparison, field
spectra only have a resolution of 5 nm and thus lack these spectral details. Spectra of powdered
samples also do not show an iron absorption peak at 1003 nm, a very prominent peak in field
spectra. In addition, peaks at 1970 and 2003 nm were also only observed in weathered dolomite
bodies. Spectra of powdered samples lack variations in the depth of absorption peaks across
the DT2 dolomite body which relates to the homogeneity of the sample powder with respect to
grain size (sensu van der Meer [1995]).

7.4.2 Weathering is the main challenge in the applicability of lab rock
powder spectra to the study of natural cliffs

Spectra from unaltered powder samples and altered natural cliffs of similar lithofacies types
reveal major differences. Most DT2 dolomite bodies present in natural cliffs are characterised
by strong iron absorptions and often show calcitic instead of dolomitic absorptions. This can
only be explained by alteration (weathering) and dedolomitisation of the exposed cliff sur-
face. As observed in hand samples and other local studies alteration (weathering) of DT2
dolomite is associated with the transformation of DT2 dolomite into dedolomite accompanied
with the precipitation of goethite, hematite, specularite and also pyrite (Fig. 7.5). The inten-
sity of weathering depends on the time of exposure and meteoric fluid flow and varies within
the analysed outcrops. Outcrops affected by recent rock fall reveal completely unaltered DT2
dolomite that differs heavily from the spectra of outcrops with an exposure time of hundreds of
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years (for comparison Way to Yasib-02-re (barely weathered) and Wadi Mistal-W-01-a (heav-
ily weathered) - Fig. 7.10). The process of dedolomitisation is supported by stable isotope
results which indicate the presence of two different groups. In comparison to unaltered DT2
dolomite (Fig. 7.6 grey box) (δ13C: 2 to 5 ‰ VPDB and δ18O: -2 to -6 ‰ VPDB), the major-
ity of altered samples (group 1) show a depletion only in carbon (δ13C: -0.5 to -6 ‰ VPDB)
whereas oxygen values are relatively invariant (δ18O: -2 to -6 ‰ VPDB). A similar trend was
observed by Nader et al. [2008] in dedolomitised carbonates; and Allan and Matthews [1982]
and Lohmann [1988] interpreted this trend as a characteristic feature of fresh water meteoric
environments. Stable isotope results obtained from dolomite bodies hosted in Jurassic rocks
in Oman (Vandeginste and John [2012]) reveal a similar depletion trend and were interpreted
as a pseudomorphic replacement of dolomite by calcite triggered by weathering involving rain
water. Due to similar geochemical signatures and equal environmental conditions it can be
assumed that the conclusion of Vandeginste and John [2012] presented for DT3 dolomite is
also valid for dedolomitisation of DT2 dolomite bodies hosted in Permian platform carbon-
ates. A minority of samples (group 2) reveals depleted carbon (δ13C values of up to -8 ‰
VPDB) and depleted oxygen (δ18O more negative than -6 ‰ VPDB) values. Nader et al.
[2008], Sanz-Rubio et al. [2001] and Cantrell et al. [2007] linked those values (δ18O: -11 to
-6 ‰ VPDB and δ13C: -8 ‰ to -6 ‰ VPDB) also to dedolomitisation triggered by meteoric
fluids. However, only intense convection cells such as during monsoonal periods result in such
depleted 18O (Burns et al. [2001]). Thus, those samples may indicate very wet periods where
the intertropical convergence zone was located in more northern areas compared to the present
position resulting in strong rainfalls in Oman. These cyclic wet periods associated with Indian
Ocean monsoons were interpreted by Burns et al. [2001] derived from cave deposits in northern
Oman. Dedolomitisation is also assumed to trigger the precipitation of iron oxides in weathered
DT2 dolomite bodies due to chemical weathering and oxidation effects (Zeidan and Basyuni
[1998]). Compared to ED dolomite and limestone, unaltered dolomite shows an iron content
ranging from 219 to 12392 ppm (Fig. 7.3) which is unevenly distributed (Fig. 7.4). Although
this iron content in unweathered samples is not high enough to result in strong iron peaks in
the spectra (lack of iron peak in Fig. 7.9) it is assumed to be sufficient to enable the precipi-
tation of iron oxides under certain conditions. The oxidising conditions during rainy periods
may result in the destabilisation of DT2 dolomite resulting in Fe2+ rich solutions. Due to fluid
neutralisation the pH increases and iron oxides precipitate based on the Eh-pH phase diagram
of Grosz et al. [2006]. Field observations show the dominant presence of goethite [(FeO(OH)]
in altered DT2 dolomite cliffs whereas hematite (Fe2O3) occurs less frequently. This is due to
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the fact, that goethite is considered to be more stable at low temperature conditions compared
to hematite (Langmuir [1996]). These strong chemical variations between altered and unal-
tered dolomite bodies potentially result in significant challenges in supervised hyperspectral
image classifications. The effect of weathering eliminates or shifts absorption peaks critical
for the determination of dolomite bodies and often even dolomitic absorption peaks are absent
in weathered dolomite bodies in the field. Furthermore, the heterogenous distribution of, for
example, iron in dolomite bodies (Fig. 7.4) potentially results in irregularly shaped weathering
patterns which makes supervised classifications even more difficult.

7.4.3 Potential of hyperspectral imaging for the detection of dolomite
bodies as a function of distance to the cliff face

The detection of DT2 dolomite bodies in hyperspectral images depends strongly on the dis-
tance between the hyperspectral camera system and the cliff face. A capturing distance of 5 to
9 km is associated with a strong decrease of information that can be obtained from the image.
Dolomite bodies of less than 50 m in thickness (Table 7.2) appear only as a few pixels in the
image and lack most of the important information regarding shape and geometry. This implies
that a survey using, for example, an aeroplane with a flight height above 5 km would not be
able to image these bodies. In addition, the observation angle limits the scope to detect and
characterise the dolomitised zones. Most of the DT2 dolomite bodies occur along nearly verti-
cal cliff faces and thus, would often stay undetected from the air assuming viewing directions
perpendicular to the earth surface. In these terrains ground based imaging is a more powerful
tool and expands the scope of remote sensing (Kurz et al. [2012]). The information retrieval is
even increased in case of shorter distances to the cliff which improves the detection of smaller
structures. In this study, the rough characterisation of dolomite bodies was enabled at distances
lower than 4 km. With respect to reservoir analogue studies, the resolution and precision of
the dolomite body dimensions from such data is assumed to be sufficient to set up reservoir
models. However, detailed shape characteristics and variations in absorption peaks could only
be determined more accurately at distances of less than 350 m. Even metre sized patches of
DT2 dolomite are evident in the interpreted images (Fig. 7.11D and E) and characteristics of
contact zones to the surrounding host rock appear in detail.
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7.5 Chapter conclusions

The determination and characterisation of lithological heterogeneities in platform carbonate
settings are highly important for mapping projects, especially in campaigns aiming to establish
analogue models for subsurface reservoirs. During the last decades, inaccessible outcrops in the
study area resulted in a lack of spatially distributed geochemical data in these reservoir mod-
els. Remote sensing techniques such as hyperspectral imaging bridge this issue by determining
spectra indicative for lithologies and thus, enable the collection of relevant information even
from inaccessible outcrops. This chapter presented a ground based hyperspectral mapping ap-
proach focussed on the detection of DT2 dolomite bodies in vertical cliffs in the Central Oman
Mountains. The technique enabled the clear detection of dolomite bodies supported by visual
comparisons with field panoramas and exemplary tests of spectrally mapped areas in the field.
Lithologies hosting the dolomite bodies are of Precambrian and Permian age. In Precambrian
units, shaly and sandy layers could be determined. Permian carbonates are partly dolomitised
and reveal different limestones as well as ED, DT2 and DT3 dolomite. Due to its high content
of iron, DT2 dolomite bodies differ spectrally from the other types of Dolomite (ED dolomite).
However, the study revealed strong spectral variations in the spectra of DT2 dolomite across
the Central Oman Mountains which is linked to weathering and dedolomitisation. The lat-
ter transforms the dolomite spectra into a calcite spectra and makes the interpretation of pixel
challenging. Furthermore, we evaluated the differences between spectra collected across one
dolomite in the field and spectra of powdered samples from similar sampling positions. The
lack of weathering in powdered samples results in strong spectral differences and thus, spectra
from powdered samples are limited in the use as reference spectra in supervised classifications
to determine weathered dolomite bodies in field images.



8 Distribution and spatial characteristics of dolomite
bodies in a Lower Khuff outcrop analogue

8.1 Introduction and previous work

The set up of carbonate reservoir models often requires the incorporation of reservoir hetero-
geneities. Establishing these geologically constrained reservoir models followed by upscaling
is directly influenced by the distribution and geometrical parameters of the heterogeneities
(Grammer et al. [2004]) such as dolomite bodies. Apart from often unknown spatial and geo-
metrical characteristics, the simulation of fluid flow in reservoirs containing dolomite bodies is
often additionally hampered by the diagenetically defined variability within dolomitised zones
and thus, for example, must address porosity, permeability and distribution of diagenetic fab-
rics. In this respect, outcrop analogue studies proved to provide valuable insights into the
internal dolomite body architecture. Additionally, outcrop analogue studies are appreciated for
supplying information on the lithological setting hosting the dolomite bodies and on tectonic
features such as faults associated with the dolomite bodies (Slater and Smith Jr. [2011]). How-
ever, most outcrops are limited in providing a three dimensional data set since the extent and
arrangement of exposures is often not sufficient to quantify the spatial arrangement of dolomite
bodies. In humid regions, this limitation can be caused by soil and plant cover or simply by
human settlements and infrastructural facilities reducing geological exposures in size and oc-
currence. Apart from the lateral extension of the outcrop, the orientation of the exposed cliff is
of high relevance, for example, in case of dolomite bodies being aligned with major faults. If
the spatial orientation of fault plane controlling the accumulation of dolomite bodies deviates
from the orientation of the exposure, most of the dolomitised areas remain hidden. As a result,
the generated reservoir model will give a false impression of the reservoir architecture. Another
important issue, to be considered in outcrop analogue studies, is the accessibility of outcrops
which often limits the detailed analysis of dolomite bodies of interest. As a means to overcome
these factors limiting the generation of a detailed three dimensional outcrop analogue model of
reservoir heterogeneities, it is invaluable to find appropriate exposures and to combine differ-
ent mapping methods such as field mapping and remote sensing (Kurz et al. [2012]). In this
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chapter, we aim to evaluate the spatial arrangement and geometrical characteristics of dolomite
geobodies forming reservoir heterogeneities in platform carbonates. In order to achieve a three
dimensional data set, field mapping and remote sensing were performed in this semi arid area
lacking extensive soil or plant cover. The lateral extent of the Oman Mountains (East-West:
70 km and North-South: 24 km) provides excellent conditions for a thorough evaluation of
lateral distribution patterns and geometrical variations of dolomite geobodies. The application
of hyperspectral remote sensing aimed to prove the presence and shape characteristics of vi-
sually detected dolomite bodies in inaccessible outcrops where field mapping as a verification
of dolomite occurrence was not feasible. Furthermore, hyperspectral image analysis of cliffs
without any indications for dolomite bodies in normal light field panoramas intended to locate
additional dolomitised areas.

8.2 Geographic areas relevant in this chapter

The aim of hyperspectral remote sensing was to capture a large portion of cliff faces in Wadi
Mistal and Sahtan, where prior to the hyperspectral imaging campaign several dolomite bodies
had been visually detected. In Wadi Mistal, about 80 % of the cliff faces showing lower Per-
mian platform carbonates were captured (Fig. 8.1). The eastern and the southern part of Wadi
Sahtan show remnants of Precambrian siliciclastics in front of Permian cliffs which severely
hinders the application of ground based hyperspectral imaging systems since the cliff face of
interest is hidden. Therefore, images were only taken in the north and the west (Fig. 8.1).
Hyperspectral images in the southern part of Wadi Mistal failed to provide sufficient quality for
the determination of dolomite bodies due to slightly overhanging cliffs showing variable shades
captured under backlight situations.
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Figure 8.1: Cliff faces analysed with hyperspectral image analysis are located in Wadi Mistal
and Wadi Sahtan. The exact coordinates of where images were captured including
technical details of captured images are given in the attachment.

8.3 Results

Thirteen hyperspectral images were interpreted in Wadi Mistal and seven in Wadi Sahtan in
order to obtain information on distribution and geometry of late diagenetic dolomite bodies
(DT2 dolomite). The interpretation results are shown in Fig. 8.2 and 8.3. The schematic sketch
at the beginning summarises the directions of the camera and roughly indicates from where the
images were taken.
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8.3.1 Interpretation of hyperspectral images in Wadi Mistal

Cliffs in the eastern part of Wadi Mistal show late diagenetic DT2 dolomite bodies which are
commonly aligned with bedding planes. In Wadi Mistal-W-16-c DT2 dolomite is present in the
northern part of the cliff (right side of the image in Fig. 8.2). The dolomite body is hosted in
ED dolomite. In Wadi Mistal-E-01-d remnants of dolomite bodies are present directly aligned
with the Precambrian-Permian unconformity in the centre of the image.
Detailed geometrical information of DT2 dolomite bodies could be obtained from Wadi Mistal-
E-06-c. In lateral direction, the dolomite body is parallel to the orientation of bedding planes.
Thus, base and top of the body are laterally flat without significant variations in the dolomi-
tised stratigraphic level. Towards the west, the outcrop Wadi Mistal-E-05-c shows dolomitised
patches in the centre of the image. The patches have an elliptical shape and are hosted in early
dolomite.
DT2 dolomite bodies hosted in limestones were observed in the outcrop Wadi Mistal-E-02-a.
Late diagenetic dolomite occurs as roundish to bedding parallel aligned bodies. The dolomite
bodies at the base of the cliff face occur in 2 distinct stratigraphic levels where as at the top of
the outcrop and additional level is visible. DT2 dolomite in this outcrop shows mainly sharp
edges and transitional contacts to ED dolomite which often forms the host rock at the top of the
bodies.
The outcrops Wadi Mistal-W-01-a, W-04-a, W-05-a, W-07-a and W-08-a are roughly aligned
along a N-S trending cliff face and were thus summarised in the viewing direction 5 (sketch in
Fig. 8.2). The dolomite body in the outcrop Wadi Mistal-W-01-a is located at the entrance of
Wadi Mistal. Base and top of the dolomite body are irregular and not bedding parallel. The
basal contact to the underlying limestone is sharp whereas the contact to ED dolomite at the
top is of transitional nature. In comparison, Wadi Mistal-W-04-a shows a strictly bedding par-
allel shape at the top and the base. Towards the west, this dolomitised layer pinches out into a
marly limestone. The dolomite body in Wadi Mistal-W-05-a is located at the same stratigraphic
height than in Wadi Mistal-W-04-a, although it occurs directly above the marly limestone bed
represented by the green layer in Fig. 8.2. Continuing along the same cliff face towards the
southwest, the outcrop Wadi Mistal-W-07-a shows also bedding parallel elongated dolomite
bodies. Those dolomite bodies replace the marly limestone bed (green layer is still visible on
the right side of the image) but are also aligned with limestone beds above the marly limestone.
The contact between DT2 dolomite and ED dolomite at the top of the dolomite bodies is sharp.
In the centre of the image Wadi Mistal-W-07-a, a dolomitised zone shows a more irregular



8.3. RESULTS 181

christmas tree shape.
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Figure 8.2: Overview of interpreted hyperspectral images in Wadi Mistal. The used colour
scheme is consistent with the key in Fig. 7.7 and the presented images are not dis-
torted. The viewing direction of the camera during image capturing is summarised
in the schematic sketch in Fig. 8.2 and 8.3.
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The outcrop Wadi Mistal-W-08-a forms the southern edge of this large cliff face. However,
dolomitised patches are rather small and irregular in shape. A bedding parallel alignment of a
thin dolomite layer is only visible on the right side of the outcrop. Southwest of the outcrop
Wadi Mistal-W-08-a a dolomitised zone was determined in the image Wadi Mistal-11-a. The
dolomite body occurs in a narrow side valley where no other dolomite bodies were observed for
a distance of 2 km along the valley exposures. The edges of the dolomite body are aligned with
several limestone beds and thus, show a christmas tree shape. The topmost area is interfingered
with ED dolomite.
The outcrop Wadi Mistal-W-10-a forms the western most outcrop in Wadi Mistal. The large
curved cliff face shows thin but bedding parallel elongated dolomite bodies which are mostly
accumulated at the contact between limestone and ED dolomite and less commonly hosted
in ED dolomite. Dolomitised layers pinch out towards the south (left side of the image). In
northern areas of the cliff face (right side of the image), dolomite bodies are aligned with the
Precambrian-Permian unconformity as well as stratigraphically higher up with the base of ED
dolomite.
In the outcrop Wadi Mistal-W-19-a only a few pixel directly above the Precambrian-Permian
unconformity in the centre of the image indicated the presence of DT2 dolomite in the south-
western area of Wadi Mistal. Due to image resolution and the small scale of the dolomite bodies
in this outcrop, detailed geometrical information can not be obtained from Wadi Mistal-W-19-a.

8.3.2 Interpretation of hyperspectral images in Wadi Sahtan

Generally, dolomite bodies in Wadi Sahtan are not as well constrained by bedding planes or
for example the prominent marly limestone bed as those in Wadi Mistal. The geometry of
dolomite bodies is more irregular, although the base of dolomite bodies often coincides with the
Precambrian-Permian unconformity which is consistent with observations in Wadi Mistal. The
outcrop Wadi Sahtan-E-01-re-a-3 has been discussed in detail in chapter 5 due to the presence
of large scale karst structures. The shape of dolomite fingers extending away from the breccia
is also present in the interpreted hyperspectral image. The top of these fingers is aligned with
the base of ED dolomite characterised by a sharp contact.
The outcrop Wadi Sahtan-E-05-b was captured at a very short distance to the cliff (less than
100 m) (Fig. 8.3). The dolomite body is mainly hosted in limestones but shows a transitional
contact zone to ED dolomite at the top. The irregular edge of the dolomitised zone is aligned
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with bedding planes but also long fractures.
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Figure 8.3: Overview of interpreted hyperspectral images in Wadi Sahtan. The used colour
scheme is consistent with the key in Fig. 7.7. The position of where images were
taken is shown in the schematic sketch in association with the viewing direction.

The lowermost parts of the dolomite body are aligned with a marly limestone bed (greenish
layer). Situated directly opposite of Wadi Sahtan-E-05-a, the outcrop Wadi Sahtan-W-07-a
shows comparable characteristics (Fig. 8.3). The base and the central part of the dolomite body
are hosted in limestones whereas the top is aligned with ED dolomite. In the centre of the body,
dolomite fingers extend towards the north (right side of the image) and show christmas tree
fabrics. One of the longest fingers is aligned with a marly limestone bed (greenish layer) which
was, for example, also observed in several outcrops in Wadi Mistal.
The dolomite body in the outcrop Wadi Sahtan-W-02-a reveals an elliptical shape (Fig. 8.3).
A large portion of the body is rimmed by limestone, whereas the top is associated with ED
dolomite. The bottom part of the body is rimmed by the Precambrian-Permian unconformity.
Following the cliff face further to the west, there are several patches of DT2 dolomite in the
outcrop Wadi Sahtan-E-02-a. Similar to Wadi Sahtan-W-02-a the bodies occur directly above
Precambrian siliciclastics. However, due to the large distance to the cliff (more than 2 km)
detailed shape characteristics of the dolomite could not be obtained since since the dolomite
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bodies are only represented by a few pixels on the image.
The outcrops Wadi Sahtan-W-06-a and Wadi Sahtan-E-08-a are both located at a very long cliff
face going from the northern to the southern area of Wadi Sahtan (Fig. 8.3). Both dolomite
bodies are aligned with the Precambrian-Permian unconformity at the base and show a rather
irregular boundary at the top. Apart from the alignment with the unconformity, clear bedding
plane controlled edges of the dolomite bodies are not evident. The bodies are hosted in ED
dolomite.

8.3.3 Lateral (E-W) geometrical characteristics of dolomite bodies

Wadi Mistal

Three lateral transects were defined in the northern and central part of Wadi Mistal, with the
aim to show the geometry of dolomite bodies in lateral direction. The position of the transects
is controlled by cliff faces oriented in E-W direction which show dolomite bodies of measur-
able size. Vertical transect 1 shows the dolomite body presented in viewing direction 5B (Fig.
8.4). The second transects includes dolomite bodies of the viewing direction 6 in the west and
viewing direction 3B and 3A in the east, whereas dolomite bodies observed in viewing direc-
tion 8 are given in vertical transect 3.
Dolomite body 1 in the vertical transect 1 shows a lateral extension of 0.2 km in E-W direc-
tion and a thickness of 10 m. In transect 2, the thickness and lateral extension of dolomitised
zones is increased comparing to transect 1. Dolomite body 1 shows a length of 0.4 km and a
thickness of 30 m (Fig. 8.5). Dolomite body 5 has a similar thickness but extends over 2.5 km.
Dolomite body 2 yields a lateral length of about 20 m and a vertical thickness of 17 m. In the
lateral transect 3, the captured dolomite is oriented WSW-ENE and extends over 0.9 km with a
thickness of 10 m. As a general observation, in east west direction the basal part of dolomite
bodies is mostly parallel to the bedding plane direction and the lateral extension of dolomitised
zones exceeds their thickness significantly. The maximum lateral extent is up to 2.5 km with a
maximum thickness of 30 m (Fig. 8.5).
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Figure 8.4: Position of lateral transects across Wadi Mistal. The transects include DT2
dolomite bodies shown in red derived from hyperspectral images taken of outcrops
with E-W orientation.
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Figure 8.5: Geometry and size of E-W oriented dolomite bodies determined in hyperspec-
tral images in Wadi Mistal. The maximum lateral extension of dolomitised zones
amounts to 2.5 km whereas the thickness of dolomite bodies reaches up to 30 m.
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Wadi Sahtan

Due to the orientation of cliffs in Wadi Sahtan, only one transect was measured which comprises
dolomite bodies determined in viewing direction 5 in the west, viewing direction 4 in the centre
and viewing direction 1 in the east (Fig. 8.6). Dolomite bodies show a tendency to have the
main axis of the dolomite body parallel or sub-parallel to the bedding plane direction but often
also cross cut bedding planes and reveal christmas tree shapes.

Figure 8.6: Position a lateral transects across Wadi Sahtan. The transect includes DT2 dolomite
bodies shown in red derived from hyperspectral images determined in outcrops with
E-W orientation.

The vertically most extensive dolomitised zone was determined in the western part of Wadi
Sahtan (dolomite body 6 in Fig. 8.7). Vertical and lateral extension of dolomite bodies cross cut
in E-W direction decreases towards the east of Wadi Sahtan of up to 45 m and 50 m respectively
(dolomite body 1 in Fig. 8.7).
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Figure 8.7: Geometry and size of of E-W oriented dolomite bodies determined in hyperspec-
tral images in Wadi Sahtan. The maximum lateral extension of dolomitised zones
amounts to 600 m whereas the thickness of dolomite bodies reaches up to 85 m. It
should be noted, that dolomitised zone this long is formed of several small dolomite
bodies and not of a single one.
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8.3.4 Vertical (N-S) geometrical characteristics of dolomite bodies

Wadi Mistal

In total, 4 vertical transects were set in Wadi Mistal (Fig. 8.8). Vertical transect 1 includes
the most eastern cliffs with the viewing direction 2. The vertical transects 2 and 3 capture both
sides of the road leading into Wadi Sahtan and thus show cliffs which are opposed to each other.
The eastern part of the road (transect 2) includes viewing direction 4 whereas the western side
comprises all dolomite bodies observed in viewing direction 5 except 5B which is oriented E-W
and thus not included here. The third transect includes also a dolomite body recognised in the
south of Wadi Mistal in viewing direction 1. The most western transect 4 comprises outcrops
in viewing direction 7 (Fig. 8.8).
Dolomite bodies determined in transect 1 were captured with a large distance to the cliff face
(more than 3 km). This results in only a few pixel indicating the presence of dolomite bodies
which is not sufficient to characterise geometry and size of these dolomite bodies in detail.
Thus, the bodies are displayed here in order to capture dolomitised zones in the east of Wadi
Mistal but are not included in the discussion.
The eastern side of the entrance road into Wadi Sahtan (transect 2) shows several dolomite
bodies of different spatial characteristics. Most of the dolomite bodies are roughly aligned with
the orientation of bedding planes. Only dolomite body 2 shows an irregular shape which lacks
any clear alignments with bedding planes (Fig. 8.9). Dolomite body 1 has similar vertical
and lateral extensions compared to dolomite body 2 but differers in the given sketch due to
distortion in the hyperspectral image. It should be noted that dolomite body 1 is not evident
in normal light field panoramas but appears in hyperspectral field images. The presence of
this body is supported by field mapping and the existence of characteristic diagenetic fabrics
indicative for DT2 dolomite as discussed in chapter 4.
Opposite of dolomite body 2 in transect 2 (other side of the road), the dolomite body 4 in
transect 3A shows an irregular geometry (Fig. 8.9). Alignments of the edges of the dolomite
body with bedding planes were only rarely observed. The base of the dolomite body shows
a sharp contact to limestone whereas the contact to ED dolomite at the top is of transitional
nature. Towards the south of Wadi Mistal, the axis of recognised dolomite bodies is commonly
more parallel with bedding planes comparing to the north.
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Figure 8.8: Position a vertical transects across Wadi Mistal. The transect includes DT2
dolomite bodies shown in red derived from hyperspectral images determined in
outcrops with N-S orientation.
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Figure 8.9: Geometry and size of N-S oriented dolomite bodies determined in hyperspectral
images in Wadi Mistal. The maximum lateral extension of dolomitised zones
amounts to 2.2 km whereas the thickness of dolomite bodies reaches up to 70 m.
It should be noted, that the dolomitised zone this long is formed of several small
dolomite bodies and not of a single one.



194
CHAPTER 8. DISTRIBUTION AND SPATIAL CHARACTERISTICS OF DOLOMITE

BODIES IN A LOWER KHUFF OUTCROP ANALOGUE

The thickest dolomitised zone was determined in dolomite body 2 with 70 m associated with
900 m wide extension. In the south of Wadi Mistal a small dolomite body occurs (transect 3B,
dolomite body 1) with a thickness of 15 and length of about 300 m (the length cannot be given
precisely in the image) (Fig. 8.9).
In the west of Wadi Mistal, dolomite bodies oriented in N-S direction a well aligned with
bedding planes and show a thickness of up to 48 m. The presence of several dolomitised layers
stacked upon each other is a common phenomenon.

Wadi Sahtan

Three transects containing cliffs with a N-S orientation were established in Wadi Sahtan. Ver-
tical transect 1 located in the west of Wadi Sahtan includes dolomite bodies determined in
viewing direction 6, 4 and 3. Next to the road which enters Wadi Sahtan transect 2 was set
which comprises the viewing direction 2. In the east, vertical transect 3 contains one dolomite
body mapped in viewing direction 7 (Fig. 8.10).
The dolomite bodies 2 in transect 1 and dolomite body 1 in transect 2 are located opposite to
each other along the entrance road to Wadi Sahtan. The geometry of both bodies is irregular
and dolomite body 2 in transect 1 shows an extensive christmas tree pattern. The length of
this body is 0.6 km with a thickness of 75 m. The thickness of dolomite body 1 in transect 2
amounts only to 40 m and the length is also shorter (0.15 km).
The dolomite bodies 1 in transect 1 and 1 in transect 3 - both located at the long cliff face in
the west of Wadi Sahtan - reveal a bedding parallel aligned geometry and a relatively regular
shape compared to the dolomite bodies at the entrance of Wadi Sahtan. The length of both
bodies differs only by 0.1 km whereas the thickness is significantly different (dolomite body 1
in transect 3: 100 m ; dolomite body 1 in transect 1: 30 m). The thickness of 100 m was the
highest number measured in all hyperspectral images (Fig. 8.11).
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Figure 8.10: Position of vertical transects across Wadi Sahtan. The transects include DT2
dolomite bodies shown in red derived from hyperspectral images determined in
outcrops with N-S orientation.
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Figure 8.11: Geometry and size of N-S oriented dolomite bodies determined in hyperspec-
tral images in Wadi Sahtan. The maximum lateral extent of dolomitised zones
amounts to 0.6 km whereas the thickness of dolomite bodies reaches up to 100 m.
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8.3.5 Statistics on dimensions

Figure 8.12: Table of length and thickness measurements of dolomite bodies in Wadi Mistal
and Sahtan in vertical (N-S) and lateral (E-W) direction.
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The measured length and thickness values of all dolomite bodies determined in hyperspectral
images in Wadi Mistal and Sahtan (Table 8.12) were cross plotted in order to determine a
potential trend in length-thickness ratios. In both Wadi Mistal and Sahtan, most of the dolomite
bodies reveal a length between 30 and 450 m (Fig. 8.13). Significantly longer dolomite bodies
occur mainly in Wadi Mistal. In comparison, the maximum thickness of dolomite bodies of up
to 100 m is comparable in both Wadis. The average length of dolomite bodies in Wadi Mistal
and Sahtan is about 200 m whereas the average thickness plots around 40 m.

Figure 8.13: Cross plot of length of dolomite bodies versus thickness based on measurements
from Wadi Mistal and Sahtan

8.4 Interpretation and discussion

8.4.1 Common geometries

Geometries of visually defined dolomite bodies in panoramas using the normal spectrum of
light have already been addressed in chapter 4. However, due to shades, varying weathering
colours and transition zones between different types of dolomite it is assumed that visually de-
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fined edges of DT2 dolomite may not be entirely correct. Thus, the additional application of
hyperspectral imaging intended to specify the shape of DT2 dolomite bodies in order to enable
a much more detailed view on geometry and spatial extension.
In lateral direction, the shape of determined DT2 dolomite bodies often appears irregular. This
is interpreted to be linked to the irregular shape of captured cliffs which are dissected by narrow
valleys or areas of recent rock fall. In order to show the commonly bedding parallel alignment
of base and top of dolomite bodies the bedding plane direction is given besides the interpreted
dolomite bodies (Fig. 8.5, 8.7, 8.9 and 8.11). The parallel arrangement of the base of dolomite
bodies and bedding planes is equally relevant in N-S and E-W oriented cross sections through
dolomite bodies as for example seen in the vertical transect 4 in Wadi Mistal (Fig. 8.9) or in
the lateral transect 2 in Wadi Mistal with 2.5 km (Fig. 8.9). This implies, that the lateral dis-
tribution of fluids ascending in a certain area was mainly controlled by bedding planes. The
stratal control on the lateral migration of uprising dolomitising fluids is for example known
from Ireland (Braithwaite and Rizzi [1997]) or Spain (Dewit et al. [2012]).
However, a large portion of dolomite bodies is laterally also aligned with the base of ED
dolomite characterised by transitional contact zones (for example Fig. 8.2 viewing direction
5A). The base of ED dolomite is also often not perfectly confined by bedding planes and shows
irregular wavy shapes. Thus, an irregular top of DT2 dolomite bodies might reflect the original
shape of the base of ED dolomite which acted as a conduit for late diagenetic fluids.
From a schematic point of view, the generally wide lateral extension and the narrow thick-
ness of the dolomite bodies results in a bedding parallel ellipsoidal geometry. The ellipsoidal
dolomite bodies mainly occur in one stratigraphic interval between Precambrian shales and the
base of ED dolomite and are rarely vertically stacked (Fig. 8.14). The lateral offset of DT2
dolomite bodies is very irregular and ranges within a few metres to several kilometres. The
maximum E-W extension of the ellipsoids is 2500 m whereas in N-S direction the extension is
limited to 1200 m. However, in average the extension of the dolomite body ellipsoids amounts
to 360 by 440 m (Fig. 8.14).
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Figure 8.14: The sketch shows the schematic arrangement of DT2 dolomite bodies in the Cen-
tral Oman Mountains. DT2 dolomite bodies are accumulated in a narrow strati-
graphic interval and show a kilometre wide lateral extension whereas the thickness
is limited to 100 m. This results in a flat ellipsoidal shape.

8.4.2 Implications of the extent of dolomitised zones in the Central Oman
Mountains

In the studied cliffs, dolomitised zones show a slightly longer extent in E-W direction of up to
2.5 km whereas a maximum dolomite body length of only 1.2 km was recorded in N-S direc-
tion (Table 8.12). In comparison to the wide lateral extent of DT2 dolomite bodies of up to 2.5
km the vertical extent is much more limited and does not exceed 100 m. The average thick-
ness ranges within 40 to 50 m. As mentioned in chapter 4, several conduits such as fractures,
bedding planes, unconformities and large scale breccia fabrics were exploited by late diage-
netic dolomitising fluids. Thus, late diagenetic DT2 dolomite bodies should be compared with
respect to their extensions and geometries with other dolomitised systems which are similarly
affected by multiple structural conduits. The area showing DT2 dolomite bodies hosted in plat-
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form carbonates in the Central Oman Mountains has a lateral extent of up to 70 km and is thus
very extensive in comparison to other large scale dolomite reservoirs. For example, the Middle
Devonian Slave Point Clarke Lake dolomite field located in British Columbia is characterised
by a high structural complexity but amounts only to 35 km in length (Boreen and Colquhoun
[2001]). In the Appalachian Basin the Albion-Scipio dolomite reservoir associated with several
wrench faults extends over 45 km (Hurley and Budros [1990]).
The relative distance between dolomite bodies in the Central Oman Mountains is highly vari-
able and ranges within a few metres and several kilometres. However, it should be mentioned
that dolomite bodies in outcrops could only be determined and studied where cliffs expose
them. Wadi Sahtan and Mistal show numerous dolomite bodies but a very large portion of the
platform carbonate succession is eroded in order to form these wadis. Thus, it can be assumed,
that many more dolomite bodies were formed in the region which were eliminated during the
formation of the tectonic windows.
The extent of DT2 dolomite bodies in lateral direction is relatively wide comparing with other
localities showing hydrothermal dolomite bodies associated with several structural elements.
For example dolomite bodies in the Ramales platform in Spain show a maximum length of
only 1270 m (Dewit et al. [2012]). On the other hand, the thickness of dolomite bodies in
the Central Oman Mountains is relatively low (maximum 100 m) comparing to, for example,
the Slave Point Clarke Lake field (7 km) (Boreen and Colquhoun [2001]) or the Albion-Scipio
dolomite (1km) (Hurley and Budros [1990]). Thicker dolomite bodies were also reported from
Spain with 920 m (Dewit et al. [2012]). In Iran, the width of hydrothermal dolomite bodies also
exceeds several hundreds of metres (Sharp et al. [2010]). Thus, DT2 dolomite bodies hosted in
Lower Khuff strata have a strong potential to modify the characteristics of the platform carbon-
ate host rock with respect to porosity and permeability in thin but laterally elongated zones of
maximum 100 m in width but several kilometres in length.

8.5 Chapter conclusions

The extent and geometries of dolomite bodies are of strong importance for reservoirs since they
often represent zones of increased porosities and permeabilities. Here, dolomite bodies present
in Lower Permian platform carbonates were studied which represent a surface equivalent to
Lower Khuff strata and thus, form heterogeneities in Khuff reservoir rocks. The spatial proper-
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ties of late diagenetic DT2 dolomite bodies are comparable with other hydrothermal dolomite
bodies world wide with respect to the lateral extension but show relatively thin vertical exten-
sion. The maximum width of DT2 dolomite bodies amounts to 100 m although the average
thickness ranges within 40 and 50 m. The length of DT2 dolomite bodies is up to 2.5 km in E-
W direction whereas in N-S direction the lateral extent is limited to 1.2 km. The shape of DT2
dolomite bodies appears often irregular in interpreted hyperspectral images which is caused
by the irregular nature of studied cliffs and wadis. The comparison of basal and top edges of
dolomite bodies with the direction of bedding planes revealed a common alignment in lateral
direction. From a reservoir predictive point of view, DT2 dolomite bodies in the studied Lower
Khuff outcrop equivalent show a dominantly flat shape with a wide lateral extent but a small
thickness. Potentially highly porous zones represented by the DT2 dolomite bodies thus have
a strong lateral importance but are less extensive in vertical direction.



9 Conclusions and future considerations

The motivation behind this study was the need to explain the mechanisms behind fracture re-
lated dolomitisation in Lower Khuff outcrop analogues and it sought to capture the complexity
of the dolomite distribution. The wide lateral extension of the study area in the Central Oman
Mountains allowed the detailed examination of late diagenetic dolomite bodies in several wadis
which show multidirectional cross cuts through the dolomite bodies. This setting enabled the
construction of a comprehensive data set which aims to improve the understanding of dolomi-
tisation of subsurface Khuff reservoir units. This thesis gathers new contributions to the un-
derstanding of late diagenetic dolomitisation present in the Arabian plate with special focus
on diagenetic fabrics, karstic features associated with dolomitised areas, the characteristics of
flow through the platform carbonate succession and spectral characteristics to consider in re-
mote sensing studies aiming at capturing late diagenetic dolomitised zones.

During the 1990’s Coy [1997] evaluated early diagenetic dolomite bodies formed shortly after
deposition of the platform carbonates by seepage reflux. Coys study briefly mentioned the ex-
istence and characteristics of a second type of dolomite emplaced during intermediate burial,
but detailed analysis of for example internal diagenetic fabrics or structures associated with late
diagenetic dolomite bodies were not provided. Thus, this study is concerned with this topic.
Diagenetic fabrics were commonly found in association with fractures as well as bed-to-bed
contacts and can be grouped into vug related patterns and breccia related fabrics. Vug related
fabrics comprise vugs of varying sizes and zebra dolomite with a typical arrangement of irreg-
ular large scale vugs close to the fracture plane, followed by smaller and often bedding parallel
aligned vugs with increasing distance to the fracture. Zebra dolomites occur furthest from the
fracture plane. The observed arrangement of diagenetic fabrics is not completely consistent
with patterns observed in fracture controlled dolomite bodies in Iran (Sharp et al. [2010]) and
thus presents an alternative possibility of the arrangement of diagenetic fabrics in dolomite
bodies. Diagenetic fabrics such as vugs and veins but also breccias reveal often significantly
increased porosities in dolomite bodies and are of crucial importance for the quality of dolomite
reservoirs.

Another main contribution to the understanding of late diagenetic dolomite bodies in the Lower
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Khuff is the data on structural elements and sedimentological features aligned with dolomite
bodies which are thus interpreted to partly control the geographic position and shape of the
bodies. Due to the presence of aligned diagenetic fabrics and the length of the contact zones,
fracture planes, bed-to-bed contacts and the base of early diagenetic dolomite represent the
most important local fluid migration pathways for late diagenetic dolomitising fluids. In addi-
tion to the presence of aligned diagenetic fabrics, fluid ascent along fracture planes is indicated
by christmas tree shapes of the dolomite bodies. Furthermore, stylolites guided dolomitising
fluids as well as the Precambrian-Permian unconformity. As opposed to several other reser-
voirs in the Arabian plate, a key lithofacies type or depositional setting which preferably guided
dolomitising fluids in platform carbonates could not be determined. Thus, a certain lithofacies
type or depositional setting is not considered as a reliable feature to predict the position of DT2
dolomite bodies in Khuff reservoirs at a local scale.

Concerning the relation between late diagenetic dolomite and sedimentary structures, this study
contributed to the understanding of late diagenetic dolomitisation in the region since it pre-
sented a link between karst cavities and the position of late diagenetic dolomite bodies. This
link might be applied by, for example, reservoir engineers which aim to predict the presence of
late diagenetic dolomite in subsurface Khuff reservoirs by determining key structural or sedi-
mentary elements. In the Central Oman Mountains, a most likely maze pattern karstification
was initiated during medium burial, triggered by the migration of either meteoric or hypogenic
fluids. Subsequent to the collapse of the karst cavities late diagenetic dolomitising fluids are
thought to have entered the brecciated area. The warm fluids recrystallised large parts of the
matrix and to a minor extent clasts, as indicated by a trend in the carbon and oxygen isotopes.
This scenario, which links epigenetic karst with burial dolomitisation, implies that the spatial
distribution of dolomite bodies will locally follow the template of karstic conduits. If this in-
terpretation is correct, it implies that a geostatistical predictive model can be derived for the
distribution of late diagenetic dolomite bodies by using typical variograms for the distribution
of karstic features.

The kilometre wide distribution of dolomitising fluids is interpreted to be controlled the Fara
Formation which underlies Permian platform carbonates. The Fara Formation consists, among
others, of cherts, fine turbidites and volcanoclastics which are considered to interact with
dolomitising fluids resulting in an increase of Fe and Mn in precipitated DT2 dolomite. Due
to the accumulation of dolomite bodies in Wadi Mistal and Wadi Sahtan, it is interpreted that
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fractures and faults trigger the ascent of fluids in both areas. The formation of fractures in Wadi
Mistal and Sahtan might be controlled by the reactivation of large faults in the Abu Mahara
Formation during the beginning of ophiolite obduction during the Cretaceous. Based on the
presence of saddle dolomite cements it is supposed that fracture planes guided ascending fluids
of at least 60 ◦C into Wadi Mistal and Sahtan, thus defined as potentially fracture related hy-
drothermal fluid flow. From a reservoir perspective, the lateral migration of dolomitising fluids
was most likely controlled by siliciclastics underlying Permian platform carbonates whereas
the ascent of fluids in certain areas is enabled by faults which potentially might be located in
even older stratigraphic units. On a broader scale this observation implies that the position of
late diagenetic dolomite bodies in Permian Khuff strata in the Middle East might be controlled
by large scale tectonic features of the underlying crystalline basement.

An important outcome of this study is also the local overprint of formed late diagenetic dolomite
by most likely hot deep basinal brines which exploited the edges of DT2 dolomite bodies. These
brines caused recrystallisation that was potentially associated with a modification in porosity
and thus of relevance to reservoir characterisation in the Khuff. In summary, four types of
dolomitising fluids exploited Permian platform carbonates in the area of the Central Oman
Mountains (ED dolomite, DT2 dolomite, DT3 dolomite and hot deep basinal brines). Up to
date, only the first three fluids were considered as important in the region (Coy [1997], Vande-
ginste et al. [2015]).

However, the detection of dolomitised zones is not only of relevance in subsurface reservoirs.
Remote sensing techniques such as hyperspectral imaging aim at obtaining compositional in-
formation of inaccessible outcrops by evaluating spectra of rocks. Severe variations in the
geochemical characteristics impact the mapping procedure and results of such remote sensing
campaigns. Thus, the aim of this study was to evaluate and identify the challenges of remote
sensing for the mapping of late diagenetic dolomite bodies present in irregularly weathered
cliffs.
As expected, hyperspectral imaging enabled the clear detection of dolomite bodies supported
by visual comparisons with field panoramas and exemplary tests of spectrally mapped areas in
the field. However, the study revealed strong variations in the spectra of DT2 dolomite across
the Central Oman Mountains caused by weathering and dedolomitisation. Dedolomitisation
transforms the dolomite spectra into a calcite spectra and makes the interpretation of pixels
challenging. Furthermore, we evaluated the differences between spectra collected across one
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dolomite in the field and spectra of powdered samples from similar sampling positions. The
lack of weathering in powdered samples results in strong spectral differences and thus, spectra
from powdered samples are limited in the use as reference spectra in supervised classifications
to determine weathered dolomite bodies in field images. Thus, as a general remark, hyper-
spectral remote sensing campaigns should treat late diagenetic dolomite bodies with care, since
they are prone to weather and/or dedolomitise which results in severe spectral variations. These
spectral variations make the supervised and unsupervised image classification challenging.

Given the outstanding importance of statistical values on the geometry of dolomitised zones
for reservoir modelling it is necessary to extended our knowledge on dolomite body dimen-
sions and spacing. Modelling of dolomitised zones in platform reservoirs would greatly benefit
from pursuing the collection of geometrical data from normal light photo panoramas and near
infrared hyperspectral images in outcrop analogues. This approach aims to ensure the detailed
determination and characterisation of dolomite bodies. Thus, this study provides detailed mea-
surements on the lateral and vertical dolomite body extent by combining both methods. In
comparison with other dolomitised systems world wide, the spatial extent of the zone showing
dolomite bodies in the Central Oman Mountains is relatively wide at about 70 km. The length
of single dolomite bodies is up to 2.5 km in E-W direction and 1.2 km in N-S direction. As
opposed to the wide lateral extent, dolomite bodies only show a thickness of up to 100, which is
relatively flat. These spatial properties imply a strong relevance of dolomite bodies in bedding
parallel direction in Lower Khuff reservoirs whereas the vertical extent is relatively low.

For future projects, a more extensive data set of strontium isotope measurements would help
to better constrain the origin and fluid migration pathways of the late diagenetic dolomitising
fluids. In particular, it is assumed that strontium isotopic ratios would strengthen the hypothesis
of fluid flow through siliciclastic layers of the Fara Formation underlying Permian platform car-
bonates. In this context, additional comparative petrographic and cathodoluminescence analy-
sis of DT2 dolomite samples affected and not affected by hot deep basinal brines are considered
as valuable to the understanding of recrystallisation processes linked to porosity modification.
A better understanding of the origin and migration pathways of fluids would greatly contribute
to the application of this outcrop analogue study to other areas in Lower Khuff platform car-
bonates.
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10.1 Stable isotope results obtained from all sampled out-
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