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ABSTRACT

Predicting spatial distribution, dimension, and geometry of diage-
netic geobodies, as well as heterogeneities within these bodies, is
challenging in subsurface applications, and can impact the results
of reservoir modeling. In this outcrop–based study, we generated
a data set of the dimensions of fracture–related dolomite geobod-
ies hosted in Ediacaran (Khufai Formation) limestones of the
Oman Mountains that are up to several hundreds of meters long
and a few tens of meters wide. The dolomite formed under burial
conditions by fluids that interacted with siliciclastic layers,
as demonstrated by the enriched Fe (up to 4.4%) and Mn
(up to 0.8%) contents and 87Sr∕86Sr (∼0.710) signatures.
Dolomitization probably occurred during the Hercynian Orogeny
(or pre-Permian) because dolomitization predates some folding
and pre-Permian rocks have seen intense deformation related to
the Carboniferous Hercynian Orogeny. Moreover, dolomitization
occurred between the onset and termination of bedding-parallel
stylolitization and thus most likely before deep burial related to
the Alpine Orogeny. Hence, dolomitization most likely occurred
before deep burial related to the Alpine Orogeny and during or
following the intense deformation related to the Carboniferous
Hercynian Orogeny had affected pre–Permian rocks. The
clumped–isotope signature yields a temperature of approximately
260°C (500°F), interpreted as the apparent equilibrium tempera-
ture obtained during uplift after deepest burial during the Late
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Cretaceous. Lateral transects across the dolomite bodies show that
zebra dolomite textures are common throughout the body and that
vugs are more common at the rim than the center of the bodies.
Moreover, a weak geochemical trend exists with more depleted
18O, Fe, and Mn concentrations in the core than at the rim of the
dolomite bodies. These results show that minor heterogeneities
exist within the dolomite bodies investigated. These data contrast
with previous studies, in which more significant variation is
reported in width of the dolomitization halo and texture for larger
dolomite bodies that formed in host rocks more permeable than
the examples from the Oman Mountains.

INTRODUCTION

Estimating the dimensions of diagenetic geobodies from core data
is a difficult task in the subsurface and has important impacts on
the accuracy of reservoir models. Some predictive rules have been
suggested for the dimensions of depositional geobodies, such as
fluvial geobodies (Pranter et al., 2009; Lunt et al., 2013), and
grainstone bodies (Harris et al., 2011). However, data on dimen-
sions and geometries of diagenetic geobodies are scarce.
Diagenetic geobodies are generally controlled by the depositional
facies, as well as the earlier diagenetic phases, and the distribution
of fractures (Vandeginste et al., 2013b). As such, predicting the
spatial distribution, dimension, and geometry of diagenetic geo-
bodies is even more challenging than for sedimentary geobodies.
A larger outcrop data set on dimensions and textural variability
of fracture–related dolomite geobodies, resulting from a common
diagenetic process in carbonates, may help constrain the relative
importance and interaction of the different controlling factors on
the geobody distribution and dimension.

Correctly estimating the size, distribution, and permeability of
geobodies in reservoir models is essential to constrain flow behav-
iors. At the reservoir scale, heterogeneity is influenced by the vari-
ability in geobodies and their respective petrophysical properties,
but the geobodies themselves can be heterogeneous on a smaller
scale. Several studies document heterogeneity within fracture-
related geobodies with respect to porosity, permeability, and tex-
tures (Wilson et al., 2007; Shah et al., 2010; Sharp et al., 2010;
Lapponi et al., 2011; Dewit et al., 2012). However, the results of
previous studies may not be applicable for fracture–related dolo-
mite bodies of other dimensions (such as smaller geobodies).

This study investigates the dimensions of fracture-related
dolomite bodies hosted in Ediacaran limestone of the Khufai
Formation in Wadi Bani Awf (central Oman Mountains). In addi-
tion to constraining dimensions, the textural and geochemical
heterogeneities are assessed by evaluating data along transects
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across the dolomite geobodies. The goals of this
paper are to (1) construct a data set of the dimensions
of fracture–related dolomite bodies in Wadi Bani
Awf; (2) gain insight in the dolomitization process,
including structural framework, origin of dolomitiz-
ing fluids, as well as the timing of dolomitization;
and (3) investigate spatial and temporal changes in
diagenetic patterns.

GEOLOGICAL SETTING

Oman is situated at the eastern edge of the Arabian
plate. Samples for this study were collected at Wadi
Bani Awf in the center of the Jebel Akhdar dome, a
tectonic window in north Oman (Figure 1A, B).
Here, Precambrian to Cretaceous autochthonous
rocks crop out between the oceanic allochthon, that
is, the Hawasina volcano–sedimentary nappe com-
plex, and the overlying Semail ophiolite exposed in
the Oman Mountains (Poupeau et al., 1998). The
emplacement of nappes and northeast–directed sub-
duction of the Arabian plate are the result of the
Alpine Orogeny (Boudier et al., 1985; Hacker,
1994; Breton et al., 2004).

The sediments immediately overlying the crystal-
line basement consist of the Precambrian Abu
Mahara Group, followed by the Nafun Group I con-
taining the Hadash and Masirah Bay formations
(Figure 1C) comprising diamictite, graywacke, and
feldspathic sandstone, and the Khufai Formation
comprising black fetid limestone and dolomite with
stromatolitic laminations (Béchennec et al., 1993).
The Khufai Formation (or Hajir Formation) forms
the focus of this study and was deposited in a proxi-
mal progradational ramp system in the Huqf area
and a more distal system in Jebel Akhdar (Wright
et al., 1990; Le Guerroue et al., 2006a; Allen, 2007).
The Abu Mahara Group and Nafun Group I devel-
oped during intra–continental extension, probably
associated with crustal thinning subsequent to the
early Pan–African Orogeny (Genna et al., 2002).
The Khufai Formation is capped by a disconformity
surface, and overlain by the Nafun Group II with the
Shuram Formation (or Mu’aydin Formation; finely
laminated siltstone) and the Buah Formation (or the
Kharus Formation; black limestone, red siltstone and

some dolomite; Figure 1C). This is followed by the
Ara Group with the Fara Formation (ignimbrite and
tuffite, sandstone and siltstone, and some limestone
and dolomite; Figure 1C). The Fara Formation is
truncated at the top by a regional unconformity that
marks the base of the Upper Permian succession,
and reflects intense erosion, which may be associated
with moderate compression during late Pan–African
tectonism (Béchennec et al., 1993) or the Hercynian
Orogeny (Faqira et al., 2009).

METHODOLOGY

Seven transects were sampled (by drilling 2-in.
[5.08-cm] diameter cores) across the fracture–related
dolomite bodies, easily recognized in the field by
their red weathering color contrasting with the black
limestone of the Khufai Formation host rock in
Wadi Bani Awf (Figure 1D). The main sampling sites
(Figure 1D) are the outcrops in the center of Wadi
Bani Awf (around N23°12.63′ E57°23.43′), but also
some samples were collected and observations
made in the more northern side of Wadi Bani Awf
(N23°15.25′ E57°23.82′; Figure 1C). By analyzing
transects across dolomite bodies, one can evaluate
not only the difference between limestone and dolo-
mite, but also the lateral and textural variation within
the dolomite bodies. The dimensions of the dolomite
bodies were measured on Google Earth satellite
images and selectively in the field. A fracture analysis
was carried out on two representative beds by record-
ing the strike, dip, aperture, filling, distance, and
geometry of the fractures and veins. The structural
data were plotted onto stereographic projections
using Orient version 2.1.2 (2012), a freeware by
F.W. Vollmer.

We collected and investigated 80 hand specimens.
Rock slabs were cut and finely polished using silicon
carbide grit 220 and subsequently grit 600. The pol-
ished surfaces of the slabs and thin sections halves
were etched with 1M HCl and stained with Alizarin
Red S and potassium ferricyanide to distinguish calcite
and dolomite, and their ferroan equivalents, following
a procedure modified from Dickson (1966).

A total of 79 thin sections were examined using a
Zeiss Axioskop 40 polarization microscope (with a
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Figure 1. Geological setting of the study area. (A) Geological map of northern Oman, simplified after Béchennec et al. (1993) and
modified after Vandeginste and John (2012). (B) More detailed geological map of the Jebel Akhdar tectonic window, modified after
Béchennec et al. (1993) and Vandeginste et al. (2013b). (C) Nomenclature of the Precambrian Huqf Supergroup in Jebel Akhdar, modi-
fied after Allen (2007). This synthesis of nomenclature was based on previous work from Allen et al. (2004), Glennie et al. (1974), Kapp
and Llewellyn (1965), Leather (2001), Leather et al. (2002), McCarron (2000), and Rabu et al. (1986). (D) Google Earth satellite image of
the central Wadi Bani Awf main study area with indication of sampled sections: BAB and BAC on mountain flank on southern side of
Snake Canyon (N23°12′26″, E57°23′21″), BAD, BAE, BAF and BAG on mountain flank on northern side of Snake Canyon (N23°12′
38″, E57°23′26″) and BAH close to entrance of Snake Canyon (N23°12′32″, E57°23′11″).
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connected Zeiss Axiocam ICc1 digital camera for
photomicrographs) and a CITL cathodoluminescence
(CL) Mk5–2 stage mounted on a Nikon Eclipse 50i
microscope (with an attached Nikon DS–Fi1c digital
camera) for CL microscopy. Operating conditions for
the CL stage were about 200 μA and 13 kV. The CL
color descriptions reported in the results are based on
unstained thin–section halves.

Small rock pieces of all 80 samples were cut,
cleaned with distilled water, dried overnight, and then
crushed to a fine powder using an agate mortar and
pestle. One to two grams of these powders were used
for X–ray diffraction analyses, following the procedure
described in Vandeginste et al. (2013b), to determine
the mineralogy and to derive semi–quantitative
information on calcite and dolomite contents.
Subsequently, 250 mg (0.009 oz) of each carbonate
sample powder of either dolomite or calcite (>95%
pure based on XRD) was dissolved in 5% HNO3 in
preparation of ICP-AES analysis to determine
elemental composition following a procedure
described in Vandeginste et al. (2013b). As an addi-
tional test, the ICP-AES results were compared with
geochemical data obtained by microprobe analyses
on a few thin sections (CAMECA SX-100 electron
microprobe at the University of Montpellier II,
France) following analysis correction based on
Merlet (1994). The microprobe results were consis-
tent with the ICP-AES data.

Carbonate samples (100 to 150 μg [3.5 × 10−6 to
5.3 × 10−6 oz]) for stable carbon and oxygen isotope
analyses were taken with a dental drill, which enabled
sampling of specific diagenetic phases. In addition,
nine representative samples of both limestone and
dolomite were treated with a Calgon-H2O2 solution
with the aim of assessing and subsequently ruling
out any effect of organic matter or clays on the stable
carbon and oxygen isotopic composition of the
carbonates. The carbonate powders were reacted with
phosphoric acid in a Thermo Scientific automated
Kiel IV carbonate device at 70°C (158°F), and
the resulting CO2 gas was analyzed in a MAT253
mass spectrometer in the Qatar Stable Isotope lab at
Imperial College London, United Kingdom. The
carbon and oxygen isotopic values for carbonate sam-
ples are reported in per mil notation relative to Vienna
Peedee belemnite (VPDB). Measurements of NBS19

and internal lab (Carrara Marble) standards allowed
for the correction of instrumental drift. Replicate
analysis of these standards showed a reproducibility
of 0.06‰ for δ13C and 0.12‰ for δ18O (2σ standard
deviation). Dolomite δ18O was corrected using the
acid fractionation factors given by Rosenbaum and
Sheppard (1986) and Kim et al. (2007).

Aliquots of 5 to 8 mg (1.8 × 10−4 to 2.8 × 10−4 oz)
of dolomite per replicate were used for clumped–
isotope analysis. Three to five replicates per
sample were measured on four dolomite samples.
For each replicate, the dolomite powders were reacted
for 20 minutes with phosphoric acid in a reaction
vessel that was kept at a temperature of 90°C
(194°F) by a heated water bath on a hot plate. The
resulting CO2 was trapped in a liquid nitrogen trap
during the time of reaction. The liquid nitrogen trap
was subsequently replaced by a slush trap (containing
ethanol and liquid nitrogen) which was kept at a tem-
perature of about −80°C (−110°F) to release the
CO2, but not water. The CO2 gas went through
Poropak trap maintained at −35°C (−30°F) for about
40 to 60 minutes until the pressure in the slush trap
was down to baseline pressure. During this Poropak
transfer, CO2 was collected by a liquid nitrogen trap
after the Poropak trap. Finally, CO2 was trapped in a
cold finger, and if results on mass 48 offset
(Huntington et al., 2009) indicated contamination the
entire aliquot of gas underwent a second identical
cleaning process.

Two mass spectrometers (Pinta and Niña) were
used during the course of these measurements. The
gas from the cold finger was introduced into the
instrument and measured by eight acquisitions of
seven cycles. The quality of the data was checked
for outliers, and the reliability of the measurements
(and mass 47 data) was evaluated using the mass 49
index and the mass 48 offset (Huntington et al.,
2009): samples with a mass 49 index above 0.3 and/
or which fall outside of two standard deviations in
mass 48 from the heated gas line were rejected.
Standards Carrara Marble and ETH3 and heated
gas were measured each generally twice a week and
were used to correct for nonlinearity of the mass
spectrometer, and the data presented here is in the
carbon dioxide equilibrated scale (CDES) of Dennis
et al. (2011).
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The strontium isotopic composition was also
determined from a selection of samples that were
used for stable carbon and oxygen analyses. The
method of chemical preparation to separate Sr and
the measurements on the mass spectrometer at Royal
Holloway University London (UK) follow that
described in Vandeginste et al. (2013a).

Fluid inclusions were studied in six doubly pol-
ished wafers (prepared without using a hot plate and
collected from 10 to 15 cm (3.9 to 5.9 in.) long drilled
cores) on a Linkam THMSG600 heating–cooling
stage. Calibration of the stage was performed by
measuring phase changes in synthetic fluid inclusions
of known composition. Repeatability of the final
melting temperature of ice (Tm) is within 0.2°C
(0.4°F) and of the homogenization temperature (Th)
within 2°C (3.6°F) for measurements in the studied
carbonate wafers.

RESULTS

Dimensions and Structural Characterization
of Fracture–Related Dolomite Geobodies

The dolomite geobodies have reddish weathering col-
ors (Figure 2A–D). The geobodies crosscut limestone
beds generally at a steep angle (Figure 2A, B).
However, some parts of small dolomite bodies can
also run parallel to bedding (Figure 2C). Most dolo-
mite bodies are slightly curved (Figure 2D). The
Khufai Formation beds are folded with the beds dip-
ping vertically at some sites. Some north–south and
east–west faults occur at the main sampling site and
place the overlying Shuram Formation siliciclastics
adjacent to the Khufai Formation limestone. No dolo-
mite is present along those faults. A total of 222 dis-
continuous (as seen at the surface) dolomite

geobodies were mapped in an area of about 10 square
kilometers (3.9 square miles) on Google Earth satel-
lite images (Figure 1D). Image analysis reveals that
the strike of these bodies is predominantly north-
northeast–south–southwest to northeast–southwest
(Figure 3A). Detailed structural analyses on the
outcrop (sections BAC and BAG) show that red dolo-
mite veins are subvertical west–dipping with north-
northeast–south-southwest strike, whereas white
calcite veins (crosscutting the other vein set) have a
northeast–southwest or eastnortheast–westsouthwest
strike (Figure 3B, C). Rare northwest–trending veins
consist of dolomite, calcite, or both. The strike of
the bedding at the sampling sites is north–south and
the dip is not more than 16° to 30° to the east.

The dolomite geobodies vary widely in length
from 3 to 636 m (10 to 2087 ft) but less in width, from
1 to 60 m (3 to 197 ft), based on measurements on
Google Earth satellite images and confirmed with
select field measurements. The length/width aspect
ratio of the dolomite bodies varies from 0.4 to 112.
Thus, no clear correlation exists between length and
width of the bodies, as indicated by a correlation coef-
ficient of 0.1 (Figure 4A). The histogram of length of
the geobodies shows a higher occurrence of shorter
geobodies (three bins for length up to 75 m [246 ft]),
although the average geobody length is 97 m (318 ft;
Figure 4B). In addition, the histogram of width shows
the highest distribution for the three bins of smallest
width, that is, up to 7.5 m (25 ft) wide, whereas the
average width of the bodies is 7 m (23 ft; Figure 4C).

Macroscopic and Petrographic Characteristics
of Host Rock and Fracture–Related Dolomite

The limestone host rock consists of medium–size
calcite crystals that have wide (up to 25 μm

Figure 2. Photographs of outcrops in Khufai Formation and polished and stained hand samples. (A) Reddish weathered fracture–
related dolomite bodies in black Khufai Formation host rock on the mountain flank at the north side of the valley (BAD–BAE–BAF–
BAG). (B) Reddish weathered dolomite body cross–cutting steep beds of Khufai Formation at northern sampling site in Wadi Bani
Awf. (C) Small dolomite body with parts that are both parallel and perpendicular to bedding (northern sampling site). (D) Curved red-
dish weathered dolomite bodies cross–cutting stratigraphic beds. (E) Polished and stained hand sample of zebra dolomite (coin of
2.25 cm [0.9 in.] diameter as scale). (F) Zebra dolomite with bedding–parallel bands and subvertical veins (15 cm [5.9 in.] long ballpoint
pen as scale). (G) Polished and stained hand sample showing calcite cement in vugs in dolomite (coin of 2.25 cm 0.9 [in.] diameter as
scale). (H) Red dolomite along bedding–parallel stylolites and in veins perpendicular to bedding (lens cap of 5.8 cm [2.3 in.] diameter as
scale).
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[<9.8 × 10−4 in.]) cleavage twin planes. Only a faint
relict of the original texture is visible (Figure 5A).
This limestone texture (a recrystallized peloidal grain-
stone) is the same in all seven transects. Rare, small
authigenic albite crystals are present within the lime-
stone (but not in the dolomite). The fracture–related
dolomite is mainly composed of zebra dolomite in
which gray fine–crystalline and white coarse–crystal-
line dolomite bands alternate (Figure 2E, F). Some
dolomite samples also have a brownish fine–crystalline
zone. The zebra bands are generally parallel to bed-
ding, but some bands are oblique, and some white
dolomite zones are perpendicular to bedding
(Figure 2F). The dolomite crystals display wide cleav-
age twin planes that are straight or bent, and cross–cut

each other. The center of the white dolomite bands
contain saddle dolomite crystals with curved outline
and sweeping extinction under crossed–polarized light.
On top of these saddle dolomites, former pore space is
filled with calcite cement. In general, calcite cements in
pore spaces in the center of white dolomite zones or in
vugs (Figure 2G) are more abundant at the rim (close to
contact with limestone) than in the center of fracture–
related dolomite bodies. At the intersection of two frac-
ture–related dolomite bodies, white dolomite bands
tend to be thicker and have a more heterogeneous
orientation. Although thin red dolomite is present
along bedding–parallel stylolites in the limestone
(Figure 2H), bedding–parallel stylolites also cross–cut
dolomite (Figure 5B). A few samples show some

Figure 3. Rose diagrams showing (A) trend of fracture–related dolomite bodies derived from Google Earth satellite images; (B) strike
of fractures along BAC section on outcrop (mountain flank on southern side of the valley); (C) strike of fractures along BAG section on
outcrop (mountain flank on northern side of the valley). The number of measurements is indicated by “n” at the left bottom of each
diagram. The predominant trend is north-northeast–south-southwest to northeast—southwest.

Figure 4. Dimensions of mapped discontinuous (at surface) dolomite geobodies measured on Google Earth satellite images.
(A) Crossplot of length versus width. Correlation coefficient is 0.1. (B) Histogram of length. (C) Histogram of width.
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brown iron oxidation stains (Figure 5C). The white
dolomite underlying this altered band is homogeneous
and displays dark red luminescence under CL, whereas
the dolomite overlying this band has alternating
inclusion–rich and inclusion–poor zones. The latter
zones also exhibit a zoned CL pattern (Figure 5D).

Geochemistry of Host Rock and Fracture–
Related Dolomite

Major and Minor Element Geochemistry
The dolomite is nearly stoichiometric (50 to 52 mole%
CaCO3), based on XRD measurements. Limestone
and dolomite differ in Mg content (10.2 to 12.6 wt%
for dolomite, 0.1 to 0.6 wt% for limestone). In

addition, the Fe and Mn content is different, that is,
enriched in dolomite (Fe: 10834 to 44329 ppm; Mn:
2354 to 7888 ppm) and depleted in limestone (Fe:
23 to 1027 ppm; Mn: 44 to 720 ppm; Figure 6). In
contrast, the Al, K, and acid–insoluble residue (IR)
are similar in both the limestone (Al: 21 to 119 ppm;
K: 51 to 158 ppm; IR: 1.8 to 6.5 wt%) and dolomite
(Al: 35 to 160 ppm; K: 51 to 154 ppm; IR: 1.0 to
10.7 wt%). The Fe content in the fracture–related
dolomite is generally higher near the rims of the dolo-
mite body than in the center (Figure 7).

Stable Isotopes of Carbon and Oxygen
The Precambrian limestone samples collected from
the Khufai Formation have δ18O values ranging from

Figure 5. Photomicrographs of thin sections. Scale bar is 500 μm (0.02 in.). (A) Stained thin section of recrystallized peloidal lime-
stone cross–cut by a bedding–parallel stylolite and later (post–stylolitization) calcite veins. (B) Dolomite cross–cut by bedding–parallel
stylolite. (C) Dolomite with brownish alteration band. (D) Cathodoluminescence microscope view of (C) showing yellowish lumines-
cence along altered band and zonation pattern of overlying dolomite with some saddle dolomite crystals.
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−11.9 to −9.4‰ VPDB and δ13C values ranging
between +6.3 and +7.6‰ VPDB. The fracture–
related dolomite samples in our study have a more
negative δ18O than that of the limestone, and the
δ13C signature in dolomite varies from +3.7 to
+7.4‰ VPDB compared to +6.3 to +7.6‰ VPDB
in limestone (Figure 8). The fine–crystalline dolomite
(δ18O: −14.7 to −11.9‰ VPDB; and δ13C: +4.0 to
+7.4‰ VPDB) has a similar stable isotopic signature
as the coarse–crystalline dolomite (δ18O: −15.2 to
−12.2‰ and δ13C: +3.7 to +7.0‰). The highest
δ18O and δ13C values measured in the dolomite are
similar to those of calcite cement (δ18O values from
−14.6 to −12.3‰; and δ13C value between +2.9 to
+4.5‰) filling vugs and pore space in the center of
coarse dolomite bands. The δ18O and δ13C values
along cross–dolomite transects show no correlation
between the δ13C signature and distance from the
core of the fracture–related dolomite body, whereas
δ18O values show a weak trend with lighter values
in the core of the dolomite body (Figure 7).

Strontium Isotopes
The two limestone samples have 87Sr∕86Sr ratios of
0.70786 and 0.70793, which is similar to the reported
values for Precambrian Khufai Formation carbonate,
0.7078 to 0.7085 (Burns et al., 1994; Le Guerroue

et al., 2006b). The 87Sr∕86Sr ratios of the fine–
crystalline dolomite vary from 0.70934 to 0.71006
and those of the coarse–crystalline dolomite range
from 0.70919 to 0.70973 (with one outlier at
0.71146). Excluding this one outlier, a statistical
analysis of the z distribution shows that the
87Sr∕86Sr ratio in fine–crystalline dolomite is signifi-
cantly higher than that in coarse–crystalline dolomite
(at >99% confidence level). Both fine–and coarse–
crystalline dolomites are strongly enriched in 87Sr
compared with the limestone. The 87Sr∕86Sr values
of the dolomite form a cluster, and no correlation
exists between δ13C and δ18O (Figure 9). The varia-
tion of the 87Sr∕86Sr ratio was also assessed along
one of the transects, but no clear trend was observed.

Temperature and Composition of
Dolomitizing Fluids

Fluid inclusions in both dolomite and calcite (present
as cement in vugs in dolomite) are all two–phase
aqueous fluid inclusions. No petroleum inclusions
were observed (as confirmed by fluorescence micros-
copy). The inclusions are mostly 2 by 3 μm
(7.9 × 10−5 by 1.2 × 10−4 in.) in size in dolomite and
up to 8 by 10 μm (3.1 × 10−4 by 3.9 × 10−4 in.) in cal-
cite. Fluid–inclusion petrography was carried out and
a primary origin of the fluid inclusions was inter-
preted based on the cloudy core and clear rim of the
dolomite crystals and the small size (<5 μm
[<2 × 10−4 in.]) of the inclusions (Goldstein and
Reynolds, 1994). Still, because the density of the
fluid–inclusion distribution does not vary with
growth zonations (except for the rim), the main bulk
of the dolomite crystals are totally cloudy, and the
interpreted primary origin of the inclusions may be
ambiguous. Secondary trails of fluid inclusions were
avoided, because our aim was to reconstruct the dolo-
mite formation conditions, and thus we focused on
fluid inclusions of primary origin. No clear changes
in vapor–to–liquid ratio were observed within or
between measured fluid–inclusion assemblages. The
variation in temperatures measured in inclusions of
the same fluid–inclusion assemblage is large.
Because of the small size of the inclusions and poor
visibility in dolomite, first melting of ice was not rec-
ognized in the dolomite wafers. First melting of ice

Figure 6. Mn versus Fe crossplot of limestone and fracture–
related dolomite samples.
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Figure 7. Overview of geochemical variation along five different transects (named BAB, BAC, BAE, BAG, and BAH) for Fe content
(left), δ13C (middle), and δ18O (right). Data are separated for limestone, fine dolomite, coarse dolomite, or calcite cement. Distance
is given in meters with positive value for samples at the right side of the fracture center and negative values for samples at the left
side of the fracture center (facing the outcrop). Limestone along the transect is indicated by a shaded background on the plots. The
weighted average–fit curve for dolomite data is presented by a thick line.
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and complete dissociation of hydrohalite was
observed between −29°C (−20°F) and −21°C
(−6°F) as eutectic temperature in inclusions within
calcite (with one outlier inclusion at −51°C
[−59°F]), indicating the presence of mainly NaCl,
and possibly some CaCl2 or KCl dissolved in the

fluid (Goldstein and Reynolds, 1994). The average
value for the homogenization temperature measured
in fluid inclusions of five fluid–inclusion assemb-
lages in white dolomite varies from 129°C (264°F)
to 143°C (289°F) (with one standard deviation
σ ranging between 10 and 20; Figure 10A). In pore–
filling calcite cement, the average homogenization
temperature is higher, that is, 169°C (336°F; σ = 17;
Figure 10B). The average salinity, derived from the
final melting temperature of ice using the equation
from Bodnar (1993), is higher in dolomite (22 wt%
NaCl eq, σ = 4; Figure 10B) than in calcite (16 wt%
NaCl eq, σ = 5; Figure 10B). No correlation exists
between the homogenization temperature and the
temperature of final melting of ice in the inclusions;
inclusions with similar homogenization temperature
show a wide range in salinity (Figure 10C). Neither
does a correlation exist between fluid–inclusion size
and homogenization temperature or salinity.

In addition, clumped isotopes have been used to
constrain the dolomite formation temperature. The
average Δ47 value per sample falls between 0.349
and 0.378 for four dolomite samples measured
(Table 1). These values correspond to a temperature
between 233°C (451°F) and 289°C (552°F) (average
of 262°C [504°F]) based on the calibration of
Passey and Henkes (2012). These temperatures are
thus much higher than the fluid–inclusion homogeni-
zation temperature.

DISCUSSION

Dimension of Dolomite Geobodies

Structurally controlled dolomite bodies globally can
vary significantly in size (Table 2). Based on the
reported examples, the dimension and shape of
this type of dolomite body are clearly determined
by the associated fault or fracture distribution
(Table 2). The bodies have an elongated shape fol-
lowing the fault or fracture trend and, at least in this
study, no correlation exists between length and
width of the dolomite bodies. The tectonic frame-
work that generated the fracture network plays an
essential role in the distribution of the dolomite
bodies. Dolomitization has been reported in both

Figure 8. Stable carbon and oxygen isotope crossplot.

Figure 9. Crossplot of Sr isotopic ratios versus stable oxygen
isotope values for limestone, and fine and coarse dolomite
zones.
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compressional and extensional regimes. However, a
link with transtensional faults seems to prevail
(Davies and Smith, 2006).

The width of the structurally–controlled dolomite
bodies, that is, the extent of dolomitization away from
the fault or fracture, is determined by the host rock

properties at the time of dolomitization. The meter–
scale width of dolomite bodies in Precambrian host
rock (this study) and Jurassic host rock in northern
Oman (Vandeginste et al., 2013b) is probably related
to the tight nature of the limestone under deep burial
conditions at the time of dolomitization, but could also

Figure 10. Fluid–inclusion data in fracture–related dolomite and pore–filling calcite cement. (A) Histogram of homogenization tem-
perature. (B) Histogram of salinity derived from final melting temperature of ice. (C) Homogenization versus salinity data presented
for fluid inclusions in fluid–inclusion assemblages (FIA) in dolomite (Dol) and calcite (Cc).

Table 1. Clumped-Isotope Data of Replicates of Four Dolomite Samples*

Sample
± Analysis Date

Mass
Spec

Δ48
Offset 49 Param

δ18O
(‰ VPDB)

δ13C
(‰ VPDB)

Replicate
Δ47 Sample Δ47

Temperature
(°C [°F])

BAC4 2-Nov-2013 Pinta 0.146 −0.115 −14.10 6.39 0.330 0.378 ± 0.018 233 ± 27
(451 ± 49)

BAC4 22-Nov-2013 Pinta −1.777 −0.052 −13.90 6.50 0.341
BAC4 30-Nov-2013 Pinta −1.346 0.122 −14.02 6.49 0.414
BAC4 2-Nov-2013 Niña 0.993 0.055 −13.77 6.42 0.420
BAC4 5-Nov-2013 Niña 0.294 −0.003 −13.89 6.40 0.385
BAD4 2-Nov-2013 Pinta −0.311 −0.123 −13.52 6.29 0.313 0.364 ± 0.018 258 ± 32

(496 ± 58)
BAD4 2-Nov-2013 Niña 1.465 0.032 −13.38 6.36 0.394
BAD4 5-Nov-2013 Niña 0.460 −0.017 −13.48 6.32 0.360
BAD4 30-Nov-2013 Niña 1.125 0.199 −13.52 6.26 0.388
BAH9 2-Nov-2013 Pinta −0.419 −0.099 −14.03 6.49 0.315 0.349 ± 0.020 289 ± 41

(552 ± 74)
BAH9 5-Nov-2013 Pinta −0.273 −0.119 −14.13 6.43 0.315
BAH9 2-Nov-2013 Niña 1.995 −0.009 −13.94 6.64 0.391
BAH9 22-Nov-2013 Niña 0.255 −0.003 −14.01 6.55 0.375
BAJ17 7-Dec-2013 Pinta −0.672 0.146 −14.62 6.35 0.333 0.359 ± 0.016 268 ± 30

(514 ± 54)
BAJ17 10-Dec-2013 Pinta −0.844 0.225 −14.49 6.35 0.358
BAJ17 11-Dec-2013 Niña 1.143 0.228 −14.65 6.34 0.387

*Sample Δ47 and temperature present the average value ± standard error. The temperature is based on the calibration of Passey and Henkes (2012). VPDB = Vienna
Peedee belemnite.
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Table 2. Selected Examples of Dimensions of Structurally Controlled Dolomite Bodies

Reservoir or
Outcrop Location Host Formation Host Age Dimension Reference

Stoner Branch
locality 11

central Kentucky Calloway Creek Late Ordovician 1200 m (3937 ft)
away from fault on
downthrown side

Black et al. (1981)

Iglesiente-Sulcis
mining district

southwest Sardinia Iglesias Group Early Cambrian 500 km2 (193 mi2)
and up to 600 m
(1969 ft) thick

Boni et al. (2000)

Navain mine Ireland Meath Carboniferous at least 3 km
(1.9 mi) long, up to
hundreds of meters
wide and about
150 m (492 ft) thick

Braithwaite and
Rizzi (1997)

Clarke Lake northeast British
Columbia

Slave Point Middle Devonian 35 km (22 mi) long
and 1–7 km
(0.6–4.3 mi) wide

Davies and Smith
(2006)

Ladyfern northeast British
Columbia

Slave Point Middle Devonian 15 km (9.3 mi) long Davies and Smith
(2006)

Albion-Scipio Michigan Trenton-Black River Middle-Late
Ordovician

45 km (28 mi) long
and up to 1 km
(0.6 mi) wide

Davies and Smith
(2006)

Goldsmith-
Lakeshore

southwest Ontario Trenton-Black River Middle-Late
Ordovician

15 km (9.3 mi) long
and up to 1.25 km
(0.8 mi) wide

Davies and Smith
(2006)

N Gaspé Peninsula Quebec West Point Early Devonian more than 300 m
(984 ft) long

Lavoie et al.
(2010)

Asón Valley north Spain Ramales platform Early Cretaceous km-scale long and
wide and up to
900 m (2953 ft) thick

Lopez-Horgue
et al. (2010)

Ranero and
El Moro—El Mazo

north Spain Ranero and
El Cuadro

Early Cretaceous more than 1 km
(0.6 mi) long and up
to 30 m (98 ft) wide
in El Moro area, but
up to 500 m (1640 ft)
wide in Ranero area

Shah et al. (2012)

Zagros Mountains Iran Khami and
Bangestan groups

Cretaceous 100 m (328 ft) to
several km wide

Sharp et al.
(2010)

Wadi Mistal north Oman Sahtan Group Jurassic about 100 m (328 ft)
long, meter–scale
wide

Vandeginste et al.
(2013b)

Deep Panuke Nova Scotia,
Canada

Abenaki platform Late Jurassic up to 1 km (0.6 mi)
wide

Wierzbicki et al.
(2006)

Taballar River northeast Borneo Taballar Oligocene-Miocene 10 km (6.2 mi) long
and 4–8 km
(2.5–5 mi) wide

Wilson et al.
(2007)
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be linked to a limited source and/or fluid–flow driving
mechanism for dolomitizing fluids. In contrast, dolo-
mite bodies of kilometer–scale width have been
reported in Oligocene–Miocene host rock in Borneo,
where the limestone must have been highly permeable
at the time of dolomitization (Wilson et al., 2007). As
reported previously for such large bodies, the extent
of dolomitization is not equal on both sides of the
faults, but dolomitization occurs preferentially on the
downthrown side or hanging wall of extensional faults
(Black et al., 1981; Davies and Smith, 2006).

Origin of Dolomitizing Fluids

Circulation of late–diagenetic fluids along fractures
resulted in abundant fracture–related red (weathering
color) dolomite bodies in the Khufai Formation. The
geochemical signature of the late–diagenetic dolo-
mite is significantly different from that of the lime-
stone, both in terms of element and stable isotope
composition. The presence of saddle dolomite, and
the high Fe (up to 4.4 wt%) and Mn (up to 0.8 wt%)
contents in dolomite suggest formation by burial flu-
ids that interacted with a non–carbonate source.
Similarly, the elevated 87Sr∕86Sr ratio in dolomite
(0.7092–0.7101) compared to the ratio in the Khufai
limestone (0.7079) suggests fluid interaction with a
source of radiogenic strontium, for instance, base-
ment or Precambrian siliciclastic beds. The
Precambrian basement has high 87Sr∕86Sr values of
up to 0.774 (Gass et al., 1990). The feldspathic sand-
stone of the Masirah Bay Formation (underlying the
Khufai Formation) is a more likely source, because
these beds were aquifers and radiogenic strontium
was leached from the feldspars.

Also fluid inclusions could potentially provide
more information on the nature of the dolomitizing
fluids. However, the large range in homogenization
temperature as well as salinity suggests that the
inclusion may have been altered by some degree of
leaking, refilling, or stretching. The rocks have
undergone deep burial with temperatures of about
250°C (482°F) or more (Saddiqi et al., 2006) and it
is thus expected that fluid–inclusion properties would
change caused by stretching or leaking during over-
heating (Burruss, 1987; Prezbindowski, 1987) or
alteration, potentially refilling during subsequent

tectonic events. Pinpointing the exact cause for the
large range in the data is difficult because of the lack
of correlation between homogenization temperature,
salinity, and vapor–to–gas ratio in the inclusions,
but post–Cretaceous refilling of the fluid inclusions
seems most likely. The temperature derived from the
clumped isotopes is significantly higher than that of
the fluid inclusions (even if a pressure correction
was applied to the fluid inclusions). We interpret the
clumped–isotope data to reflect an apparent equilib-
rium temperature sensu Passey and Henkes (2012)
that was obtained during uplift after clumped–isotope
reordering during deep burial. Thus, neither the fluid–
inclusion homogenization temperature nor the
clumped–isotope–derived temperature is interpreted
to reflect the temperature of dolomite formation.
If we reconstruct the δ18O of the dolomitizing fluid
using the δ18O of the dolomite, the temperature
obtained from both fluid inclusions and clumped
isotopes, and the equation of Land (1985), then a
δ18Ofluid of +5 to +7‰ Vienna standard mean ocean
water (VSMOW) is obtained based on clumped–
isotope temperature and a δ18Ofluid of −2 to 0‰
VSMOW is calculated using the fluid–inclusion
homogenization temperature (Figure 11). Both
δ18Ofluid ranges are higher than that of early
Ediacaran seawater, that is, −5 to −7.5‰ VSMOW
derived from a δ18O value of −7.5 to −10‰ VPDB
for early Ediacaran marine calcite (Shields and
Veizer, 2002) precipitated at 25°C (77°F) using the
equation from Kim and O’Neil (1997). This would
be consistent with an evaporated seawater origin.
Because of the large difference (about 11‰)
between Ediacaran seawater and the reconstructed
δ18Ofluid based on clumped–isotope data, the Late
Cretaceous deep burial and heating of the rocks and
thus high likelihood of resetting of the clumped–
isotope signature, we think that the clumped–isotope
temperature is much higher than the dolomite–
formation temperature. In contrast, the fluid–inclusion
homogenization temperature probably better approxi-
mates the dolomite–formation temperature, espe-
cially because this temperature is also closer to
reported values for structurally-controlled dolomite
formation (Davies and Smith, 2006).

Although the preservation of a pristine δ18O sig-
nature in dolomite may be questioned based on the
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evidence of high–temperature deformation (cleavage
twinning), evidence from CL petrography did not
suggest dolomite recrystallization (no mottling
observed). Moreover, dolomite that forms at depths
of several hundreds to thousands of meters has been
shown to be less prone to recrystallization because it
generally forms as a stable phase (Machel, 2004).
Hence, we interpret the measured δ18O values in the
fracture–related dolomite to represent the original
dolomite signature from the time of dolomite forma-
tion. Moreover, using a common temperature
for structurally controlled dolomite formation,
150°C (°F), (Davies and Smith, 2006) and the δ18O
measured in the dolomite, a reconstructed δ18O of
the dolomitizing fluid would give reasonable results
for a subsurface brine in Ediacaran host rock, −1 to
+1‰VSMOW (Figure 11). In contrast, the δ18O val-
ues measured in limestone are interpreted to be reset
(compared to the signature at the time of limestone
deposition) because of recrystallization at high

temperature during deep burial; they are about 5‰
more depleted than time–equivalent marine carbon-
ates (Burns et al., 1994; Sawaki et al., 2010).

Textural and Geochemical Heterogeneity
within Dolomite Geobodies

The transects across the structurally controlled diage-
netic geobodies show that zebra dolomite textures as
well as subvertical coarse dolomite veins are common
throughout the dolomite body. In contrast, calcite–
filled vugs are most abundant at the rim of the bodies,
probably indicating a greater degree of overdolomiti-
zation (Lucia and Major, 1994) in the core compared
to the rims. A higher (pre–calcite cementation) poros-
ity near the rim of the dolomite body is consistent
with models and observations documented in Sharp
et al. (2010) and Wilson et al. (2007). The zebra dolo-
mite texture is variable with roughly evenly spaced
bands, more irregular band thicknesses, and variation
in orientation of the bands (including curved bands),
but these are not constrained to particular zones
across the body. A distinct texture comprising white
coarse dolomite surrounding floating gray fine dolo-
mite “clasts,” similar to the breccia fabric close to
faults described by Sharp et al. (2010), is predomi-
nant at the intersection of two fracture–related dolo-
mite bodies. In general, dolomite bodies within these
intersections also contain a greater abundance of
white coarse dolomite.

The analysis of proxies shows that little or no geo-
chemical variation exists across the dolomite bodies
(Figure 7). In addition, no clear change is observed in
δ13C (Figure 7), 87Sr∕86Sr, and several elemental con-
tents. In contrast, δ18O is most negative in the core of
the fracture–related dolomite body (Figure 7), whereas
Fe content (and also Mn content) is generally higher at
the rims of the dolomite bodies (Figure 7). Although
the δ18O signature of light–colored coarse dolomite is
more negative (0.2‰ on average) than that of dark–
colored fine dolomite in most instances, when both
phases were taken in the same hand sample, this is less
consistent or significant than the trend observed along
a transect through the dolomite bodies (with a
depletion of 1 to 2‰ in the core compared to the rim
of the dolomite body). This probably indicates that,
although the lighter–colored dolomite bands are

Figure 11. Graphical representation of the oxygen isotopic
equilibrium between dolomite, fluid (on VSMOW scale), and
temperature (Land, 1985). The δ18Odolomite (on VPDB scale) is
represented versus temperature, that is, temperature derived
from clumped isotopes based on Passey and Henkes (2012) cal-
ibration and homogenization temperature from fluid–inclusion
measurements. The error bars represent standard error for the
clumped–isotope measurements and standard deviation for the
fluid–inclusion measurements. VSMOW = Vienna standard mean
ocean water; VPDB = Vienna Peedee belemnite.
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probably younger than the darker-colored dolomite
bands during zebra dolomite formation based on the
youngest cement phase being in the center of the white
bands (Nielsen et al., 1998), a relative chronology also
exists in the formation of zebra dolomite within the
dolomite body. Hereby, the center of the dolomite
body probably formed at the highest temperature
derived from the most negative oxygen isotope signa-
ture, which may relate to the proximity of the domi-
nant fluid–flow pathway and potentially slow heating
of the system and gradual decrease in Fe content.
Alternatively, the dolomitizing fluids may have been
focused simultaneously through several parallel frac-
tures, because some smaller dolomite zones (or thick
veins) are separated from the main fracture–related
dolomite body by wedges of host rock limestone.
However, veins or fractures do not need to occur
simultaneously, as the core of the body could be
cemented and, thus, diverging the flow of dolomitizing
fluid to the sides of the main body.

Timing and Tectonic Context of the
Fracture–Related Dolomitization Event

The Precambrian rocks in Jebel Akhdar have under-
gone a long burial history (Figure 12) comprising

several tectonic events, including a moderate com-
pressive phase of late Pan–African tectonism, the
Hercynian Orogeny in the Carboniferous (Mann and
Hanna, 1990; Faqira et al., 2009), the Alpine
Orogeny with Semail Ophiolite obduction in Late
Cretaceous, and the Zagros compression in Miocene
to Pliocene. The impact of the multiple tectonic
events on the rocks is clearly testified by the
deformed, folded, and fractured nature of the rocks
studied. The dolomitizing fluids clearly exploited
fractures, because the dolomite geobodies crosscut
beds. Both the fractures and the trigger for dolomitiz-
ing fluid flow are most likely linked to a tectonic
event. However, given the multiple tectonic events
that affected the rocks, assigning an approximate
absolute age to the dolomitization event is very
challenging.

Cross–cutting relationships demonstrate that the
fracture–related dolomite formed between the onset
and termination of bedding–parallel stylolitization.
This indicates that the dolomite predates the Alpine
Orogeny; it predates Campanian time, when the rocks
were at their deepest burial caused by the Semail
ophiolite obduction. Moreover, the curved nature of
the dolomite geobodies suggests that some folding,
related to the Alpine Orogeny, occurred after the

Figure 12. Reconstructed burial curve for the Precambrian Khufai Formation outcrop in Wadi Bani Awf. The age of the Precambrian
Khufai Formation is based on Allen (2007). The burial curve is based on Visser (1991) for the Precambrian, Le Nindre et al. (2003) for
Permian through earliest Late Cretaceous time (curve read on depth scale) and two interpretations from Mount et al. (1998) and Saddiqi
et al. (2006) for the uplift history (curve read on temperature scale). Cambrian to Carboniferous burial for the study area is not well
constrained because deposits of this time interval are missing in Jebel Akhdar.
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dolomitization event. The structural orientation of the
dolomite geobodies suggests dolomitizing fluids
were channeled through a fracture network that
formed under a vertical compressional stress, inter-
preted to relate to burial overburden pressure, as well
as a north–northeast horizontal compressional stress.
The fracture network that the dolomitizing fluids
exploited is probably linked to a sub–Permian folding
event, because this type of dolomite is not found in
super–Carboniferous layers and because the folding
that characterizes the sub–Permian sequence is not
observed in super–Carboniferous layers. The Khufai
Formation is a limestone layer that sits between much
thicker siliciclastic layers that exhibit well–developed
cleavage. The difference in lithologies and their
response to horizontal compressional stress could
have led to the large–scale folding of the formations
and more brittle deformation in the limestone bed.
The most probable tectonic compressional event that
caused folding of the sub–Permian strata is the
Hercynian Orogeny in the Carboniferous (Mann and
Hanna, 1990). We propose that the dolomite geobod-
ies present in the Khufai Formation host rock formed
through hot dolomitizing fluids that exploited tec-
tonic fractures during the Hercynian Orogeny. The
orientation of the dolomite geobodies is similar to
the north–trending Hercynian grain (Ziegler, 2001)
and could also be influenced by an inheritance of
structures that developed during the Amar collision
(640–620 Ma) of the Rayn plate in the east with the
Arabian-Nubian craton in the west, and the ensuing
Najd rift (570–530 Ma) (Al-Husseini, 2000).

CONCLUSION AND IMPLICATIONS

By definition, it can be expected that the dimension
of structurally controlled dolomite geobodies is
mainly controlled by the distribution and three–
dimensional geometry of faults or fractures. Thus,
the longest extent of the dolomite geobody follows
the dominant fracture direction. Hence, understand-
ing the fracture network and the conductivity of the
fracture network at the time of dolomitization is key
in predicting the distribution of this type of dolomite
geobody when looking at subsurface examples. The
width of these geobodies can vary significantly, up

to kilometer–scale in permeable host rocks as docu-
mented in other studies, and up to meter–scale (or
tens of meters) in tighter host rocks as demonstrated
here. The host rock permeability plays a key role in
the extent of dolomitization away from the fault or
fracture. Therefore, characterization of all diagenetic
products that affected the host rock is essential, and
as is a clear insight into the timing of dolomitization
and the characteristics of the host rock at that time.
Predictive rules for the dolomite body width cannot
be derived from host rock permeability alone,
because additional factors, such as fluid source reser-
voir, fluid–flow rate, characteristics of fault activity
(pressure drop conditions and number of episodic
cycles), and so on, are factors as well. Specific studies
in which this information can be reconstructed could
make a significant contribution in this respect.

Geochemical proxies have been applied in this
study to gain information on the dolomite formation
conditions, that is, origin of dolomitizing fluids,
structural setting, and estimated timing. The data sug-
gest that the dolomite hosted in the Ediacaran Khufai
Formation host rock formed by fluids that interacted
with siliciclastic formations (most likely the Masirah
Bay feldspathic sandstones) probably during the
Hercynian Orogeny (or sub–Permian time). Both
fluid–inclusion and clumped–isotope data are inter-
preted to be inconclusive with respect to the
dolomite–formation temperature.

Heterogeneity with respect to textures and petro-
physical properties can be significant in large
fracture–related dolomite bodies (kilometer–scale long
and wide), as reported in previous studies. However,
as the results from the current study indicate, only
minor heterogeneity exists in texture and geochemical
signature within small dolomite geobodies (hundreds
of meters long and meters to tens of meters wide).
This result has important implications for subsurface
applications: the interaction between connected vuggy
porosity (especially present at the rims of the dolomite
body) and remnant fracture porosity could greatly
impact permeability along the axis of the fault. Thus,
care should be taken when characterizing small–scale
dolomite geobodies as they may not always be consid-
ered homogeneous for modeling purposes, but should
be documented as diagenetic geobodies with petro-
physical characteristics different from the host rock.
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