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Middle Miocene post-rift sediments are considered prolific subsurface
reservoirs, representing one of the thickest sequences in the Red Sea rift
basin. In the Umm Luj Basin of the eastern Red Sea, post-rift sediments are
well exposed and represented by a carbonate-dominated system of the
Raghama Formation. This formation was intensely fractured, following the
rifting trend of the Red Sea. Such fractures and their associated diagenetic
products could provide a significant archive of past tectonic fluid evolution.
However, little is known about the origin and timing of the different fluid flows
and diagenetic processes in the area. This study aims to resolve this issue by
integrating fracture and multiproxy geochemical analyses of calcite precipitated
in veins, fault breccia, and dolomitized host rock. The §®0O and §=C isotopic
compositions  of calcite veins show tight clustering, varying
between -10.6 and -9.5%. and between -7.9 and -7.2%., respectively.
Meanwhile, the precipitated calcite along the fault breccia exhibited a closer
to host rock isotopic composition (820 = —6.8%.; §*°C = —4.8%.). The §'®Oypps
of the dolomitized host rock shows a heavier average value, closer to the
expected range of Miocene seawater. X-ray diffraction analysis shows that the
veins have a high magnesium calcite content (up to 79.5%). In contrast, all the
host rock samples, except samples 1-1BH, have dolomite contents of up to
94.3%, as well as breccia fragments. Thus, we argue that the structural
diagenesis history of the study area comprises two distinct fluid members
and tectonic events. The first member is the deposition of heavier isotopic
composition related to dolomitization at slightly higher temperatures of up to
42.2°C. The second fluid flow member corresponded to a depleted isotopic
calcite member with a temperature of 33°C. Compared with the Midyan
Peninsula, the study area shares the same regional tectonic events, but the
local tectonic and depositional settings could act as the determining factors of
the dolomitization mechanism and meteoric alteration in each location. Hence,
our results provide a new understanding of paleo-fluid circulation related to the
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evolution of tectonic events and highlights the value of integrating fracture and
multiproxy geochemical analysis for structural diagenetic studies.
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Introduction

Several previous works have highlighted the importance of
studying deformational structures and chemical changes, known
as structural diagenesis (e.g., Eichhubl et al., 2004; Laubach and
Ward, 2006; Eichhubl et al., 2009; Laubach et al., 2010; Wu et al.,
2019), in unraveling how fractures and fluid flow interact along
fracture systems. Despite numerous studies, understanding
structural diagenesis, that is, the relationship between fluid
flow and structural elements, remains challenging. This is
partly because the nature of the contribution of the fracture/
fault to fluid flow (e.g., hydrocarbon entrapment, migration, and
flow) varies widely (Smith, 1980; Knipe et al., 1998; Odling et al.,
1999; Aydin, 2000). This is compounded by the fact that the
petrophysical properties of fractures can vary significantly. They
are mainly affected by the host rock composition, deformation
mechanisms, and stress history (Knipe et al., 1998). Although
challenging, structural diagenesis is becoming increasingly
essential for a broad range of applications, including
(Lander et 2008;
Laubach et al., 2009) and predicting the behavior of injected
fluids in the subsurface (Tsang et al., 2000; Tsang, 2005; Dockrill
and Shipton, 2010). In particular, the movement of fluids

extracting hydrocarbon resources al.,

through open fracture systems in the rift basin setting is of
significance due to the combination of episodic fluid flow and
fracturing events. This allows the reconstruction of tectonic
evolution and paleo-fluid flow in an active tectonic basin.
Furthermore, fractures can act as archives for episodic fluid
sources when mineral constituents carried by an aqueous
solution are deposited through precipitation, forming mineral
deposits called veins (Bons, 2000). This fluid circulation may
alter limestone into dolomite, when limestone comes into contact
with magnesium-rich water. This dolomitization results in
intergranular pores that are important for the oil and gas
reservoir. In addition to creating pores, the considerable
dolomitization also helped to preserve them (Koeshidayatullah
et al., 2016).

The Miocene carbonate in the Red Sea Basin is an ideal
location for studying paleo-fluid circulation along fractures, due
to of the exposed carbonate outcrop and the existence of a
network of fractures filled with diagenetic calcite crystals (Al-
Ramadan, 2017; Hollis et al., 2017; Al-Ramadan et al.,, 2019).
Carbonate rocks are of particular interest, due to the wide variety
of diagenetic modifications that can occur as a result of paleo-
fluid circulation along fractures (Stacey et al., 2021a; Stacey et al.,
2021b; Koeshidayatullah et al., 2022). Additionally, Miocene
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of both
importance. Hydrocarbons have been discovered in mid-

carbonates are economic and environmental
Miocene rocks in the northern part of the study area and the
Midyan Basin of the Red Sea, along with economic mineral
deposits of zing, lead, and other minerals (Hughes and Johnson,
2005). Moreover, seismic and drilling activities by Saudi Aramco
in the 1990s demonstrated the existence of hydrocarbon-bearing
carbonate reservoirs in the Midyan region (Hughes et al., 1999).

The basin has a complex structural history, due to the Red
Sea Oligocene-Miocene extension tectonics and the Pliocene-
recent anticlockwise rotation of the Arabian Plate relative to
Africa on the Dead Sea Transform Fault. However, limited
tectonic evidence has been obtained in this area. Thus,
comparing the Miocene carbonates in the study area to other
well-studied areas (i.e., the Midyan) is needed to gather more
geological information. Here, we applied stable isotope
geochemistry to improve our understanding of the structural
diagenetic processes in a rift basin setting. Calcite minerals that
precipitated in veins and fractures can be used as archives of the
oxygen isotopic composition of the diagenetic fluid and the
temperature of precipitation of the mineral (Moore and
Wade, 2013). Coupled with the analysis of the mineral
composition, this study demonstrates the value of multiproxy
analysis for structural diagenetic studies in this area for the
first time.

The specific objectives of our study were to 1) reconstruct the
isotopic values of the host rock to estimate the temperature of
dolomitization of the matrix, 2) constrain the estimated
temperature of the various calcite phases that infill the
fractures, 3) reconstruct the evolution of diagenetic fluid
circulation in fractures based on the results of (1) and (2),
and 4) compare the recent results with available Cenozoic
post-rift carbonate studies within the Arabian Plate.

Geological background

This study utilized a well-exposed carbonate outcrop in the
Red Sea rift basin that is affected by the active tectonic region of
the Red Sea rifting. The Red Sea rift basin, located on the eastern
side of the Arabian Plate, originated as an Oligocene continental
rift due to left-lateral wrenching. The Red Sea basins have a
similar tectonic history to the Ifal and Midyan basins in their
northeastern part and the Gulf of Suez in their northwestern part
throughout the Late Oligocene to Middle Miocene (Tubbs et al.,
2014).
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FIGURE 1

Map of the study area. (A) Regional tectonic of the Saudi Arabian Plate. The red dots are Umm Luj's recent study area and three previous study
areas: Wadi Hamd and Magna, Ad-Dubaybah, and Wadi Wagb (Al-Ramadan, 2017; Al-Ramadan et al., 2019) from the north to the south, respectively.
The red box in the Umm Luj indicates the study area. (B) Geological map of the Umm Luj study area and table of the lithostratigraphic unit of the study

area [modified according to Pellaton (1982)].

The oldest lithostratigraphic unit in the study area is the
Precambrian basement, known as the As Safrah and Alqunnah
formations, together with various intrusions dating from
approximately 800 to 640 Ma (Pellaton, 1982). The basement
outcrop is bounded by faults associated with the opening of the
Red Sea Rift. Rifting in the Red Sea continues as an episodic
process that began in the Permian (Bosworth et al, 2005).
Oligocene continental rifting is associated with episodic and
segmented movement of the Arabian Peninsula away from
Africa (e.g., Bosworth et al., 2005; Tubbs et al., 2014; Almalki
et al, 2015). Magmatic expansion resulted in igneous
emplacements, and isostatic compensation caused the rift
shoulders to undergo uplift and local erosion into rapidly
subsiding and tilting block-faulted basins. The base of the
syn-rift deposition is dated to 33-34 Ma (Hughes and
Johnson, 2005). Likewise, offshore exploration drilling in the
northern Red Sea encountered Upper Oligocene nannofossils in
the lower syn-rift section (Hughes, 2014). The syn-rift deposition
in the study area is represented by the Oligocene Dhaylan
Formation, which consists of thin detrital arkose beds and
finely bedded red clay. Lenticular layers of reef limestone and
well-bedded conglomerate occur locally, overlain by yellow marl
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containing pebbles (Pellaton, 1982). The Oligocene Dhaylan
Formation is unconformably overlain by the Miocene
Raghama Formation in some places and is molded on
Precambrian basement in others, as a result of tectonic
readjustment that took place in the late Early Miocene. This
tectonic readjustment facilitated the development of paleo-highs
bounded by normal faults and allowed the Raghama carbonate
member to exist. Post-rift carbonate and evaporite depositions
were extensive until the Pliocene, when open marine conditions
were established. The unnamed Pliocene rocks are marked by a
paleogeographic split that causes regional unconformities

(Pellaton, 1982). Fluviatile terraces, alluvial and eolian
deposits, and coral reef limestone just slightly above the
present-day sea level constitute the Pleistocene and

Quaternary deposits.

Site and samples

Samples were collected from an outcrop at 25°18'00.19” N
37°16'47.54" E, 18 km east of the Red Sea coastline, and 35 km
from Umm Luj, the nearest city (Figure 1). The study area lies in
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the Umm Lajj (or Umm Luj) quadrangle reported by Pellaton
(1982). In this report, the outcrop was categorized as a reef
limestone member (Trl) of the Miocene Raghama Formation. In
the study area, the approximately 20-m-thick Raghama
Formation unconformably overlies the granitic basement.
Basal reef limestones have steep primary dips because of the
molding of reefs on the Precambrian basement (Pellaton, 1982).

In all, 19 samples were collected from the carbonate matrix of
the host rock along two different vein sets, breccia cement, and
fragments, and the calcite crystals in the coral fragments were
selected for carbon and oxygen isotope analyses. X-ray
diffraction (XRD) analysis was performed on 15 of the
19 samples to determine their mineral composition, and
12 representative samples were also prepared for thin sections
for  petrographic  analysis and  scanning electron
microscopy (SEM).

In addition, the 54 carbon and oxygen isotopic data points
from Miocene carbonate situated in the Midyan Peninsula at four
different locations, Wadi Wagb, Ad-Dubaybah, Wadi Hamd,
and Magna, were re-visited in this study (Al-Ramadan, 2017; Al-

Ramadan et al., 2019).

Methods

All laboratory analyses were performed in-house at the King
Fahd University of Petroleum and Minerals, Saudi Arabia. For
this purpose, 12 thin petrographic sections representing the host
rock and three different facies (upper, middle, and lower facies)
were prepared to characterize the diagenetic products and
microfacies of the host rock sample following the Dunham
(1962) and Embry and Klovan (1971) classifications
(Dunham, 1962; Embry and Klovan, 1971). A Zeiss Axioscan
Z1 automated slide scanning system equipped with various lenses
and a sophisticated focusing method for high-resolution imaging
was employed for petrographic acquisition and analysis. The
representative rock chips were mounted on pin-type stubs for
analysis by scanning electron microscopy (SEM). To understand
the microscale interactions between the hostrock, fractures, and
their associated diagenetic products, high-resolution images were
acquired using a Zeiss Crossbeam 550 SEM following the method
proposed by Amao et al. (2016).

Finely ground powders from 13 samples were used for
mineral identification and quantitative phase analysis using
powder XRD. XRD analysis was performed using an in-house
Empyrean Malvern Panalytical instrument. The results were
fitted using the Rietveld method and processed using
proprietary Malvern PANalytical HighScore Plus software.
The XRD start position for 20 was 4°, and the ending position
was at 70°, with a step size of 0.013°. The scan time step was 8.67,
continuously.

Stable carbon and oxygen isotope analyses were performed
on the carbonate samples to determine the geochemical
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conditions and precipitation temperatures. Sampling using
micro-drilling  techniques was attempted to avoid
contamination of calcite veins with carbonate host rock and,
when possible, to analyze carbonate cement at various points
within the host rock. Thus, 80-100 pg powders were reacted with
102-105% phosphoric acid at 70°C for 480 s for calcite and at
70°C for 720 s for dolomite before CO, gas was liberated to the
automated purification line. The product CO, was then purified
using cryogenic traps to eliminate contaminant gases produced
during the acid digestion of the carbonate samples, such as water
vapor and non-condensable gases. The purification was
performed automatically using a Kiel IV carbonate device.
The CO, gas released was collected and analyzed using a
Thermo Finnigan MAT-253 plus mass spectrometer with an
overall precision of 0.04%o for §C and 0.08%o for §'°O. The
oxygen and carbon isotope data are presented in § notation
relative to the Vienna Pee Dee Belemnite (VPDB) standard. The
conversion from VPDB (8yppg) to SMOW (Ssyow) follows the
equation of Anderson and Arthur (1983): Sspow = 1.03086
Sypps + 30.86.

The measurements on a mass spectrometer drift over time
for many reasons, such as ion source performance (D’ Autry et al.,
2010) or the presence of contaminants. The drift was corrected by
plotting the raw §'*0 and §"°C data against the internal carbonate
standards (KIS; KFUPM Iceland Sparite) with the accepted
isotopic values of -6.23%o0 and 2.25%o for 80O and §"C
respectively.

The precipitation temperature of calcite samples was estimated
based on the following oxygen isotope fractionation between calcite
and water by Kim and ONeil (Kim and O'Neil, 1997):
80 - 6"Ogw = ((18.03 (10%)/T—273.15)—32.42, where T is
the temperature of the water in which the calcite precipitated (°C),
8"80¢, are the values of §'*O for the calcite sample (SMOW), and
8"0gy is the value of 80 of the water (SMOW).

For comparison, the estimated temperature of calcite is also
defined as follows (Erez and Luz, 1983; Zachos et al., 1994;
Stewart et al,, 2004): T = 16.998 — 4.52 (8304 - 8'*Ogyy) + 0.03
(0"0ca - 8"Osw)™
temperatures based on O’Neil et al. (1969). The equation for

We also compared the estimated

estimated temperature is defined as follows: T = 16.9 - 4.38
(8"0cq — 8"0sw), where T is the temperature of the water in
which the carbonate precipitated (°C), §'®O, are the values of
8"80 for the calcite sample (VPDB), and 8'*Ogyy is the value of
8"80 of the water (SMOW), respectively.

By contrast, Epstein et al. (1953) developed an equation for
calcite paleotemperature that is used to calculate the “isotope
temperature” of calcite formation more directly by providing the
8"%0 value of the water from which the calcite precipitated. The
isotope temperature is defined as follows: T = 16.5 - 4.3 (§"*O..1)
+ 0.14 (8"%0q)% where T is the temperature in °C (based on a
least-squares fit for a range of temperature values between 9 and
29°C, with a standard deviation of £0.6°C), and §'*O,; is §'*O for
a calcite sample (VPDB).
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FIGURE 2
Outcrop image of the study area. (A) Three different facies are observed: lowermost mud-wackestone, middle coralline floatstone, and
uppermost wackestone. The red line points to an extensional fault. (B) Outcrop image from a different angle shows 30-40° dipping to the NW. (C)
Two dominant fracture trends: major (yellow dash line) and minor trend (blue dash line), with partial dog tooth-shape vein filling. (D) Breccia zone
consists of sidewall carbonate fragments (Frag: Breccia fragment). (E) Top picture is a rosette diagram of kinematic vein analysis in the study
area. The bottom picture is the bed plane in a contour plot showing the major trend of both major and minor vein's strike and dip direction.

For the dolomite samples, the estimated paleotemperature
followed the dolomite-water fractionation equation of Horita
(2014): 80401 — 8" Ogw-((3.14 (10%)/T2-273.15)—3.14, where T
is the temperature of the water in which the dolomite precipitated
(°C), 8'804,) are the values of 8'°O for the dolomite sample
(SMOW), and §'®Ogyy is the value of §'°0 of the water (SMOW).

Results
Fracture characteristics

Outcrop observations indicate that the outcrop was
fractured, and a normal fault with a brecciation zone
occurred. The fault direction (N340°E/55°'NW) follows the
regional Red Sea rifting trend (Figure 2). The brecciation zone
is made up of more than 50% of rock fragments from the sidewall
carbonate host rock. The breccia fragments are dominated by
mud-wackestone and coralline floatstone limestones. From local
structural studies at the outcrop, two distinguished dog tooth-
shaped crystal vein sets were observed: N330°E/55°NW (major
vein) and N40°E/55°SE (minor vein). The major vein appears
more in the outcrop than in the minor vein. Both fracture sets are
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categorized as extensional fractures with syntaxial calcite filling
or veins and are identical in geometry but have slightly
perpendicular orientations. Moreover, both fractures were
more numerous and intense closer to the fault.

Microfacies

The thin section resulted in the lowermost facies being
classified as mud-wackestone, followed by the middle facies
characterized as floatstone (Figure 3A) and the upper facies as
wackestone, confirming the initial field observation. In the lower
part of the outcrop, the boundary between the sediment and
basement is marked by a rubble zone, where sizeable boulders of
the basement float in very fine, creamy fossiliferous carbonate. A
sandy carbonate layer in the middle strata followed this layer,
with thin laminated mud layers. An abundance of Borelis melo
has been observed in this stratum, confirming its Miocene age
(Hughes, 2014; Koeshidayatullah et al., 2016). The last unit is
marked by a very thick (10.75 m) floatstone coral unit at the
bottom, followed by a 3-m wackestone to the top (Figure 2).

The petrographic analysis (Figure 3) of all facies indicates the
presence of micritized skeletal grains and isopachous cement.
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FIGURE 3

(F) Image exhibits the micropores between dolomite crystals.

Petrographic images of the samples. (A) Image shows the thin section of coralline floatstone facies. (B) Image shows the fossil grain’s partial
dissolution, creating a moldic porosity. (C) Blocky-drusy calcite cement replacement represents a brighter color. (D) Dolomite crystal sizes range
from 50 to 100 pm, and the dolomite crystals have euhedral and subhedral textures. (E) and (F) pictures are the SEM images for the dolomite crystals.

Drusy to block cement replacement also appeared within the
samples (Figure 3C). Furthermore, all dolomite is present as a
replacement phase for the matrix and grains in varying degrees,
fully or partially. Dolomite crystals with sizes ranging from 50 to
100 pm have euhedral and subhedral textures (Figures 3D,E).
The porosity types within the sample were abundant inter-
intragranular and moldic porosities from partial and complete
dissolution (Figure 3B), as well as micropores between dolomite
crystals (Figure 3F).
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Mineralogy

The XRD results are listed in Table 1. All carbonate veins had
a high magnesium calcite content (up to 79.5%). Moreover, all
the host rock samples, except samples 1-1BH, had dolomite
contents that varies from 23.4 to 94.3%, as well as breccia
fragments (98.7% The SEM
(Figure 3) confirmed the XRD results for dolomite content in

dolomite content). images

the host rock samples.
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TABLE 1 Summary of isotope and XRD analysis of the study area.

Area Formation 813C
and sample ID

Host rock

1-1AH -1.29
1-1BH -3.58
3H -1.32
2-1BH 0.31
1-2H -1.16
Major vein

1-1B -=7.70
1-1A -7.22
1-2W -7.20
1-2B -8.27
1-3A -7.94
1-3B -7.87
Major vein Raghama

2-1A -7.52
2-1B -8.20
2-3A —7.46
Calcite vein in coralline

host rock

2-2 -6.27
3 -5.87
3-1 —6.04
Fault breccia

BR fragment -2.82
BRG cement —4.83

Calc
[VPDB]
[%o]

H+

H+

H+

+

I+

H+

H+

I+

I+

H+

H+

I+

I+

I+

H+

H+

I+

I+

H+

S.E

0.00
0.00
0.01
0.00
0.00

0.00
0.00
0.01
0.00
0.00
0.00

0.00
0.01
0.00

0.00
0.00
0.01

0.00
0.02

8180

-2.02
-3.01
-2.78
-1.09
-2.12

-9.48
-10.37
-10.63
-10.38
-10.61
-9.84

-10.01
-10.12
-9.47

-9.34
-7.98
-8.09

-2.19
—6.84

Calc
[VPDB]
[%o]

I+

I+

+

I+

H+

I+

+

+

I+

+

+

+

H+

I+

I+

S.E

0.00
0.01
0.01
0.00
0.00

0.01
0.01
0.01
0.00
0.01
0.01

0.01
0.01
0.01

0.01
0.01
0.01

0.00
0.03

Calcite
[%]

65
16.9

9.9
54.6
34.5

20.1
47.1

31.7
53.2

47.3
42

18.2

Dolomite
[%]

35

94.5
60.2
23.4

0.1

98.7

Magnesium  Goethite
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Graph plot between §**Cyppg and §'°*Oyppg Of the study area, with the background data from the previous study of Cenozoic carbonate in the

Eastern Red Sea.

Stable isotopes

The isotope analysis results for the samples are presented in
Table 1 and Figure 4. The oxygen isotope composition of the host
rock samples (8'*Ovyppp) ranged from —3.0 to 1.1 + 0.01%o. The
host rock’s carbon isotopic ratio (§"*Cyppg) ranged from —3.6 to
0.3%0 + 0.01%o. The major vein isotopic composition varied
from —10.6 to -9.5 + 0.01%0 and —8.3 to —7.2 £ 0.01%o for
8"*Oyppp and 8" °Cyppp, respectively. Meanwhile, the minor vein
isotopic composition varies from -10.1 to 9.5 0.01%eo
and —8.2 t0 7.5 £ 0.01%o for 8'"* Oyppp and §*Cyppp, respectively.

The calcite crystals in the coral fragments show the §'*Oyppp
values of 9.3 to 7.9 + 0.01%o and 8"*Cyppg values of —6.3 to
5.9%o. Furthermore, the breccia 8§"Oyppp values were —6.8 +

+

0.03%o and -2.2%o for the cement and fragment, respectively.
The breccia cement 8" *Cyppp is —4.8 + 0.02%o, and the breccia

fragment 8" Cyppp is —2.8%o.

Discussion

In general, the Miocene Raghama Formation situated in the
Umm Luj area records a succession of heterogeneous carbonate
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facies: mud-wackestone, floatstone, and wackestone from the
lowermost to the uppermost part, respectively. The carbonate
host rocks are mostly dolomitized, as indicated by petrographic
and geochemical-coupled analyses. Two dominant fractures were
observed, major and minor, with orientations of N330°E/55°NW
and N40°E/55°SE, respectively. It is suggested that the veins
occurred appeared at a late stage due to uplift.

Origin and depositional setting of the
carbonate host rock in the Umm Luj area

Oxygen and carbon isotopes in carbonates are commonly
used as paleoclimate proxies. For example, carbonate sediments
deposited in typical marine settings have §"°C values ranging
from 0 to 4%o (Hudson, 1977). Utilizing the carbon and oxygen
isotopic composition, the depositional settings of the carbonate
host rock can be inferred by the following equation (Narayanan
et al., 2007): Z = 2.048 (8" Ccap, + 50) + 0.498 (8'*Opar, + 50),
where 80y, and 8"°C,,,p, are the 8'°0 values and 6"°C values
for the carbonate sample (VPDB), respectively. Carbonate host
rocks with Z values above 120 are classified as marine, those with
values below 120 as freshwater types, and those with Z values
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TABLE 2 Calculated paleotemperature of host rock samples.

Area and Temperature® ['C]

sample ID

Temperature® ['C]

Umluj-Host rock
1-1AH

1 1BH 29.0 28.3
3H

2-1BH

1-2H

“Duncan et al., 2004; James et al., 1994; Erez and Luz, 1983.
*O’Neil et al., 1969.

Epstein and Lowenstam, 1953.

9Kim and O’Neil, 1997.

*Horita, 2014.

near 120 as intermediate. All the carbonate host rocks (Z =
123.2-127.4) indicate a marine depositional environment, except
for sample 1-1BH (Z=118.5), which was classified as
intermediate.

The diagenetic features of the petrographic analysis also
support a shallow marine depositional environment. The
features associated with this environment were microbial
micritization and dolomitization (Figure 3). The creation of
micrite envelopes by microboring organisms surrounding
skeletal and non-skeletal grains may provide a substrate for a
developing marine cement (Al-Ramadan et al, 2019). The
depositional environment of the carbonate host rock is
suggested to have been deposited in the platform interior to
platform margin carbonate facies, characterized by a highly
heterogeneous vertical succession (Koeshidayatullah et al,
2016; Al-Ramadan, 2017; Al-Ramadan et al, 2019). The
dolomitization process is interpreted to be near-surface, early
formed dolomite, based on its fabric-preserving mimetic texture
(e.g., Sibley and Gregg, 1987; Swart, 2015).

A summary of the estimated paleotemperature (Table 2) was
derived from the calculated §'*O value of the calcite host rock
sample. The paleotemperature calculation is based on the
Miocene composition of seawater (8'®Ogy), estimated to
be —0.4%o (Lear et al, 1979; Stewart et al, 2004). The
difference between the calculated paleotemperatures from the
four equations for calcite precipitation in the host rock (sample
code is 1-1 BH), was +5 “C. In detail, the estimated temperatures
were 29°C, 28.3°C, 30.7°C, and 24.5°C following the equation of
Erez and Luz (1983), Zachos et al. (1994), Stewart et al. (2004),
O’Neil et al. (1969), Epstein and Lowenstam (1953), and Kim and
O’Neil (1997), respectively. Meanwhile, the dolomite host rocks
indicated higher temperatures of up to 42°C, following the
equation of Horita (2014). The calculated paleotemperature of
the calcite host rock was in close agreement with the Neogene
seawater temperature of estimated 30°C (Vérard and Veizer,
2019). This likely indicates that the calcite host rock is
represented by pristine seawater. However, the calculated
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paleotemperature for dolomitic host rocks showed a higher
temperature range of 34-42°C. These estimated temperatures
match the Miocene carbonate in the Ad-Dubaybah area of Saudi
Arabia, with a clumped isotope-derived temperature of 45°C (Al-
Ramadan et al., 2019). The elevated temperature is unlikely to be
due to the burial realm because the samples are absent from
intensive compaction in the form of grain interpenetration,
stylolitization, or typical high-temperature dolomite textures,
such as anhedral to saddle dolomite in thin sections.

The depleted §0q,, light 8'*Ogw, and slightly elevated
temperatures suggest that the fluids might have originated
from modified and slightly elevated temperature seawater
(Davies and Smith, 2006; Hendry et al., 2015; Martin-Martin
et al, 2015). Moreover, the estimated temperature for dolomitic
host rocks shows only slightly higher temperature ranges from
34 to 42°C, which may also exhibit a near-surface dolomitization
mechanism. The absence of high-temperature dolomitization
may be attributed to relatively simple tectonics (Hollis et al.,
2017). The dolomitization model that seems suitable for
explaining the slightly elevated temperature without the burial
which
seawater modification (Figure 5). The dolomitic mechanism

process is fault-controlled dolomitization, involves
related to fault-controlled dolomitization involves seawater
modification, which explains the relatively lower temperature
of the calcite host rock (1-1BH) occurring at the same
outcrop. The fault affects the limited distribution of
dolomitized host rock, as the dominant calcite sample of 1-
1BH was taken from a relatively distal spot from the fault zone.
The limited distribution of dolomite within the study area is
associated with a fault that can be used as a pathway (Bons et al.,
2012) for modified warmer seawater to ascend and dolomitize
adjacent carbonate rocks.

The fact that dolomitization occurred through the circulated
seawater is also supported by the highest dolomite content
(94.3%) in the coral-dominated host rock. Thus, the coral
preserved the primary pores, which are the two primary
transport mechanisms for fluids circulating in the rock fabric,
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FIGURE 5
Dolomitized model schematic diagram of the Umm Luj study area during the Miocene, then uplift in the Plio-Pleistocene. The later calcite veins
indicated the meteoric isotopic signal was encountered from the study area.

that is, pores and fractures (Bons et al, 2012). The main In addition, the low quartz content within the host rock may
requirements are an effective pumping mechanism and indicate land attach depositional settings with an active
sediments with suitable permeabilities to allow focused continental input during the Miocene, where the nature of the
flushing of large fluid volumes and to create dolomite basin architecture allows an active meteoric fairway to develop
(Warren, 2000). and interact with the carbonate platform.
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Fluid origin of the calcite vein and fault
breccia

Carbonate precipitated in veins and fractures can be used
as an archive for the oxygen isotopic composition of the
diagenetic fluid and the temperature of precipitation of the
mineral (Moore and Wade, 2013). Previous integrated studies
combining paleo-thermometry analysis, such as stable isotope
and fluid inclusion analysis (e.g., Kenis et al, 2000;
Immenhauser et al., 2007; Reuning et al., 2009; Vandeginste
and John, 2012; Vandeginste et al., 2017; Koeshidayatullah et
al., 2020), have been conducted to reconstruct fluid origin and
temperature from fracture-related samples. The §'*O values of
calcite decrease with increasing temperature (Moore and
Wade, 2013; Hoefs, 2019). Moreover, oxygen isotopes
the of the
fractionation between carbonate and the water in which it
grows (e.g., McCrea, 1950; Epstein et al., 1953; O’Neil et al.,
1969; Kim and O’Neil, 1997; Horita, 2014). The oxygen
do

thermometer, and temperature reconstructions rely on

reflect temperature dependence isotopic

isotopes, however, not provide a direct paleo-
independent estimates of water isotopic compositions. This
is because 'O in carbonates is a function of both the origin
fluid composition and the temperature of the mineral
precipitates. Thus, it is necessary to know the other
parameter to estimate either of the two.

The variation in isotopic oxygen values can represent
precipitation from different fluids at different temperatures
during the separate cementation phases. Hence, subsurface
fluids have various values, ranging from §8"Oyppp = —20 *
12%o0 VPDB (Land and Prezbindowski, 1981), which have low
8"Oyppp values and range between —-20 and 5%0 VPDB
(Hudson, 1977). The vein samples in this study showed a
narrow range of §"*Oyppg values from —10.6 to 9.5 + 0.01%o.
Using the estimated value of the typical rain-water oxygen values
for the Arabian Plate during the Neogene and Quaternary, which
are difficult to constrain due to paleogeographic variations but
are suggested from the groundwater data gathered in Oman, less
depleted values of §"*Oyppg of —13 to —6%o are found (Fleitmann
etal., 2003). The annual ground temperature at the water table is
33 + 0.3°C (Weyhenmeyer et al., 1979), the origin of the fluid
(6'"*0gw) of the veins are -5.3 to —6.7%o. However, a more
advanced geothermometer technique is required to obtain
more precise paleotemperature values. The §"Oyppp and
8"Cyppp values from the vein samples were almost identical
to the values of the meteoric cement of a previously taken sample
in the Magna area, Saudi Arabia (Al-Ramadan, 2017); see
Figure 4. Meteoric water typically has very light oxygen
isotope compositions due to evaporative fractionation of the
oxygen isotopes, and as a result, calcite precipitated from the
meteoric water also has very light oxygen isotope compositions
(Hays, Grossman, 1991; Zhu et al., 2019). Therefore, the samples
in this study that have comparable isotopic oxygen values within
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this range could be influenced by meteoric fluids. According to
this meteoric origin, high magnesium calcite content in veins
from XRD analysis is usually observed in many natural low-
temperature environments (e.g., Stanienda-Pilecki, 2018). The
veins in this study are likely to precipitate on the relatively more
meteoric realm at a later stage because their isotopic signature
and dog tooth-shaped crystals may also indicate that meteoric
waters influenced the precipitating fluids.

The fragment from brecciated fault zone samples indicated
closer isotopic composition to the host rock of —2.2 + 0.00%o
and —2.8 + 0.00%o for 8"*Oyppp and 8" Cyppp, respectively. This
similar isotopic value and dolomite content between the breccia
fragment and host rock indicate that the breccia fragment is derived
from the sidewall host rock. Brecciated wall rocks occur in several
fault zones (Woodcock et al., 2006). The breccia consists of more
than 30% of the rock mass of visible fragments, classified as fault
breccia (Sibson, 1977), and it shows component rotation within the
matrix and initial angular to sub-rounded component edges. The
rocks into which the solution penetrated at high pressure burst apart
and formed angular breccia with components that often do not
touch each other (Phillips, 1972). In addition, the roedderite content
from the XRD analysis of the breccia cement may indicate a
hydrothermal ~fluid origin that
metamorphosed basement and penetrates the fault zone.

makes contact with a

Structural diagenesis and paragenetic
sequence evolution of Miocene syn-rift
carbonates, Umm Luj area

The common interaction phenomenon between the fluid and
host rock is host-rock buffered and affects the isotopic signature
of the vein (e.g., Sharp et al.,, 2005; Wagner et al., 2010), especially
in calcite veins (e.g., Suchy et al, 2000; Quandt et al, 2019;
Chenrai et al., 2022). Therefore, vein signatures should be
compared to the stable isotopic signatures of the host rock.
When the fluid is buffered, the vein signature is similar to the
stable isotopic signature of the host rock, as the precipitating
fluids interact with the host rock and adopt its signature. In
carbonates, the carbon isotopic signature is much more likely to
be host-rock buffered than oxygen isotopic signature (Vrolijk
and Sheppard, 1991). This occurs because circulating fluids
generally contain sufficient oxygen; thus, oxygen is rarely
transferred from the host rock into the fluid. However, most
fluids in carbonate systems are poor in carbon content.
Therefore, fluid-rock interactions often transfer carbon from
the host rock into fluids.

The results of this study prompt the interpretation that the vein
isotopic composition preferentially exhibits a non-host rock buffered
condition. Because all vein sample isotopic compositions are
depleted in carbon and oxygen relative to marine sediments,
calcite, precipitated in an open meteoric system (with a low rock/
water ratio), is depleted in carbon and oxygen. Hence, it can be
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Paragenetic sequence of the study area.

concluded that the calcite vein is precipitated in an open system,
with a decent volume of fluids involved, and most likely, without any
evidence of significant host rock buffered. The timing for the vein is
suggested to be present in a relatively late stage because of its isotopic
signature, lower temperature regime, and the dogtooth-shaped
crystals, indicating that the meteoric waters influenced the
precipitating fluids.

On the other hand, the breccia cement indicates a slightly more
host-rock buffered condition than vein calcite. The ratio between
fragment to matrix appears from the outcrop, and the high
roedderite content from the XRD indicates that the brecciation
process is related to the hydrothermal process. Hydrothermal
activities are postulated to be due to the continuous opening of
the Red Sea rift (Vita-Finzi, 2001). This type of hydrothermal-related
vein is commonly enriched with ore deposits (Zierenberg and
Shanks, 1983). Therefore, this type of fault breccia is suitable for
mineral exploration. The timing of this brecciation is interpreted as
immediately following the dolomitization of the host rock,
indicating that the dolomitic host rock dominated the breccia
fragments. In addition, we conclude that the breccia and veins
are derived from different fluid sources.

Meanwhile, dolomitization of the host rock occurred in a
slightly elevated temperature regime. The suggested mechanism
for this dolomitization is fault-controlled dolomitization, which
involves seawater modification. The fault is interpreted to be the
same fault pathway as the fault breccia, which indicates that the
dolomitization and fault movement that led to brecciation
occurred at relatively similar events in the Miocene.

Then, the carbonate was exposed and in contact with a more
meteoric condition, with both partial and complete dissolution.
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Partial dissolution is mainly associated with both skeletal and non-
skeletal grains (e.g., corals). Moreover, the presence of drusy to
blocky replacement cement may also indicate a later stage of
meteoric influence on the samples. Finally, calcite precipitated
along the younger perpendicular open fracture set. Post-burial
meteoric diagenesis is interpreted to be associated with basin-
scale uplift during the Plio-Pleistocene opening (Figure 5), with
the possibility of existing normal fault reactivation during this time.

Paragenetic sequence evolution of
Miocene syn-rift carbonates in the Eastern
Red Sea

The Cenozoic carbonate in the eastern Red Sea is suggested to
have been dolomitized on a broader tectonic plate scale. The
proposed timing of dolomitization of the Cenozoic post-rift
carbonates in the eastern part of the Red Sea occurred just after
the deposition of the carbonate platforms, while rifting still occurred
in the basin (probably in the late Early-Middle Miocene, Figure 6).
Although the timing of dolomitization from these five different
the
dolomitization model for each locality is unique. The current

localities  suggests an almost synchronous process,
study area suggests a dolomitization model related to fault-

controlled, modified seawater dolomitization in the -early
deposition stage, similar to the Ad-Dubaybah area. Meanwhile,
dolomitization in the Wadi Waqb area preferentially follows the
seepage-reflux dolomitization model (Al-Ramadan et al,, 2019). In
contrast, Magna and Wadi Alhamd show that dolomitization is due

to the uplift and influx of meteoric water in the late stage.
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Additionally, this study also confirms that there was an active
meteoric influx in post-rift Cenozoic carbonates in the eastern part
of the Red Sea before and after the burial process as a ramp attached
to the land or an isolated platform setting. Early meteoric diagenesis
is observed chiefly in the interior platform part of the Ad-Dubaybah
location, even though only very minor evidence of meteoric
diagenesis has been observed at the Wadi Wagb locality,
suggesting there was active meteoric input during platform
emergence at Ad-Dubaybah during Miocene times (Al-Ramadan
et al,, 2019). Meteoric diagenesis in both areas was revealed by the
occurrence of a dogtooth, blocky to drusy cement, and pendent
vadose cement. These may represent early meteoric diagenesis. The
presence of dedolomitization and non-luminescent calcite fracture
filling suggests later meteoric diagenesis. In Magna and Wadi
Alhamd, meteoric diagenesis has been interpreted as a product of
early diagenesis (eodiagenesis) associated with several episodes of
relative sea-level low stands during deposition in the Early Miocene.
Subsequently, the peripheral uplift and influx of meteoric water
resulted in dolomitization of pre-existing Miocene carbonate (Al-
Ramadan, 2017). The meteoric diagenesis in Magna and Wadi
Alhamd is characterized by clear blocky and drusy mosaic cement,
followed by selective dissolution through the fractures. In this study,
meteoric alteration was suggested to have occurred during late
diagenesis. Although the low quartz content within the host rock
is associated with the interplay between active freshwater input from
the hinterland that brought siliciclastic sediments in the early stage,
there is no evidence of meteoric diagenesis. In the late stages after
uplift, the dog-tooth shape calcite vein originated from a meteoric
fluid, suggesting that the study area is in more contact with the
meteoric realm. Meteoric diagenesis is indicated by the presence of
both partial and complete dissolution of the host rock. Interestingly,
compared with Ad-Dubaybah and Wadi Wagb, host rock
dedolomitization was not observed in the study area. This fact is
suggested to be due to the low degree of fluid-rock interaction.

On a regional scale, the Cenozoic carbonate in the Eastern Red
Sea is suggested to have been dolomitized and altered by meteoric
influx, but each location has a different mechanism. Hence, the local
tectonic and depositional settings might be the determining factors
of the dolomitization and alteration mechanisms. The implication of
an additional structural diagenetic dataset from the fractures delivers
more information for the tectonic evolution of the depositional
environment to the diagenetic product within the carbonate, as the
Cenozoic carbonate is situated in a fault-bounded platform.

Conclusion

From the dataset, we conclude that 1) the Miocene Raghama
Formation situated in the Umm Luj area, which is the eastern part of
the Red Sea rifting, records a succession of heterogeneous carbonate
facies: mud-wackestone, floatstone, and wackestone from the
lowermost to the uppermost part, respectively. The facies
represent a variety of settings from the platform interior to the
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margin. 2) The carbonate host rocks are mostly dolomitized, as
indicated by petrographic and geochemical-coupled analyses. The
dolomitization mechanism is suggested to have formed early from
the modified warmer seawater that ascended along the fault and
dolomitized the adjacent carbonate rock. This was evidenced by the
estimated paleo-temperature of up to 42.2°C. 3) The carbonate
outcrop is intensively fractured, with two dominant fracture types
observed: major and minor veins with orientations of N330°E/
55'°NW and N40°E/55°SE, respectively. 4) The veins are suggested
to occur at a late stage owing to uplift. The calcite precipitated along
the vein has a light isotopic composition from —10.6 £ 0.01 to —9.5 +
0.01%o, and is proposed to originate from meteoric water. 5) The
study area shares the same regional tectonic events at the basinal
scale as the Midyan Peninsula. However, the local tectonic and
depositional settings might have determined the dolomitization
mechanism and meteoric alteration at each location.
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