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Abstract

Carbonate mineral precipitation via capture of atmospheric CO2 by alkaline-hyperalkaline waters offers a potential strategy-
referred to as carbon capture and storage-to mitigate anthropogenic CO2 emissions. Oman ophiolite produces high-pH waters
characterized by continuous sequestration of atmospheric CO2. The geochemical and isotopic data of carbonates are utilized to
assess the COg stored in dolomite-calcite assemblage of the Barzaman Formation. PAAS-normalized REE+Y patterns display
increasing LREE, flat HREE, and a positive Eu-anomaly, identical to those of the bulk ocean crust and lower crust. Further,
La(+), Ce(-), and Y(+) anomalies in studied samples are missing in the ocean crust, however, present in local groundwater and
modern seawater. Carbon and oxygen isotopes show two distinct end-members, heavier dolomite than calcite. The estimated
carbonate growth temperatures (18 to 65) are indistinguishable from literature values. The C-O isotope model of dolomite-
calcite assemblage, water, and atmospheric CO2 demonstrates that the C-budget of ophiolite-derived carbonates represent
an unequivocal contribution from the latter. Meanwhile, the remaining contributors may include dissolved inorganic carbon
(DIC) in waters closely associated with travertines and ophiolite-derived soil exhibiting large variations in their C-O isotope
compositions caused by kinetic fractionation leading to isotopic disequilibrium. Taken together, REE+Y patterns and isotopic
compositions verify that the carbonates were formed under oxic conditions through alterations triggered by the reaction between
ophiolite and meteoric water. A detailed groundwater study is recommended to assess the contribution of atmospheric COz in

DIC for a thorough estimation of the amount of CO2 sequestered by carbonates of the Barzaman Formation.



Key Points

First geochemical and isotopic datasets of carbonate rocks from the Barzaman
Formation, Oman

Carbon and oxygen isotopic model to determine the contribution of atmospheric
CO2 deposited by carbonates via carbonation of ultramafic clasts

Estimation of growth temperatures of carbonate rocks, calculated from their
isotopic compositions
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Abstract Carbonate mineral precipitation via capture of atmospheric COz2 by alkaline-
hyperalkaline waters offers a potential strategy—referred to as carbon capture and storage—
to mitigate anthropogenic CO2 emissions. Oman ophiolite produces high-pH waters
characterized by continuous sequestration of atmospheric CO2. The geochemical and
isotopic data of carbonates are utilized to assess the CO2 stored in dolomite-calcite
assemblage of the Barzaman Formation. PAAS-normalized REE+Y patterns display
increasing LREE, flat HREE, and a positive Eu-anomaly, identical to those of the bulk
ocean crust and lower crust. Further, La(+), Ce(-), and Y(+) anomalies in studied samples
are missing in the ocean crust, however, present in local groundwater and modern seawater.
Carbon and oxygen isotopes show two distinct end-members, heavier dolomite than calcite.
The estimated carbonate growth temperatures (18°C to 65°C) are indistinguishable from
literature values. The C-O isotope model of dolomite-calcite assemblage, water, and
atmospheric CO2 demonstrates that the C-budget of ophiolite-derived carbonates represent
an unequivocal contribution from the latter. Meanwhile, the remaining contributors may
include dissolved inorganic carbon (DIC) in waters closely associated with travertines and
ophiolite-derived soil exhibiting large variations in their C-O isotope compositions caused
by kinetic fractionation leading to isotopic disequilibrium. Taken together, REE+Y patterns
and isotopic compositions verify that the carbonates were formed under oxic conditions
through alterations triggered by the reaction between ophiolite and meteoric water. A

detailed groundwater study is recommended to assess the contribution of atmospheric CO2in
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DIC for a thorough estimation of the amount of CO2 sequestered by carbonates of the
Barzaman Formation.

Keywords: C-O isotopes, Carbonates, Barzaman Formation, Alteration, CO2
Sequestration, Oman Ophiolite

Plain Language Summary The sequestration of COz by mineralization is the subject of
much debate and one of the potential methods for dealing with the increasing levels of
anthropogenic CO2 emissions. We analyzed the carbonate rocks from the Barzaman
Formation in Oman for their geochemical and isotopic compositions to assess the
contribution of atmospheric CO2 stored in them. Geochemical signatures of these samples
indicate that they are closely related to the oceanic crust, a precursor of Oman Ophiolite.
Our estimate, based on the carbon and oxygen isotope system, suggests that a certain
amount of the total carbon budget of carbonate samples comes from the atmospheric CO:s.
The other half, however, may reflect the dissolved inorganic carbon (DIC) in waters
produced by the interaction with the travertines and soil formed earlier. Significant amounts
of atmospheric CO2 may be stored in the DIC species, but the overall estimation requires
further specific groundwater investigations.

1. Introduction

Water plays a pivotal role in Earth’s surface to subsurface conditions in geological
processes at low-temperature temperatures (< 60°C) such as, serpentinization, diagenesis,
and alteration of ultramafic rocks (Muller et al., 1972; Neal & Stanger, 1984, 1985; Clark
& Fontes, 1990; Neal and Shand, 2002; Schluter et al., 2008; Kelemen et al., 2011;
Kelemen and Hirth, 2012; Streit et al., 2012; Schrenk et al., 2013; Lacinska et al., 2014,
Miller et al., 2016; De Obeso & Kelemen, 2018; Giampouras et al., 2019, 2020). Oman
ophiolite exhibits active interactions between water and rock in the subaerial
environments. Due to the growing interest in carbon capture and storage (CCS) to
eradicate climate change (Meinshausen et al., 2009), several studies on hyperalkaline
waters and mineral precipitations, resulting from water pools, have recently been
conducted to understand the reaction mechanism and kinetics of natural CO2
sequestration (Seifritz, 1990; Kelemen & Matter, 2008; Matter & Keleman, 2009;
Kelemen et al., 2011; Streit et al., 2012; Paukert et al., 2012; Giampouras et al., 2020).



65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95

Moreover, various carbonate materials directly linked to ophiolites (e.g., travertines,
magnesite and calcite veins, breccia, conglomerates, limestones, listwanites) from Oman
and the neighboring United Arab Emirates (UAE) have also been investigated to better
constraint the natural CO2 fixation (Nasir et al., 2007; Kelemen & Matter, 2008; Kelemen
etal., 2011; Paukert et al., 2012; Stephen et al., 2013; Stephen, 2014; Lacinska et al.,
2014). Ophiolite-derived clasts dominate the conglomerates of the Barzaman Formation
(11.6 to 3Ma, late Miocene — Pliocene; Salad Hersi et al., 2013) with no metamorphic
rock clasts (Jacobs et al., 2015). In a recent study, based on the field observations, it has
been suggested that ophiolite-derived Barzaman Formation conglomerates from the UAE
stored significant amounts of CO2 (~150 billion tonnes, i.e., 4 years of global emissions
at current rates) through extensive alteration of ophiolite to carbonated rocks (Lacinska et
al., 2014). Due to the silica-carbonate conversion, the chemical alteration of the ophiolite
clasts into dolomite-calcite assemblage has been facilitated by water circulation in the
presence of atmospheric CO2 under near-surface conditions. For CO: fixation, the
chemical reaction of the ophiolite, water, and COz2 to produce dolomite-calcite
assemblage is essential to reduce the ever-increasing COz in the atmosphere and act as an
analogue for CO2 sequestration in ophiolite. We conducted field observations and
laboratory measurements of carbonate rocks exposed at Sultan Qaboos University
campus and nearby Wadi Al Khod to understand the process of chemical alteration of
ophiolite clasts to the dolomite-calcite assemblage (Figures 1, 2).

Water reaction with Mg- and Ca-bearing minerals in ultramafic rocks in the fractured Oman
ophiolite provides an opportunity for spontaneous binding of COz2 either from dissolved
species in water (e.g., dissolved inorganic carbon (DIC) = H2COs, "HCO3", 2C03%) or from
atmospheric CO2. Our motivation is to study the geochemical and stable isotope
characteristics of carbonate rocks of the ophiolite alteration origin (e.g., carbonated
conglomerates) from the Barzaman Formation, Oman. In this study, we analyzed the
massive dolomite-calcite horizons, and altered ophiolite clasts and matrix within the
Barzaman Formation to understand the atmospheric CO2 absorption during chemical

alteration of the ophiolite clasts into the carbonate rocks.

2. Geological Background
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The study area is covered mostly by the rocks of the Barzaman Formation and the Samail
ophiolite (Béchennec et al., 1992) (Figure 1a). The exposed ophiolitic rocks are comprised
of serpentized and carbonatized harzburgite, dunite, layered gabbro, sheeted dykes and
pillow lava. Spectacular examples of carbonation of harzburgite and dunite rocks in Oman
were presented by Kelemen and Matter (2008) and Matter and Kelemen, (2009). In the
Samail ophiolite, complex interactions between surface fluids, mantle peridotites and CO2
have generated large-scale, superficial and deeper carbonate deposits of relevant extension
through time, together with actively forming deposits (Matter & Kelemen, 2009). The
Barzaman Formation of late Miocene to Pliocene age is exposed in the Al Khod area as
isolated outcrops consisting of conglomerate, sandstone, mudstone, and carbonate rocks
(Figureslb-c). The conglomerate and sandstone comprise clasts derived from the Samail
Ophiolite, commonly referred to as Oman Ophiolite, and Hawasina sequences. The
conglomerate clasts are largely comprised of dunite, peridotite and gabbro, which are
susceptible to chemical alteration under surface and near-surface conditions, whereas, red
and green chert from the Hawasina sequence is inert (Figures 2a-b). There are two types of
carbonates in the Barzaman Formation, a fossiliferous limestone deposited as small patch
reefs, and dolomite that formed due to post-depositional chemical alteration of the ophiolite
clasts (Figure 1c, Figure 2a-g). The diagenetically-produced carbonates of the Barzaman
Formation are termed as Barzamanite (Maizels, 1987) and constitute an important
component of the Barzaman Formation in its type locality, as well as those in Wadi Al
Khod, parts of the SQU campus (Figures 1a-b; Figure 2a-b) and parts of the Bataina coast.
The carbonates of the Barzaman Formation are pinkish-white, massive, and dense
containing abundant chert clasts (Figures 2d-f). Within the massive dolomite and calcite,
occasional unaltered peridotite clasts are also present (Figure 2f). The studied outcrops have
undergone different degrees of ophiolite clast alteration during diagenesis showing ghost
textures of the primary clasts relicts (Figure 29).

3. Materials and Methods

3.1. Samples

A suite of carbonate samples selected for the present study is listed in Table 1, providing
their location coordinates and mineralogical details. Half of the samples were collected from

the Sultan Qaboos University (SQU) campus and consist mainly of the dolomite-calcite
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assemblage with quartz and halite as minor phases, including two samples of fossiliferous
limestone. The remaining samples were collected from nearby Wadi Al Khod, and are
identical in mineralogy to the samples from the SQU (Figure 1b).

3.2. X-ray Diffractometry (XRD) and Scanning Electron Microscopy (SEM)

X-ray powder diffraction analyses for phase identification were done with a MiniFlex600
XRD (Rigaku) at Earth Sciences Research Centre (ESRC). Samples were finely pulverized
with agate mortar and pestle before preparing block samples on an aluminum sample plate
for exposure to Cu Ka radiation (40kV and 15mA) with a scanning speed of 2.5° 20min™.
Using PDXL qualitative analysis software combined with a licensed database (PDF-4
Minerals 2020 RDB) provided by the International Centre for Diffraction Data (ICDD®), the
data obtained were processed for peak identification—including position, height, integrated
intensity, and full width at half maximum (FWHM).

The sample was mounted onto a standard aluminum SEM stub using carbon paint and
coated with thin platinum film for having images of surface morphologies using Field
Emission SEM (JEOL JSM-7600, Japan) facility at the Central Analytical and Applied
Research Unit (CAARU) of SQU.

3.3. ICP-OES and ICP-MS

Inductively coupled plasma spectrometry was utilized for measuring the concentrations of
major, minor and trace elements including rare earth elements (REE). Powdered samples
were digested with HCI, HF, and HNO3 suprapur acids — Merck as described in Nogueira et
al. (2019). Major and minor elements were analyzed using Agilent 725 ICP-OES, and trace
and REE were measured with Agilent 770 ICP-MS, both housed at the Geochemistry
Laboratory (LGQa) of the Federal University of Ouro Preto, Brazil. To monitor the
instrumental performance, reference material BRP1 (Basalto Ribeirdo Preto) was analyzed
intermittently. The percent deviations of obtained data from those of the certified values of
BRP1 range from +£0-5% for 28 elements and £6-10% for six elements.

3.4. Carbon and Oxygen Isotope Measurements
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Stable C and O isotope compositions were measured at the LGQa of the Federal
University of Ouro Preto, Brazil. The isotopic compositions of carbon and oxygen were
obrained for all the samples by a closed tube reaction with orthophosphoric acid (100%)
at 72°C using a Thermo Finnigan Delta V advance Mass Spectrometer coupled with
GasBench Il. The average values obtained for the standards NBS-18 (7.20%o; Coplen,
1996), NBS-19 (28.60%0; Coplen, 1996); and LSCEC (-46.60%o; Coplen et al., 2006),
NBS-19 (1.95%o; Coplen et al., 2006) were used to normalized the raw data in each run to
the VSMOW and VPDB scale respectively. The C-O isotope ratios are expressed in 6
notation as §*Cveps and §80vsmow following corrections relative to Vienna Pee Dee
Belemnite (VPDB) and Vienna Standard Mean Ocean Water (VSMOW), respectively.
Measured values of standard samples (NBS-18, NBS-19, LSVEC) suggest that the
analytical accuracy is better than £0.1%o0 (Nogueira et al., 2019).

4. Results and Discussions

4.1. Geochemical Features

XRD patterns of our samples show that they consist mainly of carbonate minerals (e.g.,
dolomite-calcite assemblage) with minor phases, including quartz and halite (Figs. 3a, 3c).
In addition to the dolomite-calcite assemblage crystal lattices, several fibrous materials are
also found in the FE-SEM images (Figs. 3b, 3d). Quantitative measurements of major
elements indicate that the samples stoichiometrically reflected dolomite-calcite
compositions (Table 2), supporting the qualitative data (Figure 3).

PAAS-normalized REE patterns of all the samples exhibit La-Sm depletions in light-REE
(LREE; La-Sm) relative to heavy-REE (HREE; Eu-Lu) and nearly flat trends in HREE.
Weak to moderate negative Ce-anomalies (-0.05 to -0.48) look pronounced due to the
positive La-anomalies (Figure 4). Furthermore, most of the studied samples also show
positive Eu- and Y-anomalies. The REE values are well below the PAAS values (i.e.,
ranging between 0.01 to 0.3 in different elements), which confirm that carbonate rocks
generally contain lower REE content than shales (Tobia, 2018). For comparison, the PAAS-
normalized REE values of the entities are plotted that are closely related to the studied
samples (Figure 4), including Oman ophiolite, bulk oceanic crust, lower crust, seawater

(Pacific), and groundwater (Al Khod area, Oman). Some of the observations made from this
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comparison include: i) patterns of the samples analyzed in this study suggest that they all are
identical, including the fossiliferous limestone that underlie the Barzaman Formation (i.e.,
BI.S1 and BI.S2), ii) incomplete Oman ophiolite pattern is also nearly identical to the
studied samples with two- to tenfold enrichment in Sm to Lu compared to that of the PAAS,
iii) the trends in all samples mimic the patterns shown by bulk ocean crust and the lower
crust characterised by Eu-anomaly except La (positive), Ce (negative) and Y (positive).
However, La-, Ce- and Y-anomalies are similar to those of the groundwater (Al Khod,
Oman; Sembhi et al., 2009) and seawater (South Pacific seawater at a depth of 2m; Zhang &
Nozaki, 1996), iv) most of the samples indicate weak Ce-anomaly (-0.05 to -0.48) that
apparently look stronger because of the positive La-anomaly. The total REEs of the studied
samples vary from 5-19 ppm with the lowest value observed in fossiliferous limestone and
the highest in dolomite. The higher value in dolomite is slightly below the typical marine
carbonates (i.e., ~28 ppm; Bellanca et al., 1997). Similarly, the sum of REE +Y ranges from

6.5 to 25.5 ppm, following the same trend in Y concentration as observed in total REEs.

4.1.1. Ce- and Eu-anomaly

Depletion of Ce relative to neighboring REEs (German & Elderfield, 1990; Morad &
Felitsyn, 2001) is an important feature of the groundwater (Semhi et al., 2009) and modern
seawater (Zhang & Nozaki, 1996) resulting from oxidation of Ce3* to the less soluble Ce**
which is easily scavenged by the suspended particles (Nogueira et al., 2017). The Ce/Ce*
values (Bau & Dulski, 1996) of the analyzed samples, including fossiliferous limestone,
ranging from 0.65 to 0.96 except for two samples (Kd8 = 0.36 and BI.S2 = 0.52) and are
higher than the typical Ce/Ce* range in seawater (<0.1 to 0.4), which is likely to indicate
oxygenated precipitating conditions. The reduction of Eu®* into Eu?* state under low
oxidation and neutral pH conditions produces Eu?* ion-rich pore waters compared to
neighboring REE®*. However, when high oxidation conditions are available, Eu is
incorporated into the precipitating materials as Eu®* (Stipp et al., 2003), thus producing a

positive Eu-anomaly.

4.1.2. La-anomaly
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To evaluate the possible effects on Ce-anomaly (referred to as Ce¥ in the text) caused by
anomalous enrichment of La in our samples, the Ce/Ce* and Pr/Pr* (Bau & Dulski, 1996)
values are calculated which are ranging from 0.53 to 0.96 and 0.96 to 1.25, respectively. To
distinguish between La and Ce anomalies, a plot of Pr/Pr* vs. Ce/Ce* can be divided into six
different fields (Figure 5a). Most of the samples fall into a positive La-anomaly field that
causes weaker Ce anomalies to look substantially stronger except for five samples that fall
solely into the negative Ce-anomaly field (Figure 5a). This implies that a pseudo-Ce-
anomaly induced by the positive La-anomaly (Ce/Ce* > 0.7; Pr/Pr* <1.05) may be
represented by Ce% > -0.2 (Figure 5a). When Ce/Ce* and Pr/Pr* ratios (Bau & Dulski, 1996)
are plotted against Ce%, linear regressions with respectively opposite slopes of -0.66 and
+1.41 are observed (Figure 5b). Both lines intersect at Ce% = +0.02, which implies that real
negative Ce-anomaly is prominent as the difference between Pr/Pr* and Ce/Ce* ratios
increases and vice versa (Figure 5b). It also suggests that the studied samples might have
been precipitated under varying oxidation conditions; in particular, two dolomite samples
(e.g., Kd1 and Kd8) encountered a highly oxic environment.

4.1.3. Y-anomaly

Most of the studied samples show a weak Y-anomaly compared to that of seawater (Figure
4). Stronger ionic complexation and hence longer residence time of yttrium in seawater is
responsible for strong positive Y-anomaly compared to its weak covalent sorption on the
particulate matter. The geochemical properties of yttrium are similar to those of HREEs,
especially with Ho, and yttrium is often referred to as a pseudo-lanthanide. Therefore, Y-
anomaly can be evaluated by the Y/Ho ratio that is almost constant in all terrestrial rocks
(i.e., ~ 26; Bolhar et al., 2004). However, our data shows a range (from 6 to 21, Table 2) that
is lower than the value of 26 for terrestrial rocks and 200 for seawater. The apparent
difference may be linked to the type of water from which carbonates precipitated. For
example, water which offers more ionic complexation sites will produce a higher Y/Ho ratio

and vice versa.

4.1.4. Ni-Cr-V Mobility
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Because of the mobile nature of the Ni, Cr, and V, the distribution of these heavy metals in
the studied samples is evaluated and compared with those in groundwater, oceanic crust, and
MORB. The mobility order Ni > Cr >V determined in mineral horizons (Agnieszka &
Barbara, 2012) is in contrast to the ionic radii (i.e., Ni?* = 83 pm Cr?* = 87 pm, V" = 93 pm;
Shannon, 1976). We noticed a non-linear mixing trend between groundwater and ultramafic
rocks by plotting Cr/Ni and Ni/V ratios (Figure 6), which may have implications for the
duration of water-rock interaction. Longer duration of fluid-rock interaction increases Ni
content in water, causing a decrease in Cr/Ni and an increase in Ni/V ratio. This means that
alkaline and hyperalkaline waters with varying amounts of Mg?* (86 pm) and Ca?* (114 pm)
can, because of their relatively smaller ionic sizes, enable heavy metal ions to bind to their
aqueous species (e.g., Mg?*~HCO3 and Ca?*—~OH"). The heavy metal signatures of these
waters would subsequently be fingerprinted on carbonates formed by reaction with

atmospheric CO:z.

4.2.  Carbon and Oxygen Isotope Signatures

The compositions of stable carbon and oxygen isotopes (i.e., 5:*Cvrps and 330vsmow;
Table 3) of carbonate samples vary from -7.8%o t0 -9.9%0 and +21.4%o t0 +27.3%o,
spanning over the range of ~2%. and ~6%o, respectively (Figure 7). By plotting these
values with previously reported data (Figure 7), we noticed an extension in the trend laid
out by the mean values of conglomerates, breccia, magnesite, and calcite veins (Kelemen
etal., 2011, Stephen et al., 2013, Stephen, 2014). Most of our data falls within the
isotopic equilibrium area suggested by Falk et al. (2016). In the present study, dolomite
samples (e.g., CC2 = -7.8%o, +27.3%0 and CC3 = -8%o, +26.9%0) show comparatively
heavier isotope compositions than those of the calcite (e.g., OC9 =-9.9%o, +21.5%0 and
OC10 = -9.1%o, +22.9%o). The observed enrichment of §¥Ovsmow (~5%o) in dolomite
relative to calcite is supported by the observation made by O’Neil and Epstein (1996) for
the dolomite-calcite assemblage at ambient temperature (i.e., 25° C; ~6.8%0). Assuming
dolomite-calcite assemblage as two end-members, the remaining samples with variable
mineralogy fall down on a mixing line with a slope of 1/3 (Figure 7). Furthermore, the
dolomite end-member shows a value of §0vsmow (i.€., ~27%o), similar to that of the

calculated CaCOs precipitating in isotopic equilibrium from groundwater (pH = 7-8) and
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atmospheric CO2. Meanwhile, calcite end-member falls close to the expected §*Cvros
composition of CaCOs precipitating in equilibrium with groundwater (see blue-dotted
line in Figure 7).

In order to estimate the §**Cvrpe and §'80Ovsmow compositions of CaCOs formed in
equilibrium from Ca?* cations in water and ambient COz, the mean oxygen isotope values
of different types of water are used, such as, ophiolite-derived water (pH >10, §*®Ovsmow
= -1.35%o), limestone-derived water (pH = 7-8, 580Ovsmow = -3.2%o), limestone aquifer
water (pH = 7-8, 5'80vsmow = -2.55%o), alkaline water (pH >8<11, §'®Ovsmow = -
0.05%o), hyperalkaline water (pH>11, §'30vsmow = -1.3%o), and seawater (pH =7.5-8.4,
5180vsmow = 0%o) reported elsewhere (Stephen, 2014). Using the equation (1) given by
Clark et al. (1992), the calculated §*3Ocacos-vsmow values for the precipitating CaCO3
vary within a small range (e.g., 26.4%o to 27.5%0; mean = 27%o).

6'%0caco, = 1/3 61%0u,0 + 2/3 $6%%0¢0, ) 1)
The §**Cvros values of the CaCOs are calculated using the equation of Deines et al.
(1974) for temperature ranging from 0 to 45° C (Stephen, 2014).

613C(CaCO3(eq)) = 513Ccoz(g) - 613CC02(9)—CaC031 )
Where € represents the fractionation factor between CO2 and CaCQOzs. The estimated
8'3Ccacos-vros decreases from +5.4%o to +1.2%o with the increase of temperature from 0
to 45° C (Figure 7). Hyperalkaline waters contain carbon contents that are too low to be
analyzed for isotopic measurements given their high pH values that provide an efficient
reaction opportunity between Ca?* in the water and atmospheric CO2. However, carbon
isotope compositions of dissolved inorganic carbon (i.e., 5**Cpic) in low pH waters are
variable, such as surface alkaline ophiolite-aquifer water (-26.8 to -6.6%o; Stephen, 2014)
and limestone aquifer water (-8.7 to -3.9%o; Stephen, 2014). Groundwaters from Al Khod
area, with pH values around 7.3-8.5 (Semhi et al., 2009), can contain DIC species from
various sources, including soil CO2 and dissolved carbonate minerals (Deines et al.,
1974). §"3Csii-nic for Oman ophiolite has been reported as low as -23%o by Clark (1987).
In order to approximate the isotopic composition of groundwater from Al Khod area, we
assumed that both soil CO2 and dissolved carbonate minerals contribute equally (i.e., 1:1

ratio; Stephen, 2014) towards chemical and isotopic equilibrium of groundwater. For
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example, 5*3Cvrpa of groundwater is estimated to be -10.9%o using §**Cgroundwater = %2 *
(813Csoil-coz + 83Cuissolved minerar) for §3Csoil-coz = -23% (reported as 53Csoil-pic; Clark,
1987) and 5 3Caissolved mineral = +1.2%o calculated for the calcite precipitating in equilibrium
with water at an ambient temperature of 45°C (Figure 7). Previously reported 5*Cvros
values of waters from sedimentary aquifers (i.e., limestone and dolomite dominated
environments) and limestone-aquifers across Oman range from -6.2 to -8.5%o (Matter et
al., 2006) and -3.9 to -8.5%o (Stephen, 2014), respectively. The studied dolomite samples
(e.g., CC2 and CC3) represent §*3Cvppg values (-7.8 to -8.0%o) fairly close to the
atmospheric COz2 value (-7%o), and both values are falling in the isotopic equilibrium box
(Falk et al. 2016). However, the estimated §*Cvpps value of carbonate (+1.2%o at 45°C)
precipitating in equilibrium from water and atmospheric COz is higher than that of the
latter (-7%o). In contrast, the §**Cvros of our calcite sample (OC9 = -9.9%o) is close to the
value of the carbonate (-10.9%o) precipitating in equilibrium from the groundwater of Al
Khod area and atmospheric CO2. The discrepancy in estimated §*Cveps of isotopically
equilibrated precipitating carbonate and the actual dolomite samples suggest that the
latter contain a mixture of carbon sources, such as, DIC in groundwater (i.e., ophiolite
soil CO2 and dissolved limestone CO2) and atmospheric CO2. The concentrations of
dissolved carbonates and bicarbonates in water are predominantly higher at pH > 7
compared to at pH < 7 (Zeebe, 1999) because of the aqueous COz2 reactions (e.g.,
hydration and hydroxylation; Boettger, 2017). Hyperakaline waters (pH>11) rapidly
capture atmospheric CO2 to form bicarbonates via hydroxylation reaction (Boettger,
2017) and subsequently precipitate into insoluble carbonates showing isotopic
disequilibrium — caused by kinetic fractionation — and very low 5'*Cvepg as seen in
travertines (Figure 7). Our data suggest that carbonates from Barzaman Formation may
have been formed in isotopic equilibrium with meteoric water — having the previous
carbon-budget as DIC species derived from ophiolite soil and previously formed
carbonates (e.g., travertines) — and atmospheric COz. It is estimated that the contribution
of carbon in the dolomite-calcite assemblage of the Barzaman Formation is equally
derived from the CO2 in DIC and atmosphere. Contributions of atmospheric COz in the
DIC portion would be required to estimate the actual amounts of atmospheric CO2

sequestered by the carbonates from the Barzaman Formation. We recommend further
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studies on *C-dead carbon estimation and clumped isotope measurements in order to
calculate the actual contribution of atmospheric COz in the Barzaman Formation
carbonates.

4.3.  Carbonate Formation Temperature Estimation
Using O’Neil et al.’s (1969) equation, later revised by Hays and Grossman (1991) as
equation (3) below, the formation temperatures (18°C to 65°C) of the studied samples are
calculated, which are in agreement with the previously estimated temperature range
determined by CO2 clumped isotope thermometry in carbonates from Oman (18°C to 66°C;
De Obeso & Kelemen 2018; Kelemen et al., 2011).

Ty =157 — 4-36(5180VPDB(calcite) -

88 0ysmow(water)) + 0.12(880yppp(catcite) = 8 180VSM0W(Water))2’ 3
For this purpose, the §'8smow values of different water types, such as, limestone-aquifer
(LAW), limestone-derived (LDW), ophiolite-derived (ODW), hyperalkaline (HAW),
alkaline (AW), and seawater (SW) (Stephen, 2014) and &*8vrps of carbonates (this study)
are used (Figure 8). Temperature ranges for dolomite and calcite are 18°C to 33°C and 46°C
to 65°C, respectively, when LDW and AW compositions are used. Dolomite samples show
comparatively lower formation temperatures than those of the calcite samples with a
difference of approximately 30°C (Figure 8). Given the isotopic compositions and estimated
temperatures of our samples, we infer that calcite (OC9) precipitated at relatively higher
temperatures (46°C to 65°C) with lower §-*Cveos compositions (-9.9%o) relative to
dolomites (CC2 and CC3; 18°C to 33°C; §*Cvrps = -7.8%o t0 -8.0%o). The fact that the
isotopic data of the calcite sample (OC9) falls slightly outside the isotopic equilibrium box
(Falk et al., 2016) compared to that of dolomite, further suggesting that carbonates of the
Barzaman Formation have attained the complete isotopic equilibrium with a decrease in
temperature (Figure 7). 580 fractionation between a dolomite-calcite assemblage (5.7%o)
closely resembles that of the equilibrium value of 6.8%o at 25°C reported earlier by O’Neil
and Epstein (1966), suggesting that the subtle difference is probably associated with low
temperature in the latter case. Alternatively, if dolomite and calcite were formed in isotopic

equilibrium then dolomite-calcite 5'80 fractionation calculated from CO2-dol (41.2 - 27.1 =
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14.1%o0) and CO2-cal (41.2 —21.5 = 19.7%0) would be 5.6%o (O’Neil & Epstein, 1966),
which is in excellent agreement with our data (5.7%o).

5. Summary and Conclusions
The following conclusions have been drawn from the geochemical and isotopic data
obtained from the Barzaman carbonates:

(1) PAAS-normalized REE + Y patterns are characterized by increasing LREE, flat
HREE and Eu-anomaly, identical to those of the oceanic crust except the absence of
positive La, negative Ce, and positive anomalies in the latter.

(2) Ce, La, and Y anomalies in carbonate samples are characterized by the local Al
Khod groundwater and seawater.

(3) Carbon and oxygen isotope compositions show isotopically distinct end-member
compositions as dolomite-calcite assemblage exhibits comparatively heavier
dolomite than the calcite.

(4) Stable isotope thermometry provided growth temperatures ranging from 18°C to
65°C are in excellent agreement with previously reported values.

(5) Modeling of carbon and oxygen isotope system suggests an unequivocal contribution
from the atmospheric CO2 in Barzaman carbonates. The remaining contributors may
account for the DIC originated from travertines and ophiolite-derived soil.

(6) Taken together, REE + Y distribution patterns and isotopic compositions indicate
that the carbonate rocks (dolomite) were formed in an oxic environment by water-
induced alteration of the ultramafic rocks belonging to the Oman Ophiolite.

(7) For a complete evaluation of the amount of atmospheric CO2 stored in the Barzaman
carbonates, we recommend a detailed groundwater analysis aimed at breaking down

the atmospheric CO2 contribution in DIC.

Acknowledgments
We thank Saif Al Mamri and Ibrahim Khusaibi for their help in SEM analysis carried out at
the Central Analytical and Applied Research Unit (CAARU), Sultan Qaboos University



401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431

(SQU). Badar Al Waili in the Department of Earth Sciences, SQU is thanked for preparing
thin-sections. The authors would like to thank Dr. Tahir Shah, VVC (former) FATA
University for a useful feedback on the early version of the manuscript. We acknowledge the
support of the laboratory staff for geochemical and isotopic measurements done at the
Geochemistry Laboratory (LGQa), Department of Geology, Federal University of Ouro
Preto, Brazil. All the new data to produce the results in this research article is presented in

the manuscript. No data is stored in any repository.

References

Abbasi, I. A., Hersi, O. S., & Al-Harthy A. (2014). Late Cretaceous post-obduction
conglomerates of the Qahlah Formation, north Oman: Depositional system and implications
for basin configuration. In H. R. Rollinson, M. P. Searl, I. A. Abbasi, A. Al-Lazki, M. H. Al
Kindi (Eds.), Tectonic Evolution of the Oman Mountains, Geological Society London
Special Publication (Vol. 392, pp. 325-341). London: Geological Society.

Auer, G., Reuter, M., Hauzenberger, C. A., & Piller, W. E. (2017). The impact of transport
processes on rare earth element patterns in marine authigenic and biogenic phosphates.
Geochimimica et Cosmochimica Acta, 203, 140-156.

Bau, M., & Dulski, P. (1996). Distribution of yttrium and rare-earth elements in the Penge
and Kuruman ion-formation, Transvaal Supergroup, South Africa. Precambrian Research,
79, 37-55.

Bellanca, A., Masetti, D., & Neri, R. (1997). Rare earth elements in limestone/marlstone
couplets from the Albian-Cenomanian Cismon section (Venetian region, northern Italy):
assessing REE sensitivity to environmental changes. Chemical Geology, 141(3-4), 141-152.
https://doi.org/10.1016/S0009-2541(97)00058-2

Boettger, J. (2017). CO2 hydration and hydroxylation: The origin of carbonate kinetic
isotope effects, (Doctoral dissertation). Retrieved from PennState.
(https://etda.libraries.psu.edu/catalog/14698jdb488). PennState: The Pennsylvania State

University.

Be'chennec, F., Roger, J., Metour, J. L., & Wyns R. (1992). Geological map of Seeb (Sheet
40-03, scale 1:250,000). Muscat: Directorate General of Minerals, Ministry of Petroleum
and Minerals.


https://etda.libraries.psu.edu/catalog/14698jdb488

432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461

Bolhar, R., Kamber, B. S., Moorbath, S., Fedo, C. M., & Whitehouse, M. J. (2004).
Characterisation of early Archaean chemical sediments by trace element signatures. Earth
and Planetary Science Letters, 222, 43-60.

Clark, 1. D. (1987). Groundwater resources in the Sultanate of Oman: Origin, circulation
times, recharge processes, and palaeoclimatology. Isotopic and geochemical approaches,
(Doctoral dissertation). I'Université de Paris-Sud.

Clark, I. D., & Fontes, J-C. (1990). Paleoclimatic reconstruction in northern Oman based on
carbonates from hyperalkaline groundwaters. Quaternary Research, 33, 320-336.
(doi:10.1016/0033-5894(90)90059-T)

Clark, 1. D., Fontes, J. -Ch., & Fritz, P. (1992). Stable isotope disequilibria in ttavertine
from high pH waters: laboratory investigations and field observations from Oman.
Geochimica et Cosmochimica Acta, 56, 2041-2050.

Coplen, T. B. (1996). New guidelines for reporting stable hydrogen, carbon, and oxygen
isotope-ratio data. Geochimica et Cosmochimica Acta, 60, 3359-3360.

Coplen, T. B., Brand, W. A., Gehre, M., Groning, M., Meijer, H. A., Toman, B., &
Verkouteren, R. M. (2006). New guidelines for deltal3C measurements. Analytical
Chemistry, 78(7), 2439-2441.

Deines, P., Langmuir, D., & Harmon, R.S. (1974). Stable carbon isotope ratios and the
existence of a gas phase in the evolution of carbonate ground waters. Geochimica et
Cosmochimica Acta, 38, 1147-1164.

De Obeso, J. C., & Kelemen, P. B. (2018). Fluid rock interactions on residual mantle
peridotites overlain by shallow oceanic limestones: Insights from Wadi Fins, Sultanate of
Oman. Chemical Geology, 498, 139-149.

Falk, E.S., Guo, W., Paukert, A. N., Matter, J. M., Mervine, E. M., & Kelemen, P. B.
(2016). Controls on the stable isotope compositions of travertine from hyperalkaline springs
in Oman: Insights from clumped isotope measurements. Geochimica et Cosmochimica Acta,
192, 1-28.

Friedman, I., & O'Neil, J. R. (1977). Compilation of stable isotope fractionation factors of
geochemical interest. In M. Fleischer (Ed.), Data of geochemistry (Sixth Edition, Paper 440-
KK). Washington DC: United States Govenment Printing Office.



462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

German, C. R., & Elderfield, H. (1990). Application of the Ce anomaly as a paleoredox
indicator: the ground rules. Paleoceanography 5, 823-833.

Giampouras, M., Garrido, C. J., Zwicker, J., Vadillo, ., Smrzka, D., Bach, W.,
Peckmann, J., Jiménez, P., Benavente, J., & Garcia-Ruiz, J. M. (2019). Geochemistry and
mineralogy of serpentinization-drivenhyperalkaline springs in the Ronda peridotites.
Lithos, 350-351, 105215. https://doi.org/10.1016/j.1ithos.2019.105215

Giampouras, M., Garrido, C. J., Bach, W., Los C., Fussmann, D., Monien, P., & Garcia-

Ruiz, J. M. (2020). On the controls of mineral assemblages and textures in alkaline springs,
Samail Ophiolite, Oman. Chemical Geology, 533, 119435.
https://doi.org/10.1016/j.chemge0.2019.119435

Girardeau, J., Monnier, C., Lemée, L., & Quatrevaux, F. (2002). The Wugbah peridotite,

central Oman Ophiolite: Petrological characetristics of the mantle in a fossil overlapping
ridge setting. Marine Geophysical Researches, 23, 43-56.

Hays, P. D., & Grossman, E. L. (1991). Oxygen isotopes in meteoric calcite cements as
indicators of continental paleoclimate. Geology, 19(5), 441-444.

Jacobs, J., Thomas, R. J., Ksienzyk, A. K., & Dunkl, I. (2015). Tracking the Oman
Ophiolite to the surface — New fission track and (U-Th)/He data from the Aswad and Khor
Fakkan Blocks, United Arab Emirates. Tectonophysics, 644-645, 68-80.

Kelemen, P. B., & Matter, J. (2008). In situ carbonation of peridotite for CO2 storage.
Proceedings of the National Academy of Sciences of the United States of America, 105,
17295-17300.

Kelemen, P. B., Matter, J., Streit, E. E., Rudge, J. F., Curry, W. B., & Blusztajn, J. (2011).
Rates and mechanisms of mineral carbonation in peridotite: Natural processes and recipes
for enhanced, in situ CO2 capture and storage. Annual Review of Planetary Sciences, 39,
545-576.

Kelemen, P.B., & Hirth, G. (2012). Reaction-driven cracking during retrograde
metamorphism: Olivine hydration and carbonation. Earth and Planetary Science Letters,
345-348, 81-89. https://doi.org/10.1016/j.epsl.2012.06.018

Lacinska, A. M., Styles M. T., & Farrant, A. R. (2014). Near-surface diagenesis of ophiolite-
derived conglomerates of the Barzaman Formation, United Arab Emirates: a natural

analogue for permanent CO2 sequestration via mineral carbonation of ultramafic rocks. In


https://doi.org/10.1016/j.lithos.2019.105215
https://doi.org/10.1016/j.chemgeo.2019.119435

493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523

H. R. Rollinson, M. P. Searle, I. A. Abbasi, A. Al-Lazki, M. H. Al Kindi (Eds.), Tectonic
Evolution of the Oman Mountains, The Geological Society of London Special Publication
(Vol. 392, pp. 343-360). London: Geological Society.

Maizels, J. K. (1987). Plio-Pleistocene raised channel systems of the western Shargiya
(Wahiba), Oman. In L. Frostick, I. Reid (Eds.), Desert Sediments: Ancient and Modern, The
Geological Society of London Special Publication (Vol. 35, pp. 31-50). London: Geological
Society.

Matter, J. M., Waber, H. N., Loew, S., & Matter, A. (2006). Recharge areas and
geochemical evolution of groundwater in an alluvial aquifer system in the Sultanate of
Oman, Hydrogeology Journal, 14, 203-224.

Matter, J. M., Kelemen, P.B. (2009). Permanent CO: storage and mineral carbonation in
geologic reservoirs. Nature Geoscience, 2, 837-841.

McLennan, S. M. (2001). Relationships between the trace elements compositions of
sedimentary rocks and upper continental crust. Geochemistry Geophysics Geosystems, 2.
https://doi.org/10.1029/2000GC000109

Meinshausen, M., Meinshausen, N. Hare, W., Raper, S. C. B., Frieler, K., Knutti, R., Frame,
D. J.,, & Allen A. R. (2009). Greenhouse-gas emission targets for limiting global warming to
2 °C. Nature, 458, 1158-1163.

Morad S., & Felitsyn S. (2001). Identification of primary Ce anomaly signatures in fossil
biogenic apatite: implication for the Cambrian oceanic anoxia and phosphogenesis.
Sediment. Geology 143, 259-264.

Miller, H. M., Matter, J. M., Kelemen, P., Ellison, E. T., Conrad, M. E., Fierer, N., Ruchala,
T., Masako, T., & Templeton, A. S. (2016). Modern water/rock reactions in Oman
hyperalkaline peridotite aquifers and implications for microbial habitability. Geochimica et
Cosmochimica Acta, 179, 217-241.

Midller, G., Irion, G., & Forstner, U. (1972). Formation and diagenesis of inorganic Ca—

Mg carbonates in the lacustrine environment. Naturwissenschaften, 59, 158-164.

Nasir, S., Al Sayigh, A. R., Al Harthy, A., Al-Khirbash, S., Al-Jaaidi, O., Musllam, A.,
Al-Mishwat, A., & Al-Bu'saidi, S. (2007). Mineralogical and geochemical

characterization of listwaenite from the Semail ophiolite, Oman. Chemie Der Erde, 67,
213-228.


https://doi.org/10.1029/2000GC000109

524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552

Neal, C., & Stanger, G. (1984). Calcium and magnesium hydroxide precipitation from
alkaline groundwaters in Oman, and their significance to the process of serpentinization.
Mineralogical Magazine, 48, 237-241.

Neal, C., Stanger, & G., (1985). Past and present serpentinization of ultramafic rocks: An
example from the Semail ophiolite nappe of northern Oman. In J. Drewer (Ed.), The
Chemistry of Weathering. (pp. 249-275). Dordrecht, Holland: D. Reidel Publishing
Company.

Neal, C., & Shand, P. (2002). Spring and surface water quality of the Cyprus ophiolites.
Hydrology and Earth System Sciences 6, 797-817.

Nogueira, L. B., Oliveira, V. Q., Sampaio, G. M., Leite, M. P. G., Ali, A, Abreu, A. T.,
Nalini Jr., H. A., & Banerjee, N. R. (2017). Elemental and stable isotopes geochemistry
of Paleoproterozoic dolomites from Fecho do Funil Formation, Quadrilatero Ferrifero -
Brazil. Journal of South American Earth Sciences, 79, 525-536.

Nogueira, L. B., Oliveira, V. Q., Aravjo, L. P., Ledo, L. P., Ali, A., Leite, M. P. G,
Nalini Jr., H. A., & Banerjee, N. R. (2019). Geochemistry and C and O isotope
composition of carbonate rocks from Bemil and Lagoa Seca quarries, Gandarela
Formation, Quadrilatero Ferrifero — Brazil. Journal of South American Earth Sciences,
92, 609-630.

O’Neil, J. R. & Epstein, S. (1966). Oxygen isotope fractionation in the system dolomite-
calcite-carbon dioxide. Science, 152(3719), 198-201.

O’Neil, J. R, Clayton, R. N., & Mayeda, T. K. (1969). Oxygen isotope fractionation in
divalent metal carbonates. Journal of Chemical Physics, 51, 5547-5558.

Paukert, A. N., Matter, J. M., Kelemen, P. B., Shock, E. L., & Havig, J. R. (2012). Reaction
path modeling of enhanced in situ CO2 mineralization for carbon sequestration in the
peridotite of the Samail Ophiolite, Sultanate of Oman. Chemical Geology, 330-331, 86-100.
Salad Hersi, O., Abbasi, I. A., Ahmed, S., & Al-Raisi, T. (2013) Age of siliciclastic-
dominated Fars Group of the Batina Coast, North Oman, inferred from bioclastic-
bearing carbonate unit. Paper presented at Geologic Problem Solving with Microfossils

1l Conference. Houston, TX.



553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
S77
578
579
580
581
582
583

Schliter, M., Steuber, T., Parente, M., & Mutterlose, J. (2008). Evolution of a
Maastrichtian— Paleocene tropical shallow-water carbonate platform (Qalhat, NE Oman).
Facies, 54, 513-527. (doi:10.1007/s10347-008-0150-8)

Schrenk, M.O., Brazelton, W.J., & Lang, S.Q. (2013). Serpentinization, carbon, and deep
life. Reviews in Mineralogy and Geochemistry, 75, 575-606.

Seifritz, W. (1990). CO2 disposal by means of silicates. Nature, 345, 486.
http://dx.doi.org/10.1038/345486b0

Semhi, K., Abdalla, O. A. E., Al Khirbash, S., Khan, T., Asaidi, S., & Farooq, S. (2009).

Mobility of rare earth elements in the system soils-plants-groundwaters: a case study of an

arid area (Oman). Arabian Journal of Geosciences, 2, 143-150.

Shannon, R. D. (1976). Revised effective ionic radii and systematic studies of interatomic
distances in halides and chalcogenides. Acta Crystallographica, A32, 751-767.

Stephen, A. L., Jenkin, G. R. T., Styles, M. T., Smith, D. J., Naden, J., Boyce, A. J., Leng,
M. J., & Millar, I. L. (2013). Tracing carbon: natural mineral carbonation and the
incorporation of atmospheric vs. recycled CO2. Energy Procedia, 37, 5897-5904.

Stephen, A. L. (2014). Carbon sources and sinks within the Oman-UAE ophiolite:
implications for natural atmospheric CO2 sequestration rates, (Doctoral dissertation).
Retrieved from Semantic Scholar.
(https://www.bgs.ac.uk/research/bufi/downloads/S173AmyStephenThesisAbstract2014.pdf).

University of Leicester.

Stipp, S.L.S., Lakshtanov, L.Z., Jensen, J.T., & Baker, J.A. (2003). Eu®" uptake by calcite:
Preliminary results from coprecipitation experiments and observations with surface-sensitive
techniques. Journal of Contaminant Hydrology, 61(1-4), 33-43.

Streit, E., Kelemen, P., & Eiler, J. (2012). Coexisting serpentine and quartz from carbonate-
bearing sertpentinized peridotite in the Samail Ophiolite, Oman. Contributions to
Mineralogy and Petrology, 164(5), 821-837.

Tobia, F. H. (2018). Stable isotope and rare earth element geochemistry of the Baluti
carbonates (Upper Triassic), Northern Iraq. Geosciences Journal, 22(6), 975-987.
https://doi.org/10.1007/s12303-018-0005-4

White, W. M., & Klein, E. M. (2014). Composition of the Oceanic Crust. In Treatise on
Geochemistry (Second Edition, volume 4, pp. 457-496). ScienceDirect, Elsevier.

20


http://dx.doi.org/10.1038/345486b0
https://www.bgs.ac.uk/research/bufi/downloads/S173AmyStephenThesisAbstract2014.pdf

584  Zeebe, R. E. (1999). An explanation of the effect of seawater carbonate concentration on
585  foraminiferal oxygen isotopes. Geochimica et Cosmochimica Acta, 63(13/14), 2001-2007.
586  Zhang, J., & Nozaki, Y. (1996). Rare earth elements and yttrium in seawater: ICP-MS
587  determinations in the East Caroline, Coral Sea, and South Fiji basins of the western South
588  Pacific Ocean. Geochimica et Cosmochimica Acta, 60(23), 4631-4644.

i 1
56° 58 e

% Makran

|:] Neogene-Recent
Oman

Maastrichtian-Paleogene ' ca \
Arabian

Peninsula

H Semail Ophiolite g o \

o
=26

‘:":“ Hawasina Complex
(Deep Oceanic Sediments)

- Hajar Supergroup

|:| Late Precambrian-Early Permian

Jabal Ja’alan
Crystalline Basement

Z

100 km

Study Area

Muscat

§ Salakh Arch P4

589 =

21



590
591

592
593

594

Figure 1a. Geological map of the Oman Mountains. The study area is shown in rectangle,

(modified after Abbasi et al., 2014).

Figure 1b. Google map showing sample locations.
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Figure 1c. Vertical sections through the Barzaman Formation; a) vertical section of the
exposed part of the Barzaman Formation in the CoC parking and adjacent area in the
Sultan Qaboos University (SQU). The conglomerate/boulder beds are comprised of the
ophiolite and chert clasts. The ophiolite clasts are chemically altered to dolomite, b) the
Barzaman Formation in Wadi Al Khod. Most of the Barzaman Formation in the Wadi Al
Khod is covered by the wadi scree, whereas only the Barzamanite part is exposed.
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Figure 2. Field photos of the Barzamanite, (a) Field view of the massive dolomite
(Barzamanite) of the Barzaman Formation in Wadi Al Khod. The dolomite unite is about
8 m thick dipping 0-5°, and exposed over a large area in the Old Al Khod town (see
Figure 1b for the location), (b) field view of white massive dolomite overlain by the rust
color sandstone of the Barzaman Formation near Oil & Gas Research Center outcrops,
SQU, scale: the light pole is 4 m high, (c) partially altered peridotite boulder into the
dolomite matrix, College of Commerce parking outcrops (CoC parking), SQU, scale:
pencil 13 cm long, (d) massive dolomite close view, no sedimentary structures or fossils
present, scale: hammer in the red circle is 32 cm long, (e) cluster of red and gray chert
clasts in dolomite matrix, scale: the pencil is 13 cm long, (f) unaltered ophiolite clast in
the dolomite matrix, scale: car key is 5 cm long, (g) ghost ophiolite clast chemically
altered to dolomite, clast boundary marked by the iron leaching, scale: pencil size 13 cm

long.
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Figure 3. (a-b) XRD patterns and SEM images obtained from selected samples, calcite

(OC9) and (c-d) dolomite (CC2).
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Figure 4. Post Archean Australian Shale (PAAS) normalized REE+Y concentrations of all
the carbonate samples (color-coded solid lines; Barzaman Formation, Oman; this study),
mean values of bulk oceanic crust and lower crust (circles; White & Klein, 2014), Oman
ophiolite (Girardeau et al., 2002), seawater (triangles, South Pacific Station 12, 2m depth;
Zhang & Nozaki, 1996) and groundwater (squares; pH = 8.5, Al Khod area, Oman; Semhi
et al., 2009). PAAS values are taken from McLennan (2001).

26



650

1.2

1.0

08 L

Ce/Ce*
(@]
(@)}

04 |

0.2

0.0

la b (a)
R |
P
oQ ©
@
@
@ 0‘
AV lla X3 b
2
1.0 1.1 1.2 1.3 1.4
Pr/Pr*

27



651
652

653
654
655
656
657

1.6

: (b)
14 t
f o
12 | e
x 10 | 0“\’“”5\ @
a I _ 4
= L @Pr/Pre Y =-08627x 4 09324 }9
LLR: 14055. 0.9782 "“
X * y=1. X + 0. -
S o CelCe R2=0.9775 3 ’“’
306 | -
i e
0.4 f o -
0.2 |
0.0 L ' '
-0.6 -0.5 -04 -0.3 -0.2 -0.1 0.0
Ce%

Figure 5. (a) Plot of Pr/Pr* vs. Ce/Ce* showing six different sections to differentiate

between La and Ce anomalies interpreted as: 1) no anomaly; Ila) positive La-anomaly

produces apparent negative Ce-anomaly; I1b) negative La-anomaly produces apparent

positive Ce-anomaly; I11a) real positive Ce-anomaly; 111b) real negative Ce-anomaly; 1V)

positive La-anomaly conceals positive Ce-anomaly. (b) A plot of Ce¥ (Ce-anomaly) vs.

Ce/Ce* and Pr/Pr* ratios.
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Figure 6. Plot of Cr/Ni vs. Ni/V showing data of carbonate samples (this study),
groundwater from Al Khod area (Semhi et al., 2009) and ultramafic materials from
various locations (e.g., global MORB, bulk oceanic crust, lower crust, oceanic basins
including Atlantic, Pacific and Indian; White & Klein, 2014).
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Figure 7. Carbon and oxygen isotope plot showing red open circles (this study) along
with data of various lithofacies from the Oman-UAE region (small symbols are plotted
for reference, representing different lithofacies, for example, ancient travertines, soil
zone, travertine, modern travetines, efflorescence, limestone, carbonate crust; Kelemen et
al., 2011, Stephen, 2014). The dashed rectangular area represents the isotopic equilibrium
zone (Falk et al., 2016). The red-dotted line shows the 5*3Cvros composition of
atmospheric CO2. The red-filled circle represents the composition of atmospheric CO2
taken from Friedman and O'Neil (1977). The blue-dotted line represents the expected
513C composition of calcite precipitating in equilibrium with the limestone-derived water
(pH = 7-8; Stephen, 2014) shown as blue-filled circle (see text for details). The calculated
composition of calcite formed as a result of kinetic fractionation (Stephen, 2014) is

shown as a green-filled circle. Large open symbols in the equilibrium rectangle represent
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average literature values of small symboles (e.g., cross = conglomerates, Stephen, 2014;
circle = magnesite veins, Stephen, 2014; square = calcite veins, Stephen, 2014; diamond
= breccia, Stephen, 2014; triangle = travertines and magnesite and calcite veins, Kelemen
et al., 2011). Open-blue circles are the isotopic values of CaCOs estimated at different
temperatures (0 to 45°C) using the &80 of water (Stephen, 2014) and the §*3C of
atmospheric CO2 using the equilibrium fractionation factors given by Deines et al.,
(1974). Note that there is a substantial variation in §*C compositions (descending),

however, 5180 values remain constant (i.e., ~27%o) as the temperature increases.
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Figure 8. Temperatures estimated for carbonate samples from various locations using
5'80vrpe and §'80vsmow of carbonate samples (this study) and compositions of different
water types (Stephen, 2014) such as alkaline (AW), seawater (SW), ophiolite-derived
(ODW), hyperalkaline (HAW), limestone aquifer (LAW), and limestone-derived
(LDW). Estimated temperatures for all the samples from all locations increase
consistently with the change of water composition in the order LDW < LAW <
ODW/HAW < AW/SW. Numbers in the brackets represent the number of samples from
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each location. Abbreviations: dol = dolomite. cal = calcite. foss lime = fossiferrous

limestone.

Table 1. Details of samples collected from different locations on Sultan Qaboos

University (SQU) campus and along the nearby Wadi Al Khod representing the

Barzaman Formation, Oman.

Sample Locality Coordinates Lithological Unit Major
Name phases
BL1 SQU, Behind library 23°35/32/N Conglomerate containing dolomite
58°10'51"E large ophiolite boulders in
clay matrix
BL2 SQU, Behind library 23°35'32/N Conglomerate containing calcite,
58°10'51"E large ophiolite boulders in dolomite
clay matrix
BI.S1 SQU, College of Commerce  23°35/21/N White colour limestone fossiliferous
58°09'35"E containing corals, algea and  limestone
other marine fauna
BI.S2 SQU, College of Commerce  23°35/21/N White color limestone fossiliferous
58°09/35"E containing corals, algea and  limestone
other marine fauna
CC2 SQU, College of Arts and 23°35/28'N White to buff colour clay dolomite
Social Sciences parking 58°09'38"E with scattered chert clasts
Ccc3 SQU, College of Arts and 23°35/28/N White to buff colour clay dolomite
Social Sciences parking 58°09'38"E with scattered chert clasts
0C9 SQU, Oil and Gas Institute ~ 23°35/43'N White hard, compact clay ~ calcite
58°10/40"E with abundant chert, and
ophiolite clasts
0C10 SQU, Oil and Gas Institute ~ 23°35/43/N White hard, compact clay calcite
58°10/40"E with abundant chert, and
ophiolite clasts
Kd1 Wadi Al Khod 23°35/57'N White colour massive dolomite
58°08/35"E carbonate containing
abundant chert and altered
ophiolite clast
Kd2 Wadi Al Khod 23°35'57'N White color massive dolomite
58°08/35"E carbonate containing
abundant chert and altered
ophiolite clast
Kd3 Wadi Al Khod 23°3557'N White color massive dolomite
58°08'35"E carbonate containing
abundant chert and altered
ophiolite clast
Kd5 Wadi Al Khod 23°35/57'N White color massive dolomite
58°08/35"E carbonate containing
abundant chert and altered
ophiolite clast
Kd7 Wadi Al Khod 23°35'57'N White color massive dolomite,
58°08'35"E carbonate containing calcite

abundant chert and altered
ophiolite clast
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699
700 Table 2. Geochemical data of carbonate rocks from the Barzaman Formation, Oman.
major oxides (wt.%)
BLL BL2 BIS1 BIS2 CC2 CC3 OC9 OCI0 Kdl Kd2 Kd3 Kd5 Kd7 Kd8 Kdi0
CaO 17.7 33.2 45.6 46.3 27.1 21.3 44.7 37.6 27.9 25.4 25.1 249 30.8 28.6 30.7
MgO 13.0 6.70 0.63 11 16.8 13.6 1.58 7.15 17.6 17.8 18.2 17.3 14.4 18.6 15.8
Al,O5 4,76 3.14 0.40 0.71 0.67 0.65 0.92 0.86 1.18 1.05 0.79 1.39 0.70 0.31 0.60
Fe,03 2.62 1.32 0.30 0.32 0.44 0.38 0.47 0.39 0.99 0.68 0.45 0.89 0.38 0.21 0.41
K,0 0.12 0.06 0.04 0.04 0.06 0.06 0.04 0.05 0.03 0.04 0.38 bdl 0.04 0..01 0.01
MnO 0.13 0.07 0.07 0.08 0.15 0.16 0.03 0.03 0.06 0.04 0.04 0.07 0.02 0.01 0.06
P,0s 0.007 0.009 0.007 0.008 0.006 0.007 0.009 0.009 bdl bdl 0.007 bdl 0.01 bdl 0.007
Na,O 0.93 0.46 0.18 0.25 2.61 3.49 0.16 0.04 0.07 0.05 0.95 0.03 0.05 0.08 0.02
trace elements (ppm)
As 0.78 0.90 0.36 0.25 0.20 0.17 0.32 0.26 3.36 0.55 0.14 0.94 0.45 bdl 0.30
Ba 38.9 515 9.13 26.4 235 39.0 25.7 17.4 26.7 69.4 114 103 224 19.1 89.5
Be 0.28 0.15 0.06 0.07 0.15 0.18 0.14 0.17 0.27 0.16 0.15 0.19 0.13 0.12 0.11
Bi 0.04 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.01 bdl 0.01
Cd 0.28 0.24 0.45 1.17 0.32 0.32 0.11 0.06 0.23 0.19 0.04 0.09 0.06 0.08 0.07
Co 28.4 25.5 4.25 5.95 16.4 15.1 9.20 7.00 175 14.4 135 145 7.68 4.30 15.9
Cr 495 235 101 66.2 415 285 59.8 53.9 95.7 248 194 288 83.1 76.8 135
Cs 0.23 0.19 0.06 0.11 0.13 0.10 0.19 0.17 0.10 0.11 0.05 0.10 0.12 0.03 0.05
Cu 22.7 14.5 3.75 6.88 11.3 7.14 6.50 5.80 15.7 12.2 8.70 119 8.15 8.10 10.2
Ga 5.36 3.08 0.64 0.96 0.92 0.99 121 1.07 171 1.36 0.94 1.61 1.00 0.42 0.73
Hf 0.55 0.19 0.05 0.06 0.12 0.10 0.21 0.17 0.14 0.14 0.09 0.15 0.11 0.07 0.07
Nb 1.82 0.66 0.42 0.35 0.39 0.35 0.89 0.80 0.53 0.49 0.35 0.53 0.40 0.18 0.25
Ni 315 172 60.4 68.1 102 87.3 69.2 74.5 220 236 176 199 121 128 145
Pb 1.46 0.72 0.71 1.15 1.44 0.81 191 0.95 1.94 1.27 1.20 0.89 0.92 0.51 1.34
Rb 3.50 1.94 1.08 1.32 1.80 1.32 2.10 1.84 1.13 1.13 1.29 1.03 1.68 0.35 0.55
Sh 3.98 3.39 1.92 4.89 2.14 1.58 2.26 3.58 5.14 5.45 3.16 1.25 8.20 0.08 8.01
Sc 12.9 7.70 1.35 1.73 1.95 1.75 2.10 2.00 3.15 3.20 2.45 3.80 1.90 1.20 2.00
Sr 190 147 133 119 326 160 133 252 261 355 343 250 296 264 229
Ta 0.13 0.06 0.05 0.04 0.04 0.03 0.07 0.07 0.06 0.09 0.05 0.06 0.05 1.87 0.03
Th 0.60 0.29 0.11 0.16 0.37 0.20 0.50 0.45 0.30 0.24 0.20 0.30 0.24 0.13 0.20
U 0.27 0.13 0.18 0.26 0.40 0.38 0.18 0.35 0.17 0.30 0.19 0.18 0.24 0.21 0.15
43.3 18.0 12.9 9.50 10.6 23.3 13.9 12.6 25.6 25.5 15.2 17.4 8.13 4.43 10.5
Zn 51.7 39.9 33.1 139 32.8 31.2 6.05 3.88 26.5 26.4 7.42 7.37 6.38 4.83 5.65
Zr 18.8 6.70 2.00 2.26 4.20 3.72 7.89 6.25 4.78 5.20 3.67 5.72 4.22 2.68 2.47

rare earth elements + yttrium (ppm)
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La 2.61 1.70 0.93 1.39 1.45 1.59 2.38 1.74 3.35 1.45 1.29 1.57 1.12 1.18 0.95
Ce 5.73 2.69 1.32 1.67 2.64 2.76 4,95 3.48 5.12 2.72 2.19 2.29 2.04 0.87 147
Pr 0.79 0.52 0.21 0.37 0.37 0.37 0.59 0.43 0.88 0.39 0.33 0.41 0.28 0.26 0.24
Nd 3.59 2.39 0.94 1.63 1.62 1.64 2.44 1.71 3.90 1.71 143 1.81 1.13 1.13 1.05
Sm 0.99 0.65 0.22 0.43 0.40 0.39 0.55 0.37 0.96 0.41 0.35 0.46 0.26 0.25 0.25
Eu 0.33 0.25 0.07 0.13 0.14 0.13 0.14 0.09 0.31 0.14 0.11 0.16 0.08 0.07 0.09
Gd 1.12 0.82 0.26 0.47 0.51 0.53 0.57 0.39 1.07 0.50 0.42 0.56 0.29 0.32 0.29
Th 0.20 0.14 0.04 0.08 0.08 0.09 0.09 0.06 0.17 0.08 0.07 0.09 0.05 0.04 0.05
Dy 1.30 0.92 0.27 0.46 0.53 0.53 0.53 0.34 1.03 0.52 0.41 0.60 0.32 0.27 0.29
Y 7.03 5.77 1.84 2.93 3.53 4,01 3.09 2.01 5.57 3.29 2.59 3.95 2.27 2.22 1.96
Ho 0.26 0.19 0.06 0.09 0.11 0.11 0.11 0.07 0.21 0.11 0.09 0.13 0.07 0.06 0.06
Er 0.76 0.56 0.16 0.26 0.30 0.31 0.30 0.20 0.57 0.31 0.24 0.37 0.21 0.16 0.17
Tm 0.11 0.08 0.02 0.03 0.04 0.04 0.04 0.03 0.08 0.04 0.03 0.05 0.03 0.02 0.02
Yb 0.72 0.50 0.13 0.21 0.25 0.24 0.25 0.17 0.48 0.27 0.21 0.31 0.19 0.12 0.15
Lu 0.10 0.08 0.02 0.03 0.04 0.04 0.04 0.03 0.07 0.04 0.03 0.05 0.03 0.02 0.02
ratios + anomalies

Ce¥ -0.07 -0.21 -0.20 -0.30 -0.11 -0.12 -0.04 -0.05 -0.19 -0.11 -0.14 -0.21 -0.09 -0.48 -0.18

Ce/Ce* 0.91 0.65 0.69 0.53 0.83 0.83 0.96 0.93 0.68 0.83 0.77 0.66 0.84 0.36 0.71

Pr/Pr* 0.96 1.07 1.02 1.16 0.99 0.97 0.96 0.99 1.06 0.99 1.02 1.07 1.03 1.25 1.04

Y/Ho 19 21 - 15 16 20 14 16 18 13 12 - 10 9 -

Cr/Ni 157 1.36 1.68 0.97 0.41 0.33 0.86 0.72 0.43 1.05 1.10 1.45 0.69 0.60 0.93
Ni/VvV 0.64 0.73 0.60 1.03 2.46 3.07 1.16 1.38 2.30 0.95 0.91 0.69 1.46 1.67 1.07

Cesample
701  cet=log|—1z SX( ,C\,"?jh“le) after German and Elderfield (1990), Morad and Felitsyn (2001).
ZX{( sample/Lashaze)+( samele Ndshale)}
702 Ce/ _ (Cesample Ceshale) and Pr/ _ (Prsample/Prsnale) after Bau
Ce* = {OISX(Lasample /Lashale)+ o. SX(Prsampze /Prshale)} Pr* = {O.SX(Cesumple Ceshaze) +o.5><(Nd /Ndshale)}

703 and Dulski (1996).

704 bdl = below detection limit.

705

706  Table 3. Carbon and oxygen isotopic data of carbonate rocks from the Barzaman

707  Formation, Oman.

Sample ID 513Cvrps (%o) 5'80vrDB (%) 5180vsmow (%o)
BL1 -8.00 -6.65 24.1
BL2 -8.28 -8.29 22.4
BI.S1 -8.60 -7.58 23.1
BI.S2 -8.53 -7.46 23.2
CcC2 -7.77 -3.48 27.3
CC3 -7.99 -3.90 26.9
0C9 -9.93 -7.63 21.5
0OC10 -9.00 -7.63 22.8
Kd1l -7.87 -5.39 25.4
Kd2 -8.37 -6.08 24.6
Kd3 -8.67 -6.79 23.9
Kd5 -8.29 -6.36 24.4
Kd7 -8.16 -6.21 24.5
Kd8 -8.76 -6.35 24.4
Kd10 -8.66 -6.53 24.2
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