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The Late Ediacaran to early Cambrian Hormuz dolomites were originally deposited on a shallow marine platform
within the southern proto-Tethys Ocean, undergoing significant dolomitization during this period. The origins of
different types of dolomites and their original fluids were studied in this work through petrological, mineral-
ogical and geochemical data, including carbon, oxygen and clumped isotopes. The laminated micritic dolomite
(LMD) (very finely to finely crystalline planar-e/s dolomite with preserving fabrics) and matrix dolomite (MD)
including D1 (very finely to finely crystalline planar-e/s dolomite), the D2 (finely to medium crystalline planar-s/
a dolomite) and D3 (medium to coarsely crystalline nonplanar-a dolomite) were precipitated from the combi-
nation of hydrothermal fluids and hydrologically cycled seawater in the subsurface to shallow burial stage.
Fluctuation of the temperatures and changes in the characteristics of dolomitizing fluids formed different tex-
tures and distributions in the dolomites. Due to changes in temperature and Mg?* concentrations in the hydro-
thermal fluids, the precipitation of cemented dolomite (CD1) and cemented dolomite (CD2 or SD) exhibited
different textures and filling fracture system. In the final phase of hydrothermal alteration, late-stage calcite
precipitates at low temperatures as a result of decreasing Mg?* concentrations. Hydrothermal fluids, depleted in
Mg?* and enriched in silica, could result from the dissolution of siliciclastic sediments. The silica could be sourced
from igneous rocks driven by the strongly extensional faults in the back-arc in Cadomian margin during the late
Ediacaran time. The isotopic and petrographic analysis of the dolostones within the caprock of the Paskhand salt
diapir indicate that their dolomitization occurred under hydrothermal and shallow burial conditions within the
extensional back-arc Hormuz basin during late Ediacaran time. Dolomites exhibiting negative 5'°C values in the
cap rock of the Paskhand salt diapir likely formed during the late Ediacaran period. This isotopic signature
suggests that hydrothermal fluids interacted with organic-rich sediments, incorporating isotopically light carbon
into the dolomite structure. This study provides new insights into the evolution of dolomitizing fluids responsible
for multiple dolomitization events and the formation of hydrothermal dolomite in the Hormuz Basin and other
regions worldwide.

1. Introduction

Dolomite (calcium magnesium carbonate - CaMg(COs)2) is one of the
most common minerals in the Ediacaran marine successions (Wang
et al., 2023a,b). However, dolomite is less common in the modern
sedimentary environments. This paradox has been studied for decades
without any clear explanation known as the “dolomite problem” (e.g.,

Holland and Zimmermann, 2000; Warren, 2000; McKenzie and Vas-
concelos, 2009; Gregg et al., 2015). Rare existing dolomite in modern
shallow environments is due to the challenges associated with its pre-
cipitation under typical Earth-surface conditions. In natural setting,
these challenges arise from hydration effects that make it more difficult
for Mg?* to be incorporated into the dolomite crystal structure than to
calcite. Additionally, these effects can hinder the bonding of Mg?* with
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CO%™ in the boundary layer, which impedes crystal growth (Fang et al.,
2023; Wang et al., 2023a,b). However, dolomite formation can occur in
modern environments characterized by low-oxygen and low-sulfate
conditions, which are linked to microbial activities (Warthmann et al.,
20005 Liu et al., 2019). The frequency of dolomite in Precambrian ma-
rine successions is attributed to differences in geochemical environment
and contemporaneous seawater composition —e.g., higher Mg?" and
lower sulfate concentrations, as well as variations in alkalinity, redox
conditions and microbial activity compared to Phanerozoic seawater.
These factors plausibly led dolomite to precipitate as a primary or early
secondary mineral phase (Wood et al., 2017; Cantine et al., 2020; Chang
et al., 2020).

Icehouse-greenhouse transition and post-glacier period led to the
global deposition of cap carbonates (dolomites) during the Ediacaran
Period (~635-539 Ma) (Wang et al., 2023a,b). These cap dolomites are
distributed worldwide and are characterized by fine dolomites, giant
ooids, tubestone stromatolites, tepee-like structures and barites (crystal
fans) (Wang et al., 2023a,b). These got deposited through a series of
petrological, sedimentological, biological, mineralogical and geochem-
ical changes caused by the abrupt global warming that postdated the
global glaciation (Hoffman, 2011). Thicknesses of these cap dolomites
range few m and hundreds of m (Wang et al., 2023a,b). Over past de-
cades, numerous studies mostly focused on the sedimentary facies
interpretation and the formation models for the cap dolomites during
the Ediacaran Period (Aftabi et al., 2022; Wang et al., 2023a,b).
Notwithstanding, genesis of Ediacaran dolomites/dolomitization re-
mains controversial. Significantly, the widely accepted hypothesis sug-
gests burial-hydrothermal dolomitization of primary limestones
(CaCO03) at > 100 °C plays a major role, which is supported by several
petrographic observations (e.g., coarse dolomite cements, saddle dolo-
mites) (model: 2CaCOs + Mg 2+ CaMg (CO3)2 + Ca 2+ or CaCO3 + Mg
2 4 CO%’ — CaMg(CO3), (1)) (Bristow et al., 2011; Rooney et al.,
2020). In contrast, other studies suggested dolomitization at lower
temperatures (<60 C) where marine water was the dolomitizing fluid
during the early diagenesis (model: Ca 2* + Mg 2* + 2C0%~ — CaMg
(CO3)2 (2)) (Gregg et al., 2015). Given the limited formation of dolomite
in modern surface environments, direct evidence for the formation of
early diagenetic dolomites in the Precambrian likely underscores the
significance of early formation pathways in the past.

Numerous salt diapirs are found in the Zagros Fold and Thrust Belt
(ZFTB) within the Fars region (Fig. 1), sourcing from a thick sequence of
Neoproterozoic to Early Cambrian carbonate-evaporite deposits known
as the Hormuz Complex (Fig. 2) (e.g. Kent, 1958, 1979; Edgell, 1996;
Mukherjee et al., 2010; Motamedi et al., 2011; Taghipour et al., 2013).
Previous studies on the Hormuz carbonates in few salt diapirs (e.g.,
Hormuz Island and Paskahnd salt diapir) revealed that the host rock
predominantly consist of syn/post glaciogenic dolomitic diamictite-cap
carbonate successions (e.g., Aftabi et al., 2022; Adineh et al., 2023). The
existence of Spriggina discs and genus Collenia in the Hormuz dolomitic
cap carbonates, shaly carbonates (Kent, 1979; Aftabi et al., 2022) and
U-Pb zircon dating of 558 & 7 Ma on fresh rhyolites (Faramarzi et al.,
2015) confirmed late Ediacaran age for dolomitic successions associated
with Iranian salt diapirs in southern Iran. Paskhand salt diapir is one of
these limited unroofed salt diapirs, which is associated with late Edia-
caran syn/post glacial deposits—such as diamictite, cap carbonate, and
dolomitic stromatolite (Adineh et al., 2023). These dimictite-cap car-
bonate successions should be studied with special attention on the origin
and mechanism of the dolomite formation.

The characteristics of late Ediacaran carbonate clasts associated with
Paskhand salt diapir provide new insight into mechanism of dolomite
formation in the enigmatic cap carbonate formation during late Edia-
caran time. In this article, detailed meso- and microscopic petrographic
studies, isotope geochemistry of oxygen and carbon, and carbonate
clumped-isotope (A47) paleo temperature (T 47) record were conducted
on cap carbonate samples brought from 8 to 10 km depth by diapirism in
the Paskhand salt diapir from the late Ediacaran Hormuz Complex in
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southern Iran. All in all, our main objectives thus comprise of the
following: (i) examine the variations in petrographic and geochemical
characteristics of Late Ediacaran-Early Cambrian dolomites; (ii) study
the factors influencing the formation and distribution of these dolomites
and their distinct characters, and (iii) determine the geochemical char-
acteristics of the fluids responsible for dolomitization, thereby con-
straining their genesis.

Salt diapirs in the Persian Gulf serve as effective seal or cap rocks for
hydrocarbon reservoirs (e.g., ME Asl et al., 2019; Faghih et al., 2019).
Dolomite facies, which often function as reservoir rocks, have recently
gained attention in petroleum geology, with studies conducted in
various regions worldwide (e.g., Braithwaite et al., 2004; Gregg et al.,
2004). In this context, the Paskhand salt diapir is of particular geo-
scientific interest, and this article aims to explore it in detail.

2. Geology

The Zagros Fold and Thrust Belt is located, from a global tectonic
point of view, in the northern part of the Arabian plate, which is tilted in
the northwest (Thomas et al., 2015). The Zagros Fold and Thrust Belt
comprises Precambrian basement rocks, extensively covered by up to 10
km of late Neoproterozoic to Phanerozoic sedimentary rocks (Adineh
et al., 2024). The basement of the Arabian Plate is largely unknown due
to the lack of outcrops, except in some areas of Oman. The Arabian Plate
has been reviewed by Stern and Johnson (2010). The oldest rocks are
limited to the small inlier of Mirbat in southern coastal Oman (Mercolli
et al., 2006). In this outcrop, the crystalline basement is covered un-
conformably by a thick sequence of Cryogenian to Ediacaran
volcano-sedimentary rocks, containing glaciogenic sedimentary
succession— such as diamictites (Allen, 2007). These glacial deposits
were identified in two main phases of depositions, which may correlate
with the Sturtian and Marinoan global Earth snowball events (Bowring
et al., 2007). These volcano sedimentary deposits known as Huqf Su-
pergroup were precipitated in the extensional grabens with orientated
N-S in present day coordinates (Allen, 2007). The Huqf Supergroup
continued depositing  into the Cambrian, with the
Cambrian-Precambrian boundary within the lower part of the Ara Group
(equivalent to the Hormuz Salt). Smith (2012) reviews its distribution
and evolution of the Huqf Supergroup. The sedimentation of the
Ara-Hormuz deposits was locally associated with contemporaneous
volcanism (Ramezani and Tucker, 2003; Allen, 2007; Faramarzi et al.,
2015; Asadi Sarshar et al., 2022). The contemporaneous igneous activity
is interpreted as resulting from the subduction of proto-Tethyan crust
beneath the continental margin, transforming the Oman region into a
retro-arc setting on the northeastern Arabian margin (Ramezani and
Tucker, 2003; Faramarzi et al., 2015). Thick carbonate-evaporite suc-
cessions were deposited in number of minibasins in the Zagros Fold and
Thrust belt (Bahroudi and Koyi, 2003). It is clear that due to the lack of
outcropping late Ediacaran carbonates and the presence of a thick cover,
only those rocks brought up by unroofed salt diapirs, which are the focus
of our study, are accessible for detail examination.

2.1. Paskhand salt diapir

Salt diapirs are associated with various forms of dolomitization
(Table 1). However, the dolomites linked to Iranian salt diapirs are
particularly unique because they originate from late Ediacaran Hormuz
dolomites. Salt diapirs of varying sizes are exposed in the Zagros Fold-
Thrust Belt (ZFTB) in southern Iran (Fig. 1A). The Paskhand salt
diapir (Fig. 1B), with an elliptical outcrop measuring ~2.5 km east-west
and ~1.5 km north-south, is one of the smallest emergent salt diapirs in
the ZFTB. It is particularly notable for uniquely preserving the sedi-
mentary characteristics of late Ediacaran depositions, which is observed
as megaclast (>3 m) at the surface of the unroofed diapir. These mega-
clasts are mostly heterogeneous in terms of grain size, clast content,
alteration mineralogy, internal structures and fabrics (Fig. 3). Most
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Fig. 1. A. Regional structural map of the Zagros Fold and Thrust Belt (ZFTB), depicting major structural elements such as the Zagros Fold and Thrust Belt, the Iranian
plate, and the Makran zone (modified from Adineh et al., 2024). B. Geological map of the coastal Fars region, showing the distribution of exposed and hidden salt
structures (modified from Zavada et al., 2021; Adineh et al., 2024). Number correspond to studied salt diapir: 1 - Paskhand salt diapir (Bosdk et al., 1998; Jahani
et al., 2007). C. Simplified geological map of the study area overlaid with ASTER GDEM data. The study area is highlighted by a red square, corresponding to the
black rectangle in Fig. 2B. Key features are numbered: 1 - Paskhand Anticline, 2 - Paskhand salt diapir, 3 - Siah Tagh Anticline (modified from Adineh et al., 2024).
The geological map is adapted from Farzipour Saeen et al. (2007). Coordinates are given in UTM Zone 41N, WGS 84. For color interpretation, refer to the web version

of the article.
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Fig. 2. Stratigraphic column of the central and eastern Zagros Fold and Thrust Belt (modified after Zavada et al., 2021; Adineh et al., 2023).

sedimentary outcrops feature clasts of >3 m in size, and they are notably
well-preserved, retaining the distinct characteristics of the sedimentary
layers (Fig. 3). Table 2 presents various types of sedimentary lithotypes
along with interpretations of their respective depositional environments
(detail in Adineh et al., 2023). However, this study is only focused on the
late Ediacaran cap carbonates, which is overlain on the dolomitic dia-
mictites (Fig. 3). The late Ediacaran cap carbonate of the Hormuz
Complex, located within the Paskhand salt diapir, is distinguished by

several unique sedimentary features. These include tepee-like structures
and sheet cracks (Fig. 4A), with 1-10 cm thick layers. The layers display
a color spectrum from light grey to black and light brown. This unit is
also associated with oolitic dolostone and stromatolitic dolostone
(Fig. 4B-D). The stromatolitic dolostone is further divided into domal
and laminated/wavy stromatolitic dolomites (Fig. 4C and D). In some
instances, the cap carbonate is marked by red and black dolomite veins
(Fig. 4E). Additionally, quartz and calcite veins are observed in the
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Table 1

Characteristics of dolomites associated with salt diapirs around the world.
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No.  Author(s)

Terrain & Country

Approaches

Keys conclusion

1 Kent (1979)

2 Posey et al. (1987)

3 Al-Aasm and Hassen
(2006)

4 Nasir et al. (2008)

5 Ghazban and Al-Aasm
(2010)

Dolostone in seven salt diapirs, in
southern Iran and Persian Gulf

Carbonate caprock in seven salt diapirs
located in the East Texas Basin, North
Louisiana Basin, Mississippi Basin, and
Gulf Coast Basin in USA

dolomite in salt diapirs in central
Tunisia

Geology and petrology of the Hormuz
dolomite, Halul and Shraouh islanls,
Persian Gulf

Dolostone in the Hormuz Island,
Hormuz Complex, southern Iran

Field observations

Petrographic analysis; Sr and S isotope analyses

Field observations; petrography (light microscopy
and cathodoluminescence); fluid inclusions;
geochemical analysis (stable oxygen and carbon
isotopes, strontium isotopes)

Field, petrographic,
mineralogic and geochemical analyses

Field observations, petrographic studies (light
microscopy and cathodoluminescence); fluid
inclusions, geochemical analysis (stable oxygen and
carbon isotopes, strontium, and sulfur isotopes)

Presence of Spriggina discs, and the genus
Collenia in the Hormuz dolomitic cap
carbonates and shaly carbonates indicate an
Ediacaran age for the glaciogenic iron ores in
the Hormuz Formation. The origin of laminated
dolomite is stromatolite.

Carbonate caprocks associated with salt diapirs
formed through multiple biochemical stages
involving dissolution and precipitation. These
processes were influenced by various fluid
types temporally, including marine waters,
formation waters and low-salinity meteoric
water.

Episodic hydrocarbon migration played an
important role in the evolution of the carbonate
caprock.

Dolomites were classified based on coloring
including white and black.

White dolomites have narrow ranges of 5'%0
and 5'°C values (—3.83%o to —6.60%. VPDB for
6'%0; —2.11%0 to —2.83%0 VPDB for §'°C
values), while black dolomites show wider
ranges and more depleted values (—4.92%o to
—9.97%o for 5'%0; —0.55%0 to —6.08% for §'°C
values.

Most samples have®”Sr/%°Sr ratios near Triassic
seawater values, indicating a primary source
from Triassic saliferous rocks.

Dolomitization involved at least two different
fluids. The main fluid was deep hydrothermal
or basinal, (related to the Triassic saliferous
rocks) that ascended through faults during
diapirism. A secondary less significant fluid
source was meteoric water from the Cretaceous
rocks.

Dolomites formed in a reducing environment,
presumably intertidal to supratidal settings, as
indicated by stromatolitic structures and the
presence of organic matter.

Two dolomitization models were supported: a
sabkha model and an organogenic model
involving microbial activity.

The Sr isotopic ratios were abnormally high,
suggesting an addition of radiogenic Sr from a
continental source or the salt-rich Hormuz
Formation.

Dolomite extensively recrystallizedn and
sulfatized during salt doming.

The presence of organic materials and high
correlation of Si, Al, Ti, Zr, and insoluble
residue suggest detrital minerals like quartz,
rutile, and zircon were present, pointing to a
sabkha setting and brine reflux related
dolomitization.

Dolomites were classified based on coloring
(white and black).

8'3C values indicate different carbon sources,
with black dolomites (—0.81 to —2.07%o)
showing contributions from seawater
bicarbonates and white/grey dolomites
(—17.81 to —35.68%0 VPDB) indicating
significant contributions from hydrocarbon
oxidation.

Sea water is the main source of carbon and Mg
for dolomite precipitation.

The temperature of dolomite formation,
determined from fluid inclusions, ranged from
213 to 216 °C.

Pyrites and native sulphurs associated with the
dolomites have §**S values ranging from +17.2
to +23.4%o, indicating thermochemical sulfate
reduction as the primary source of sulfur.

(continued on next page)
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Table 1 (continued)
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No.  Author(s) Terrain & Country

Approaches

Keys conclusion

6 Thomas et al. (2015) Dolostone in eight salt diapirs, Hormuz

Complex, Persian Gulf
7 Mortazavi et al. (2017)  Hydrothermal systems in dolomite
associated with Gahkum salt diapir,
southern Iran

8 Perona et al. (2018) Dolostones in the Murguia and Orduna
saline diapirs in the Basque-Cantabrian

Basin, Northern Spain

9 Poe et al. (2018) Capro ck assemblages in outcropping
caprock from three different salt basins,
Paradox Basin and Gulf Coast Region,
USA and Flinders Ranges, South

Australia

10 Nokhbatolfoghahaei
et al. (2019)

Dolostone in Dehkoye and Paskhand
salt diapirs, Hormuz Complex, Southern
Iran

11 Caesar et al. (2019) dolostone in the deposition of
carbonate in northern Gulf of Mexico

Basin salt structures, USA

Field observations

Field observation, mineralogical studies

Field mapping, mineralogic and petrographic
analysis, geochemical analysis (including sulfur,
carbon and oxygen isotopes),

fluid inclusion analysis,

organic matter analysis

Facies mapping; petrographic analysis

Field observations, petrographic analysis,
geochemical analysis, mineralogic analysis; C and O
isotopic studies, fluid inclusion

Field observations, petrographic analysis; S, C and O
isotopic analysis;

mineralogical analysis;

clumped isotope

Low-grade metamorphosed heavily
recrystallized dolomites with randomly
oriented plates of specular hematite.
Observed mineral assemblages include calcite,
apatite, garnet, epidote and hematite, formed
as a result of hydrothermal interactions with
host rocks.

The presence of blue amphiboles (magnesio-
riebeckite) in irregular veins and along
fractures indicates significant hydrothermal
fluid migration and alteration processes.

The red or pink color of rocks and the
occurrence of coarse euhedral hematite grains
suggest migration of iron and manganese-rich
hydrothermal fluids.

Thermal indicators (fluid inclusion, organic
matter and sulfur isotope data) point to
formation temperatures between 150 and

200 °C.

The 534S values of sphalerite and galena
(4.1-15.1%o) suggest a sulfur source related to
the reduction of evaporite sulfate
(thermochemical sulfate reduction) of Triassic
age (15.3-17.4%o).

The interaction of carbon-poor, metal- and
sulfate-bearing hot brines with host rocks
activated the cracking of organic matter,
triggering sulfide precipitation at a rate
controlled by H2S production.

The 5'3C and 5'®0 values of carbonates range
from 3.5 to —20.5%o and from 16.1 to 28.7%o,
respectively, indicating different carbon
sources and host-rock types.

Sulfide deposits around the Murguia and
Orduna salt domes are linked to the
dolomitization of the surrounding rocks rather
than the formation of caprock. This pattern is
similar to the Mississippi Valley-type (MVT)
deposits.

Introducing new classification for the
carbonate caprocks based on their fabrics.
Massive fabric develops first in carbonate
caprock formation.

Porphyritic, layered and brecciated fabrics
show a patchy distribution and are rarely
correlative.

Variations exist in caprock mineralogy between
different localities.

Episodes of hydrocarbon migration played an
important role in the evolution of the carbonate
caprock.

Four dolomite types were identified: very fine-
to-fine crystalline dolomite (D1), neomorphic
dolomite (D2), fine-to-medium crystalline
euhedral-to-subhedral dolomite (D3), and
pore- and fracture-filling dolomite (D4).

The oxygen and carbon isotope values suggest
different formation conditions- D1 dolomites
formed under low temperatures (~70 °C) and
D3 and D4 dolomites forming under higher
temperatures (~270 °C).

The primary sources for secondary dolomites
are deeper hydrothermal and catchment
sources, ascending through faults during
intrusion. Meteoric waters are considered less
significant sources.

The presence of the mineral sassolite (B(OH)3)
in the Deh-kuyeh salt diapir suggests fumarolic
activity and extensional tectonics.

Carbonate formation in salt diapir cap rocks is
significantly influenced by microbial anaerobic
oxidation of methane (AOM).

Sulfur isotope data indicate that cap rock
mineral precipitation occurred via closed-
system sulfate reduction.

The!®C-depleted carbonate carbon isotope

(continued on next page)
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No.  Author(s)

Terrain & Country

Approaches

Keys conclusion

12 Kernen et al. (2020)

13 Aftabie et al. (2022)

14 Adineh et al. (this
study)

Origin of the Neoproterozoic rim
dolomite as lateral carbonate caprock,
Patawarta salt sheet, Flinders Ranges,
South Australia

Glaciogenic origin of the carbonate
deposits of Hormuz Island, southern
Iran

Dolostones in Paskhand salt diapir,
Hormuz Complex, south Iran

Detailed field mapping, stratigraphic analysis,
petrographic analysis

Field observations, petrographic analysis
Isotopic analysis (C and O)
Geochemical analyses

Field observations,
Petrographic, mineralogic, isotopic (C and O)
and clumped isotopic analysis

compositions (—52.7 to —2.9%o) and low
clumped isotope-derived carbonate formation
temperatures (26-83 °C) support the role of
microbial AOM in carbonate formation.

The rim dolomite at the Patawarta diapir is
interpreted as a lateral carbonate caprock that
formed at the salt-sediment interface. This
caprock developed through the dissolution of
halite and accretion of insoluble residues.
Four capstone fabrics were identified in the rim
dolomite: massive, porphyritic, banded, and
brecciated, which resembles Poe et al.’s (2018)
classification.

The caprock initially formed in a crestal
position and was later rotated to a lateral
position due to diapiric inflation and folding of
the overlying strata.

Episodes of hydrocarbon migration played an
important role in the evolution of the carbonate
caprock.

Various types of clasts within the diamictites
and dropstones in the cap carbonates supports
Ediacaran glaciation during deposition of
Hormuz carbonates.

The depositional environment involved
significant hydrothermal contributions,
leading to increased seawater alkalinity and
carbonate precipitation under reducing
conditions. This was influenced by submarine
glaciovolcanism and exhalative high
temperature hydrothermal systems

(~252.7 °C), associated with the Snowball
Earth conditions of the Ediacaran time.
Dolomitic micritic dolomite, three types of
matrix dolomites and two types of cement
dolomites, with minor other cement phases

were identified.

Most dolomite types formed at both low
(<~100 °C) and high temperatures
(~100-300 °C), indicating different
dolomitization stages.

The 5'*C and 5'°0 ranges of the dolomites
overlapped with the then seawater, suggesting
that the dolomitizing fluids were recycled
seawater.

Hydrothermal fluids played a crucial role, as
indicated by the presence of minerals e.g.,
muscovite, rhodochrosite, phlogopite, rutile,
chlorite, apatite and tourmaline.
Hydrothermal fluids were Mg>*-depleted, and
the presence of quartz and calcite suggested
mixing with siliceous fluids from igneous
rocks/siliciclastic deposits.

The study highlighted the complex interplay
between volcanism, hydrothermal activity and
seawater in dolomite recrystalization during
the Late Ediacaran.

outcrop of the late Ediacaran cap carbonates within the Paskhand salt
diapir (Fig. 4F). The cap carbonate was deposited in a lagoon within an
extensional back-arc basin during the late Ediacaran period (Adineh
et al., 2023).

3. Methods

The 1/10,000 BASTAK map sheet (Farzipour Saeen et al., 2007)
served as the base map for this study. The background shaded relief in
the geological maps was generated using the ASTER Global Digital
Elevation Model (GDEM) (https://earthdata.nasa.gov/learn/articles/
new-aster-gdem). Lithologic and structural mappings were conducted
on the Paskhand diapir by Adineh et al. (2023, 2024). Rock samples
were collected from various parts of the carbonate megaclasts from
stratigraphic successions at the surface of an emergent Paskhand salt

diapir, including host rock and veins. The sample location is shown in
Fig. 3A. Hundred representative rock samples were thin-sectioned and
41 were analyzed geochemically.

3.1. Petrography

Salt diapirs can be associated spatially with dolomitization (Table 1).
A petrographic examination using both transmitted and reflected lights
revealed a two-phase dolomitization: (i) fabric-preserving dolomites
(Fig. 5), and (ii) non-fabric preserved dolomite (Figs. 6-8) and later
dolomitic cementation (Fig. 9). Different types of dolomites in the
Hormuz Complex were identified based on the shape of crystal bound-
aries and the size distribution of crystals, following the classification
system (Sibley and Gregg, 1987). Additionally, the analysis with trans-
mitted and reflected light microscopy allowed the identification of other
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Fig. 3. A. Lithological map of the caprock of the Paskhand salt diapir and sedimentary successions around the diapir (modified after Adineh et al., 2024; Zavada
et al., 2021). B. Idealized stratigraphic column of the Hormuz carbonates, reconstructed from carbonate exotic blocks observed at the top of the diapir. C. Schematic
cross-section of the Paskahnd salt diapir, featuring exotic blocks embedded within a gypsum matrix.

significant minerals associated with high-temperature dolomitization
(HTD) and geologic events such as karstification, the formation of
Mississippi Valley-type minerals, breccias and vugs resulting from so-
lution activity.

3.2. SEM analysis

We also used Back Scattered Electron (BSE) imaging and identified
phases using a scanning electron microscope (SEM Tescan VEGA) at the
Institute of Petrology and Structural Geology (Faculty of Science,
Charles University, Prague). The SEM is equipped with an energy

dispersive spectroscope (EDS X-Max 50, Oxford Instruments) operating
with 15 kV accelerating voltage and 1.5 nA beam current.

3.3. C, O & clumped isotope analysis

Supplementary Table 1 presents the results of the C, O and clumped
isotope analysis. Samples were analyzed at the Laboratoire des Sciences
du Climat et de I’Environnement (LSCE) (standard procedure as per
Daéron, 2021). Carbonate samples were converted to CO5 by phosphoric
acid reaction at 90 "C in a common, stirred acid bath for 30 min. Initial
phosphoric acid concentration was 103% (1.91 g cm_3) and each batch
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Isotopic geochemical results on different types of dolomites. This table presents the 8'°C, 8’80, and A4 values along with their ranges and averages for various
dolomite sample types (LMD, D1, D2, D3, CD1, SD and CAL). It also provides the corresponding temperature ranges. The number of samples for each type is denoted by

N,
Sample N 6136VPDB range 613CVPDB 5180VPDE range 6180VPD3 A4y range A4z Temperature range Temperature average
average average average “C “C

LMD 5 —6.74to —2.92 —4.18 —14.29 to —4.09 —6.63 0.301 to 0.354 67.9 to 218.9 169.8
0.490

D1 7 —5.63 to 2.38 —0.25 —14.29t0 -3.15 —6.57 0.301 to 0.332 154.7 to 218.8 180.8
0.357

D2 8 —3.40 to 1.93 0.10 —6.45 to —2.78 —4.42 0.299 to 0.341 127.1 to 220.7 172.9
0.390

D3 6 —1.05to 1.51 —0.03 —8.95 t0 2.98 -3.11 0.325 to 0.376 102.2 to 187.5 140.5
0.426

CD1 5 —3.88t0 1.73 —0.09 —4.39 to —1.80 -3.18 0.329 to 0.373 96.5 to 183.6 145.9
0.435

SD 6 —6.32 t0-0.55 -3.25 —7.91 to —2.86 —5.18 0.320 to 0.367 87.9 to 193.8 150.3
0.450

CAL 4 —7.19t0 —0.28 -3.01 —4.33 to —2.23 -3.19 0.539 to 0.557 29.3 to 46.5 40.2
0.588

Fig. 4. Characteristics of late Ediacaran cap carbonate of Hormuz Complex. A.Teepe like and sheet crack structures. B. Ooiditic dolostone. C. Domal stromatolitic
dolostone. D. Laminated stromatolitic dolostone. E. Red and black dolomite veins in the late Ediacaran cap carbonate. F. Quartz veins observed in the late Ediacaran

cap carbonate.
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Fig. 5. LMD crystalline. A. Hand sample photograph of horizontal laminate. B. photomicrography of very finely laminated crystalline dolomite (MLD), with finely
anhedral to subhedral crystals; cross polarized light. C. photomicrograph for LMD dolomite with Mica and D3, cross polarized light. D. photomicrograph for LMD
with Iron oxide and quartz veins which is parallel to the lamination of LMD, cross polarized light. E. Stylolite parallel to the LMD crystalline, plane polarized light.

of acid was used for seven days. After cryogenic removal of water, the
evolved CO, was helium-flushed at 25 mL mn ™! through a purification
column packed with Porapak Q (50/80 mesh, 1 m long, 2.1 mm inner
diameter (ID) and at ~ 20 "C, then quantitatively recollected by cryo-
genic trapping and transferred into an Isoprime 100 dual-inlet mass
spectrometer equipped with 6 F collectors (m/z 44-49). Each analysis
took ~2.5 h, during which analytic gas and working reference gas were
allowed to flow from matching, 10 mL reservoirs into the source through
deactivated fused silica capillaries (65 cm long, 110 pm ID). After every
20 min, and for a total time of ~150 min, gas pressures were adjusted to
achieve m/z = 44 current of 80 nA, with differences between analytic
gas and working gas generally <0.1 nA. Pressure-dependent background
current corrections were measured 12 times for each analysis. All
background measurements from a given session within +6 h of any
given analysis were used to determine a mass-specific relationship for
that analysis, linking background intensity (Zm), total m/z = 44 in-
tensity (I44), and time (t): Zm = al44 + P(t). ‘P’ is a polynomial of de-
gree 2 to 4. Background-corrected ion current ratios (545 to 549) were
converted to 8'3C, 5'80 and “raw” A4y values as described by Daéron
et al. (2016) using the IUPAC oxygen- 17 correction parameters (Brand
et al., 2010). The isotopic compositions (613C, 6180) of our working
reference gas was computed based on the nominal isotopic composition
of all ETH carbonate standards (Bernasconi et al., 2018) and an
oxygen-18 acid fractionation factor of 1.00813 (Kim et al., 2007). Raw
A4y values were then converted to the I-CDES reference frame
(Bernasconi et al., 2021) by pooled regression (Dacron, 2021) as
implemented by the D47 crunch Python library (3.9 VERSION and
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2021). Full analytical errors are derived from the external reproduc-
ibility of unknowns and standards (Nf = 76) and conservatively account
for the uncertainties in raw A4; measurements as well as those associ-
ated with the conversion to the I-CDES reference frame (Daéron, 2021).

4. Results
4.1. Petrography & distribution of diagenetic phases

According to the sizes, distributions and boundary shapes (planar
and nonplanar) of the crystals, as detailed by Gregg and Sibley (1984,
1987), six major types of dolomites (D) have been identified. These are
further classified into three primary categories: laminated micritic do-
lomites, matrix dolomites and dolomite cements.

4.1.1. Laminated micritic dolomite/microbial-laminated dolomites (LMDs)

In hand specimens, MLD is a grey to light grey and maintain well-
preserved primary fabrics including laminations and with precursor
carbonate grain structures (Fig. SA-E). This dolomite is sampled from
stromatolitic dolomites (Fig. 4C and D). This dolomite is dense and
nonporous, composed of (very) fine anhedral to subhedral crystals with
5-24 pm sizes, with ~12 pm as the average. The crystals typically
display nonplanar-a to planar-s textures (Fig. 5A-E). Occasionally,
slightly coarser dolomite crystals (D3; 100-200 pm), which frequently
exhibit more planar-s crystal surfaces, are distributed irregularly within
the MLD matrix, resulting in a bimodal crystal pattern.

The laminated quartz and iron oxide crystals are interbedded with
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Fig. 6. D1 dolomite. A. Hand sample photograph of D1 with quartz verins and prosity which is filled by CD. B. D1 with intercrystalline porosity which is filled by
pyrite and quartz; cross polarized light. C. with intercrystalline porosity which is filled by D3. D. Stylolite cross cutting the D1 and the fracture which is filled by D3,
plane polarized light. E. fractures cross cutting D1 and iron oxide; plane polarized light.

dolomitic crystals (Fig. 5B-D). Cryptocrystalline to crystalline pyrites,
iron oxides, quartz and micas are commonly dispersed within inter-
crystalline pores (Fig. 5C). In some areas, stylolites (Styl) with low
amplitude cut across the dolomite crystals (Fig. S5E). This type of dolo-
mite is typically found within laminated dolomites in the Paskhand salt
diapir. This dolomite variety accounts for ~10% of the dolomite rocks
based on outcrop and thin-section studies.

4.1.2. Matrix dolomites

4.1.2.1. Very finely to finely crystalline, nonplanar-a to planar-s dolomites
(D1). Dark grey D1 dolomites are heavier (Fig. 6A). Under an optical
microscope, D1’s crystals range 30-100 pm in size, with an average size
~60 pm, and commonly exhibit planar-s to nonplanar-a textures
(Fig. 6B-E). Unlike the LMD, D1 dolomitization destroys the original
fabrics. D1 dolomite is characterized by textures ranging from planar-s
to planar-e, with limited intercrystalline porosity or fractures, which
are often filled with slightly coarser dolomites (D3), resulting in bimodal
crystal sizes (Fig. 6D and E). However, most thin sections typically show
unimodal crystal patterns. In some regions, dolomite crystals are inter-
sected by stylolites (Sty2; Fig. 6D). Additionally, pyrites, iron oxides and
cryptocrystalline to crystalline quartz forms are frequently found
dispersed within the intercrystalline porosity (Fig. 6). This type of
dolomite constitutes ~40% by volume based on outcrop and thin-
section studies. It generally occurs as thick laminated dolomite
formations.

4.1.2.2. Finely to medium crystalline planar-a(s) dolomite (D2). In hand
specimens, D2 dolomites are characterized by alternating light to dark
grey laminae and are porous (Fig. 7A). This dolomite is sampled from
oolitic dolomite (Fig. 4B) Thin section analysis reveals that the majority
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of dolomite crystals are between 60 and 200 pm in size, with some
reaching up to 300 pm and often containing ghost grains (Fig. 7A-E).
Under polarized light (PPL) and cross-polarized light (XPL), these
crystals typically show planar-a(s) textures and pronounced extinction,
with surfaces frequently containing impurities (Fig. 7D and E). Occa-
sionally, crystals with clear surfaces or bright edges display nonplanar-a
textures and slightly undulatory extinction (Fig. 7D and E). The tightly
packed crystals form a mosaic texture, with minimal iron oxide
remaining in the intercrystalline pores.

D2 dolomites can be further classified into three primary lithologic
assemblages within the Late Ediacaran-Cambrian carbonates. The first
assemblage consists of 0.5-1 m thick thin beds often interbedded with
D1 dolomites. The second assemblage appears as bimodal dolomites,
frequently coexisting with D1, and can be 4-10 m thick. The less
commonly developed third assemblage (<5 m thick) is typically found
overlying the MLD. D2 comprises ~10% of the total dolomite area.

4.1.2.3. Medium to coarsely crystalline nonplanar-a dolomites (D3). In
hand specimens, D3 dolomites are light grey or grayish-white, suggest-
ing significant thermal fading. The dolomite crystals exhibit irregular or
indented boundaries with the preceding D1 dolomites (Fig. 8). Pores
occur in these specimens, and some are arranged linearly (Fig. 8A). The
crystals range from medium to coarse size, between 200 pm and 1 mm.
Most crystals display nonplanar-a textures, with a few exhibiting planar-
s textures and slight undulating extinction (Fig. 8A-E). The D3 dolomites
appear hazy under an optical microscope due to abundant inclusions
(Fig. 8C). This dolomite type is predominantly fabric-destructive,
obscuring original depositional and early diagenetic features. D3 dolo-
mite crystals are characterized by a central dirty surface, with some
areas showing clean edges within the crystal (Fig. 8B and C). In certain
samples, D3 dolomites are intersected by stylolite or fractures (Sty3 in
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Fig. 7. D2 dolomite. A. hand sample photograph showing D2 as being dark circular dolomitized ooids in the laminated D1as being laminated micritic dolomite with
a few fractures. B & C. Photomicroscopy of finely to medium crystalline dolomite (D2), with planar-s textures, iron oxide (I0) disseminated extensively in the
intercrystalline pores within the very finely to finely dolomite crystals (D1), which is displaying bimodal crystal clusters. Cross-polarized light (XPL). D & E. Paired
photomicrographs of D2 dolomite displaying unimodal crystal clusters with scattered iron oxide crystals (arrows) within intercrystalline in the ooid. (D) PPL (E) XPL.

Fig. 8B and C). This dolomite is associated mainly with the fracture
systems of the upper strata, particularly at the edge of the diapir. based
on outcrop and thin-section studies, D3 dolomite accounts for <10% of
the total dolomite area.

4.1.3. Cement dolomites (CD)

In hand specimens, this variety of dolomites are milky-white to light
red, reflecting noticeable thermal fading (Fig. 9A). The cement dolomite
includes both CD1 and saddle dolomite (SD or CD2) varieties. CD1
predominantly develops along fracture systems or within broken breccia
spaces of the Late Ediacaran-Cambrian Hormuz dolostone samples
(Fig. 9B-D). The SD variety occurs inside pores created by dissolution
(Fig. 9E).

CD1 typically occur as the initial cement and/or lining within frac-
tures and is arranged linearly (Fig. 9). Crystals in D3, commonly 200 pm
to 1 mm in size, is characterized by a medium to coarse crystalline
structures with nonplanar-s/e textures and undulatory extinction under
both plane and cross-polars (Fig. 9B-D). CD1 shows embayed contacts
with the host rock or breccias and tends to partially or completely fill the
pores (vugs) (Fig. 4E). In thin sections, CD1, similar to D3, is charac-
terized by curved boundaries and undulatory extinction (Fig. 9B).
Whereas the SD is present pervasively, CD1 is less abundant, sometimes
acting as a nucleus for the SD crystals (Fig. 9E). SD exhibits alternating
color bands with saddle or baroque-shaped crystals (Fig. 9A). Under
plane-polarized light, SD crystals display central dirty nuclei with bright
edges (Fig. 9B). Overall, CD constitutes of <20% of the total dolomite
area.

4.1.4. Late-stage calcite & silica cements
Silica cement is commonly found to fill up fractures or vugs, often
along with matrix dolomites or CD1 (Fig. 10). In some cases, chalcedony
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fills the fractures after the CD1 (Fig. 10). The structure of quartz crystals
varies from microcrystalline to granular (Fig. 10). Calcite primarily
appears in the residual pores or fractures that remain after the filling by
D3 or CD (Fig. 9D and 10D). In a few cases, quartz and iron oxides are
associated spatially (Fig. 4E and 9A).

4.2. Mineralogical observations

The backscattered electron (BSE) images (Fig. 11) reveal the
mineralogical assemblages observed in the different types of samples.
The analysis revealed that different types of dolomites exhibit a wide
range of mineral compositions. However, no clear relationship could be
established between dolomitization and mineralization. Additionally, it
was observed that various types of dolomites display similar mineral-
ogical characteristics, indicating a lack of distinct mineral signatures
associated with specific dolomitization processes. However, certain
minerals e.g., pyrites and iron oxides, were mainly observed to be
smaller in size (<24 pm) in fabric-preserving dolomites (Kent, 1979;
Nasir et al., 2008; Aftabi et al., 2022) (Fig. 4C and D). In contrast, these
minerals predominantly fill pores in other types of dolomites (Fig. 11D).
The matrix is predominantly composed of dolomites (D1) and quartz
(Qz), with notable inclusions of hematite (Hem) and rhodochrosite (Rds)
(Fig. 10A). D2-D3 are associated with rutile (Rt) and chlorite (Chl),
along with tourmaline needles (Tur) (Fig. 10B). Fig. 10C highlights the
coexistence of D2 with calcite (Cal) and apatite (Ap), illustrating mul-
tiple occurrences of apatite within the calcite matrix. Pyrite (Py) in-
clusions occur within the quartz and dolomite framework (D3 and CD1)
(Fig. 10D). Fig. 10E displays talc (Tlc) and phlogopite (Phl) interspersed
among the dolomite grains (D2), indicating complex mineral in-
teractions. Fig. 10F reveals well-formed SD crystals with significant in-
tergrowths and zoning, where the lighter parts indicate higher
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Fig. 8. D3 dolomite. A) hand sample photograph showing D3 as white or light grey dolomite, which is filling the fractures crosscutting the D1. B. D1 dedolomitized
by D3. C. stylolite crosscutting the D3 dolomite (PPL). D-E. D3 dolomite is associated with 10, LMD, D1 (XPL).

magnesium concentration.

4.3. Isotopic geochemistry

Supplementary Table 1 presents the geochemical data set of this
study. Table 2 summarizes the 813C, 6180, and A4y values and temper-
ature ranges and averages, for various dolomite sample types (LMD, D1,
D2, D3, CD1, SD and CAL).

In our study, the C and O isotope data were analyzed to understand
the isotopic variations across different types of dolomite (Fig. 12A). The
first graph (Fig. 12A) compares 613CvaB and SISOVPDB values, revealing
overlap between groupings of dolomite types (Fig. 12A). The second
graph (Fig. 12B) presented T C values plotted against 5Oyppg
(Fig. 12B). The third graph (Fig. 12C) focused on the relationship be-
tween T 'C and 8'*Cyppp. Fig. 12D depicts 8'#Ogyiq (VSMOW, %o) as a
function of temperature (c+ 95%), with fields denoted for comparison
with modern formation fluids and Ediacaran clumped isotope data from
Loyd et al. (2015).

5. Discussions
5.1. Origin of LMD

The LMD, distinguished by its very fine dolomite crystal size (<24
pm), generally forms in low-energy, restricted sedimentary settings (e.
g., Zhang et al., 2024), which suggests it represents the initial phase of
dolomitization. In addition, the presence of low-amplitude stylolites
within the LMD (Fig. 5E) indicates that the LMD is less compacted but
did not reach the critical burial depths typically associated with
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extensive stylolites (Qing and Mountjoy, 1989, 1994; Tucker and
Wright, 2009; Machel, 1999; Jacquemyn et al., 2014). The limited for-
mation of stylolites within the LMD indicates a shallow burial environ-
ment with restricted depth under low-temperature conditions (e.g.,
Moore, 2013). Therefore, the LMD began to form almost immediately
after the sediment was deposited and continued to develop during the
early stages of burial, but before significant compaction or deeper burial
occurred. In addition, the well-preserved fabrics (microbial or grainy)
and the very fine to fine anhedral to subhedral crystals, ranging in size
from 5 to 24 ym in the LMD, suggest that these fabrics developed slowly
under low temperatures (Gregg and Sibley, 1984, 1987; Warren, 2000;
Yang et al., 2017), indicating that dolomitization began at an early stage
(Zhou et al., 2017). However, clumped isotope analysis shows that most
of the LMD dolomite recrystallized at high temperatures (average
169.8 °C) while preserving it is original fabrics. This suggests that these
dolomites underwent significant thermal alteration likely associated
with hydrothermal activity at a very stage of replacive dolomitization of
presursor sediments.

The negative carbon isotopic values (5*3Cyppp: 6.74 to —2.92%0)
indicate that the dolomitizing fluids were likely influenced by organic-
rich environments, which possibly correlate with the Ediacaran biota
at the onset of the Shuram excursion (Aftabi et al., 2022).

The oxygen isotopic composition of the LMD (5'%Oyppp: 14.29 to
—4.09%0) suggests that the hot dolomitizing fluids responsible for its
formation possibly originated within a shallow burial environment, as
supported by the presence of low-amplitude stylolites.

During the late Ediacaran to Early Cambrian, the Hormuz Basin was
situated at a paleo latitude of 20-30°S (Allen, 2007), which is charac-
terized by a (semi)arid climate (Nasir et al., 2008). The Hormuz basin is
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Fig. 9. Cemented dolomite (CD1 and SD). A. hand sample photograph showing grey dolomite (D3) with red and white dolomitic veins (CD1 and SD). B. CD1 and D3
(PPL). C. CD1 and D3(XPL). D. Fracture crosscutting D3 which is filled by CD1 and CAL (XPL). E. SD surrounded by D1-D3 (XPL).

separated from open sea by an arc belt (Asadi Sarshar et al., 2022). Due
to the restricted exchange between the platform interior and the open
sea, the salinity level of seawater increased under these conditions due
to evaporation. The supply of Mg?*, driven by volcanic activities, led to
the deposition of dolomite in the Hormuz basin. The continuous process
of dolomitizing fluids moving into and through the rock with increasing
temperatures can enhance dolomite precipitation and the formation of
early nuclei (Schmoker and Halley, 1982; Machel, 2000). Small pyrite
crystals within the intercrystalline pores of LMD (stromatolitic dolo-
mite) suggest bacterial sulfate reduction (BSR) or thermochemical sul-
fate reduction (TSR) might have played a role in dolomite nucleation in
the Hormuz basin (Fig. 5) (Ghazban and Al-Aasm, 2010). The presence
of minerals e.g., muscovite, rhodochrosite, phlogopite, rutile, chlorite,
apatite and tourmaline indicate that the hydrothermal activity origi-
nated from contemporaneous volcanic events during the Late Ediacaran
to Cambrian Period (Fig. 11). The evaporite layers overlying the dolo-
mite may have acted as a barrier to fluid movement, creating a relatively
closed system that limited external fluid interactions. As a result, the
original isotopic geochemical characteristics of the dolomite were likely
preserved, minimizing significant alteration during diagenesis.

5.2. Origin of D1 dolomites

The presence of discrete stylolites within the D1 dolomite (Fig. 6D)
indicates that it was compacted less than that of the LMD, reflecting a
shallow burial. The small crystal sizes (mostly <60 pm) and planar-e/s
textures of the D1 indicate that it experienced slow growth under low
temperatures (Warren, 2000). The carbon and oxygen isotopic data

14

(6'3Cyppp: 5.63 to 2.38%0; 5'%0ypps: 14.29 to —3.29 %o VPDB) show
greater variability in carbon sources compared to the LMD dolomites.
The wide range of §13C values (—5.63 to 2.38%0) indicates that its
original fluids originated from contemporaneous seawater. The 580
values of D1 dolomite (—14.29 to —3.29%. VPDB) largely fall within the
typical marine dolomite range (—6.2%o to —3%0VPDB; Guo et al., 2021),
supporting the idea that the dolomitizing fluids for D1 originated from
contemporaneous seawater. Based on Table 2, the LMD and D1 dolomite
yields more depleted 5'%0 values, indicating its formation at high tem-
peratures. In addition, the presence of micro-sized pyrites in the inter-
crystalline pores suggests that bacterial sulfate reduction (BSR) or
thermochemical sulfate reduction (TSR) probably played roles in
nucleating dolomites in the Hormuz carbonates (Fig. 6) (Ghazban and
Al-Aasm, 2010).

In contrast to the dolomite grain size, the clumped isotope analysis
indicates that most of the D1 dolomite recrystallized at high tempera-
tures (average 180.8 'C). This is likely a similar scenario to what
occurred with the LMD dolomite, with the key difference being the
destruction of original fabric in D1. The D1 samples appear to have
undergone minimal post depositional alteration, as their average oxygen
isotope values (—6.57%o) are close to or above the threshold of —10%o,
which is reported for the least-altered Neoproterozoic cap carbonates
(Aubet et al., 2012). Based on isotopic analysis, it is believed that hot
fluid circulation associated with volcanic activity degraded the organic
ecosystem, increased seawater carbonate alkalinity (HCO3), and ulti-
mately led to the hydrothermal dolomitization of the carbonate sedi-
ments. All these processes likely occurred in a closed system, which
preserved the original carbon and oxygen isotopic signatures. However,
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Fig. 10. Calcite and silica cement. A & B. hand sample photograph showing Calcite and silica cement. veins within the dolomit. C. Silica cement (Chalcodouny

within the dolomite (XPL) D & E. Calcite veins, D- PPL, E- XPL.

clumped isotope analysis indicates high temperatures (180.8 "G) for the
recrystallized dolomite, consistent with hydrothermal conditions
(Montes-Hernandez et al., 2016).

5.3. Origin of D2 dolomites

The larger crystals and tightly packed configuration of D2 dolomite
indicate that its experienced faster crystal growth than that of D1 and
formed under higher temperatures (Warren, 2000, Fig. 7). The
planar-a/s textures and sweeping extinctions of the dolomite crystals
imply that they were formed at high temperatures (average 172.9 'C)
and it does not show any stylolite evidences. These findings suggest that
the replacement did not occur under typical burial conditions. Instead, it
might have been triggered by the influx of Mg?*rich exhalative hydro-
thermal fluids, which were released from the interaction of glacial
meltwater and seawater with submarine felsic volcanism and carbonate
sediments (e.g., Aftabi et al., 2022). The carbon and the oxygen isotopic
data (8'°C: 3.40 to 1.93 %o; 5120 6.45 to —2.78 %) from D2 show a wide
range, indicating that the original fluids generated from a contempo-
raneous seawater. The more positive carbon isotope values indicate a
diminished role of microbial organic activity in the recrystallization of
D2, while emphasizing a greater influence of recycled coeval seawater
during the late Ediacaran period. Additionally, the grain size of the
dolomite is likely linked to porosity rather than temperature during hot
fluid circulation, as there is a contrasting relationship between grain size
and temperature compared to findings in other studies (Warren, 2000,
Table 2).
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5.4. Origin of D3 dolomites

Co-occurrence of D3 and parallel high-amplitude stylolite (Fig. 8C)
suggests that D3 developed closely associated with compaction under a
deep burial. Overgrowth of dolomite crystals likely developed during
burial, leading to the formation of coarse-grained and even coalesced
dolomite textures (Tucker and Wright, 2009). Compared to D1 and D2,
D3’s crystals are larger, more curved, have a nonplanar-a texture, poi-
kilotopic contacts, undulatory extinction and are closely packed. These
suggest a faster irregular crystal growth occurred at high temperatures,
as confirmed by clumped isotope analysis with an average temperature
of 140.5 'C. The development of larger crystals and a poikilotopic
texture can be as result of the overgrowth and merging of crystals.
locally similar characteristics of D3 to succedent cement dolomites (e.g.,
CD1) suggest same dolomitizing fluids responsible for later cement do-
lomites (Table 2) (Kaufman et al., 1991; Chen et al., 2004). Genesis of D3
is suggested to be closely associated with the dense conduits created by
the fracture system, as evidenced by the linear arrangement of pores
(vugs) observed in thin sections (Fig. 8D). The irregular or embayed
boundaries between other matrix dolomites (D1 or D2) and D3 (Fig. 8)
suggest involvement of dissolution or alteration. This indicates that the
parental fluids of the D3 dolomite were undersaturated with respect to
dolomite precipitation, meaning the fluids did not contain sufficient
concentrations of magnesium and calcium ions required to promote the
formation of dolomite. This undersaturation suggests that conditions
were not favorable for dolomitization at that time, or that other factors,
such as temperature or salinity, may have inhibited the process. The
513C (—1.05 to 1.51%0) and the 5'80 (—8.95 to 2.93%0) magnitudes of D3
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Fig. 11. Backscattered electron (BSE) images showing the mineralogical assemblages observed in the sample. A. Matrix predominantly composed of dolomite (Dol)
and quartz (Qz), with inclusions of hematite (Hem) and rhodochrosite (Rds). B. Dolomite associated with rutile (Rt) and chlorite (Chl), along with needle-like
formations of tourmaline (Tur). C. Coexistence of calcite (Cal) and apatite (Ap), with multiple occurrences of apatite within the calcite matrix. D. Pyrite (Py) in-
clusions within the quartz and dolomite framework. E. Talc (Tlc) and phlogopite (Phl) interspersed among the dolomite grains, indicating complex mineral in-

teractions. F) Well-formed dolomite crystals with significant intergrowths.

largely overlap with those of the D1 and D2 and coeval seawater. This
indicates that the dolomitizing fluids responsible for D3 were likely
derived from mixture of contemporaneous seawater and hydrothermal
fluids sourced from submarine felsic volcanism. The presence of rela-
tively positive 8'%0 values suggests that the dolomitizing fluids experi-
enced 8'®0 enrichment through extensive fluid-rock interactions
(Tucker and Wright, 2009; Dong et al., 2017).

5.5. Origin of the CD

CD is typically observed in the fracture system, suggesting the
migration of dolomitizing fluids is facilitated by fractures (Fig. 4E and
9D) (Warren and Kempton, 1997). The nonplanar s/e texture of CD1
suggests that it primarily precipitated at temperatures averaging
145.9 °C, exceeding the roughening threshold (Gregg and Sibley, 1984,
1987). This is further supported by the clumped isotope results. The fine
to medium crystals and subhedral to euhedral textures indicate that CD
formed slowly in Mg®*-depleted fluids, which is observable in the
zoning saddle dolomite (Fig. 10). Consequently, as Mg>" got depleted,
CD stopped precipitating, and hydrothermal activity led to late-stage
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calcite fillings. The precipitation within the low temperature of calcite
(average 36.7 'C) range confirms the last stage of mineralizing fluids.
The transition from D3 to CD (Fig. 9) suggest that both D3 and CD
precipitated from the same dolomitizing fluid at different stages. The
undulatory extinctions and saddle-like or baroque crystal shapes of SD
dolomite indicate its precipitation at high temperatures and pressure
(Davies and Smith, 2006) that also got reflected in estimated tempera-
ture based on clumped isotopic results (average 150.3 °C). The 5!°C
(—3.88 to 1.73%0) and 8'80 (—4.39 to —1.80%o) values of CD1 dolomite
and 8'3C (—6.32 to —0.55%0) and 580 (—7.91 to —2.86%q) of SD overlap
with other types of recrystallized dolomite (Table 2), indicating that CD
formed from dolomitizing fluids similar to those that created other types
of dolomite. Compared to SD (average 150.3 'C), the similar tempera-
tures observed in CD1 (average 145.9 "C) suggest that the CD samples
were formed from a consistent mixture of hydrothermal fluids and
connate seawater during the final stages of hydrothermal activity. The
hydrothermal alteration filling fractures in dolomite includes two main
types: (i) CD1 to calcite, and (ii) CD1 to SD to calcite. These indicate
changes in Mg?* concentrations and fluid evolution stages. Dolomitiza-
tion appears to be observed across various lithologies. Consequently, the
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hydrothermal alteration and the development of abundant CDs, fol-
lowed by the precipitation of limited calcite within the fracture systems,
suggest that the hot brine became depleted in Mg?* (Allan and Wiggins,
1993; Wendte et al., 2009). A high degree of overlap with the 5'3C and
5180 between hydrothermally altered dolomites and the previous do-
lomites (D1 and D2) and calcite suggests that hydrothermally altered
dolomites not only inherited the original geochemical signatures but
also originates from the surrounding rocks.

5.6. Origin of quartz & calcite

A close spatial association of quartz with SD and CD1 (Fig. 9A-C)
suggests silica enrichment in hydrothermal fluids possibly derived from
concurrent volcanic activities (Faramarzi et al., 2015; Asadi Sarshar
et al., 2022). The transition from microcrystalline to granular dolomite
filling fractures and porosity (Fig. 5D and 10D) suggests a hydrothermal
fluid source of silica rather than a sedimentary origin. In addition, the
maximum estimated temperature of CD (193.8 "C) supports an original
hydrothermal origin. Hydrothermal fluids derived from volcanic activity
became oversaturated with silica during the final stage, leading to the
precipitation of siliceous minerals in the late phase (Plumlee et al., 1994;
Dong et al., 2017).

Late calcite cements, which filled the fractures after the CD and D3,
have a transitional contact with the CD (Fig. 10), indicating they were
precipitated from the same diagenetic fluids. The precipitation tem-
perature of the late calcite is 40.2 'C, indicating that it precipitated
during the final stage of fluid activity as the fluids were cooling or
seawater were caused precipitation of calcite at last stage. However,
8180 and 8'3C values of late cement calcites, which mostly resemble
with those of the CD, indicate that both late calcite and CD are derived
from consistent hydrothermal fluids.

5.7. Implication of the late Ediacaran dolomitization

Our detail sedimentological and petrological observations reveal
that dolomite occurrences and textures are diverse in the late Ediacaran
cap carbonates of the Hormuz Complex. LMD samples preserve their
original fabrics, with the dolomite crystals being smaller than 24 pm.
The temperature of these samples, typically <100 °C, often suggests the
presence of primary dolomites, especially in the stromatolitic dolomite.
The presence of stromatolitic dolomite could have promoted the
development of extensive BSR or thermochemical sulfate reduction,
which could have provided numerous nucleation sites for these primeval
dolomites (seed crystals, Warren, 2000). However, a secondary origin of
the dolomites may be considered for those that do not exhibit any fabric
or were precipitated at temperatures >100 °C.

The overlap between §'°C and §'°O signature of LMD, MD and CD
indicate that the original dolomitizing fluids were derived from the Mg-
rich fluids with sub marine volcanic activities during late Ediacaran time
(Fig. 13) (Faramarzi et al., 2015; Sharshar., 2022). Calcium was prob-
ably sourced from seawater, COs* from organic matter (stromatolites),
and Mg-rich fluids from hydrothermal activities driven by volcanic
processes or reflux of Mg-rich seawater (Warren, 2000; Gregg et al.,
2015; Chang et al., 2020). The reaction between these components
produced dolomites during the late Ediacaran Period as follows:

2Ca?" + c03~ + Mg 2" - CaMg (CO 3)3 + Ca 2* 3)

The subsequent cycling of hydrothermal fluids through primary
dolomites resulted in metasomatism and dedolomitization. The occur-
rence of minerals such as phlogopite ((KMgs(AlSizO10)(OH)2)), tourma-
line ((Na,Ca)(Mg,Fe,Li,Al)sAle(BO3)sSicO18(OH,F)s), rutile (TiO2), and
talc (MgsSisO10(OH)2) highlights that the source of the dolomitizing
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Fig. 13. A. location of the Hormuz basin during Late Ediacaran time (Modified after Stewart et al., 2020). B. Conceptual model for the development of the dolomite

controlling by hydrothermal activities.

fluids was Mg-rich hydrothermal fluids sourced from cadomian volcanic
activites (Asadi Sarshar et al., 2022). These high-temperature fluids
metamorphosed the Late Ediacaran primary dolostones of the Hormuz
Complex (Aftabi et al., 2022).

In hydrothermal systems, fluids interact with the dolomitic host rock,
introducing various elements such as silica, iron, titanium, boron, sulfur,
phosphorus, potassium, and manganese. These fluids, often heated by
volcanic or metamorphic activity, cause the formation of new minerals
or alter the existing dolomites. Metasomatism, dedolomitization and
recrystallization are the key processes, leading to the complex assem-
blage of minerals e.g., quartz, rutile, tourmaline, chlorite, talc, phlogo-
pite etc. within the dolomitic framework.

Lastly, the presence of low-amplitude stylolites is often seen as an
indicator marking a shallow burial (Ronchi et al., 2011; Jacquemyn
etal., 2014). This suggests that the salt diapirs sampled the dolomite and
brought it to the surface, preventing evidence of a deep burial envi-
ronment. Therefore, volcanism and associated hydrothermal fluids
played a crucial role in the deposition of various dolomite types during
the late Ediacaran to early Cambrian Period. Further investigation
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would be required to understand the relationships between mineral
assemblages in the dolomite samples, which will shed light on the
complex interactions between volcanism, hydrothermal activity and
dolomitization.

6. Conclusions

Based on petrographic, isotopic geochemistry (carbon, oxygen, and
clumped isotopes), and SEM analyses, this study identifies laminated
micritic dolomite, three types of matrix dolomites, and two types of
dolomite cements in the late Ediacaran cap carbonates of the Hormuz
Complex. The identified dolomites include: (i) very finely to finely
crystalline planar-e/s dolomite with preserving fabrics (LMD); (ii) very
finely to finely crystalline planar-e/s dolomite (D1); (iii) finely to me-
dium crystalline planar-a/s dolomite (D2); and (iv) medium to coarsely
crystalline nonplanar-a dolomite (D3). Additionally, two types of dolo-
mite cements are found: (i) finely to medium crystalline nonplanar-s/e
dolomites (CD1), and (ii) medium to coarsely crystalline nonplanar
saddle dolomites (SD). Silica is another cement found alongside CD,
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while calcite cement is the final fill within residual pores or fractures,
indicating complex diagenetic processes.

The §'3C and 5'#0 values of the dolomites exhibit significant overlap,
indicating that the dolomitizing fluids likely originated from similar
sources, including recycled seawater and hydrothermal activity associ-
ated with volcanic processes. The dolomites display both low- and high-
temperature formation characteristics, indicating multiple stages of
dolomitization. Fluid evolution was influenced by variations in tem-
perature, porosity, and hydrothermal conditions, resulting in a diverse
range of crystal sizes and textures, which point to a complex, multi-stage
precipitation process. The MgZ*-depleted nature of the dolomitizing
fluids, along with quartz and calcite precipitates, suggests a hydro-
thermal origin enriched in silica, likely sourced from volcanic activity.
Following hydrothermal dolomitization, calcite cement extensively fil-
led remaining fractures and pores at low temperature, marking the final
stage of mineralization. The diversity in dolomite types, mineral as-
semblages, and isotopic signatures (5'°C and 5'20) highlights the sig-
nificant influence of Cadomian volcanism on dolomitization, with
subsequent fluid-rock interactions preserving the original geochemical
characteristics. Exhibiting negative 5'°C values in the LMD likely formed
during the late Ediacaran period suggests that hydrothermal fluids
interacted with organic-rich sediments. The presence of pyrite in dolo-
mite formations indicates the involvement of sulfate reduction processes
during dolomitization. Overall, this study provides valuable insights
into the evolution of dolomitizing fluids and their impact on the
mineralogy and geochemistry of the Ediacaran cap carbonates in the
Hormuz Basin during late Ediacaran time. These findings contribute to a
broader understanding of dolomite formation under complex hydro-
thermal conditions and underscore the importance of volcanic in-
fluences on diagenetic processes.
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