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Abstract: Upper Jurassic-Lower Cretaceous Berdiga Formation of the Eastern Pontide, Turkey
represents a carbonate platform succession comprised of pervasively dolomitized intra-shelf to
deep shelf facies. In this area, polymetallic deposits occur as veins and lenses within the
Berdiga Formation in close proximity to its upper contact with the overlying formation. Three
different types of replacive dolomites occur in the formation: 1) microcrystalline dolomite
(Md Dolomite); 2) fabric-preserving dolomite (Fpd Dolomite), and 3) fabric-destructive
dolomite (Fdd Dolomie). Replacive dolomites are Ca-rich and nonstoichiometric (Casg.ssMgy,.
44) and are characterized by a pronounced negative shift in oxygen (-11.38 to —4.05 %oV-
PDB), 8'3C values of 0.69 to 3.13 %0V-PDB, a radiogenic 3’Sr/*¢Sr ratios (0.70753 to 0.70884),
extremely high Fe (2727-21053 ppm) and Mn (1548-27726 ppm) contents. All dolomite
samples have low Y/Ho ratios (23 to 40) and they also contain highly variable contents of REE
(7 to 41). Rare earth elements (REE) patterns of dolomites normalized to PAAS show distinct
positive Eu anomaly (1.3 to 2.1) and slightly flattened Ce anomalies (0.8 to 1.1). Integration

of petrographic and geochemical studies reveal the history of a variety of diagenetic processes
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highly affected by hydrothermal alteration, which include dolomitization, recrystallization,
dissolution, silicification and pyrite mineralization associated with the emplacement of the
polymetallic mineralization.

Keywords: Geochemistry; carbonate diagenesis; dolomitization; recrystallization; NE Turkey.
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Introduction

Dolomite [CaMg(COs),] is a common diagenetic mineral. Dolomite formation and its
alteration is still a matter of debate (e.g. Budd 1997; Al-Aasm et al. 2000; Warren 2000;
Machel 2004; Gregg et al. 2015). A number of models have been proposed in order to
understand the nature of paleofluid flow and its driving mechanisms of the formation of
extensive dolomitization during shallow to deep burial conditions (Morrow 1998; Warren,
2000; Al-Aasm 2003; Congwei et al. 2013). In recent years, massive dolomite bodies and
their diagenetic alterations due to hydrothermal fluids have been increasingly documented
because of their potential as hydrocarbon reservoirs and economic base-metals ore-deposits
(e.g., Leach and Sangster 1993; Wendte et al. 1998; Warren 2000; Muchez et al. 2005; Davies
and Smith 2006; Morrow 2014; Jiang et al. 2016; Navarro-Ciurana 2016). However, many
researchers proposed that it is very difficult to reveal the origin of dolomitization, because the
massive dolomite bodies are generally affected by chemical alteration due to hydrothermal
fluid flow which is affected by different tectonic event, magmatic generation and related
polymetallic mineralizations during progressive burial history (e.g., Al-Aasm 2000; Al-Aasm
and Packard 2000; Garven 1985; Muchez et al. 2000; Martin-Martin 2015; Adam and Al-
Aasm 2017; Navarro-Ciurana 2016). Therefore, nowadays, besides traditional petrographic
and geochemical analyses (e.g., Sr, Na, Fe, Mn, 13C, 130, and 37Sr/%Sr), rare earth elements
(REEs) of dolomite have been extensively applied to provide an important insights into
tracing the origins of dolomitization and hydrothermal alterations in dolomites (e.g., Banner et
al. 1988; Qing and Mountjoy 1994; Wendte et al. 1998; Azomani et al. 2013). However,
various questions still remain debated concerning REE signatures of dolomite, because these
signatures can be significantly altered by meteoric water and hydrothermal fluids during the
diagenetic evolution (Murray et al. 1991; Webb and Kamber 2011; Shields and Stille 2001;

Nothdurft et al. 2004; Webb et al. 2009). Nowadays numerous studies have been focused on
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the origin of dolomite using its REE signature (Wang et al. 2014; Liu et al. 2017; Yang et al.
2018). These studies suggest that both contents of REE and their distinct patterns can be used
as geochemical tools to provide a better understanding of hydrothermal alteration and
evolution of dolomites (Hecht et al., 1999; Bau and Alexander 2006; Yang et al. 2018).
Large-scale, massive dolomite bodies are well preserved in the Eastern Pontides (NE
Turkey), which is known as one of the best examples of the metallogenic provinces in on the
Alpine-Himalayan belt. These dolomite bodies are hosted in the Upper Jurassic-Lower
Cretaceous Berdiga Formation composed of platform carbonates. In this region, Berdiga
Formation was investigated by many researchers in terms of its stratigraphic, lithologic and
structural attributes (e.g. Tashi 1991; Kirmaci 1992; Koch et al. 2008 and many others), but
little efforts have been made to contribute to the understanding of the origin of dolomitization
(Kirmact et al. 2018). Moreover, massive dolomite bodies of Berdiga Formation hosts
important economic mineralizations (Pb-Zn-Cu-Au-Ag) in Hazine Magara area, which
comprises one of the typical exposures of the succession in the southern part of Eastern
Pontides (Akgcay et al. 2011). However, there have not been attempts for a better
understanding of the effect of hydrothermal fluids on dolomites and the relationship with Pb-
Zn-Cu-Au-Ag occurrences. Therefore, the study area is an ideal location to understand not
only the origin of dolomite but also the later influence of hydrothermal fluids associated with
poly-metallic mineralizations. This will be accomplished via traditional petrographic and
geochemical analyses combined with rare earth elements signatures. Hence, in the present
study, we focus on the massive dolomite bodies in Hazine Magara area with the main
objectives:
(1) To decipher the diagenetic evolution of the formation and origin of dolomite; and (2)
to provide a better understanding of the hydrothermal alteration associated with emplacement

of the polymetallic mineralization on dolomites.
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Regional Geological Framework

Sakarya Zone, which geographically corresponds to the northern part of Turkey, is bordered
by the Black Sea to the north and by the Izmir-Ankara-Erzincan suture to the south (e.g.,
Okay and Tiiysiiz 1999). The eastern part of the Sakarya Zone is generally called as Eastern
Pontides (Fig. 1). The Eastern Pontides has experienced Alp-Himalayan tectono-magmatic
evolution and represents one of the most important metallogenic provinces in the Alpine-
Himalayan Orogenic Belt system and (e.g. Ketin 1966). The studied massive dolomite bodies
are well exposed in the southern part of the Eastern Pontides (Fig. 1). Stratigraphically, the
Hercynian basement of the area is composed of pre-Carboniferous high-degree metamorphic
complex and Permo-Carboniferous granitoid intrusions (Okay and Sahintiirk 1997). Lower-
Middle Jurassic volcano-sedimentary series are considered as rift sediments (Senkdy
Formation; 2000 m thick) unconformably overlie the Hercynian basement. Upper Jurassic-
Lower Cretaceous has witnessed relatively stable tectonic regime in the Eastern Pontides, on
which is located at the passive continental margin of the northern branch of Neotethys (Goriir
1988; Okay and Sahintiirk 1997). In addition to the stable tectonic regime, equatorial-
subequatorial paleoclimate conditions facilitated the deposition of Upper Jurassic-Lower
Cretaceous carbonates (Berdiga Formation). The Upper Jurassic-Lower Cretaceous
carbonates, which overlain generally conformably the rift-related volcano-sedimentary
sequence, have been studied by numerous authors (e.g. Kirmaci 1992; Kirmaci et al. 1996;
Koch et al. 2008; Tasl1 et al. 2000). The carbonates were described as mainly composed of
platform carbonates showing varying lithofacies; changing from supratidal to slope both
laterally and vertically (Tasli 1991; Kirmaci 1992; Kirmaci et al. 1996; Koch et al. 2008). In
addition, in many recent studies researchers show that vertical movement of the syn-

sedimentary extensional tectonic regime might probably caused the progressive deepening of
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the environment, so the inner platform environment evolved into an outer platform to slope
during the late Aptian-Albian time (Y1ldiz et al. 2017).

In the study area, the carbonates are affected by large-scale dolomitization and host the
economic polymetallic mineralization as veins and lenses within or near its upper contact with
the overlying formation (Akcay et al. 2011). Akcay et al. (2011) also reported that the Pb-Zn-
Cu-Au-Ag mineralization co-exists with massive pyrite, sphalerite, galena, and chalcopyrite
lenses. The Upper Cretaceous volcano-sedimentary sequence (Okay and Sahintiirk, 1997)
deposited in rift basins resembles the sequence of the magmatic arc but subduction polarity is
still controversial (e.g., Dewey et al. 1973; Sengor and Yilmaz 1981; Bektas et al. 1999;
Eyuboglu et al. 2014). In the southern part of the Eastern Pontide, the sequence comprises of
three different assemblages. The first assemblage, the lower part of the sequence, is
represented by yellowish-colored, sandy limestones on the underlying platform carbonates.
The second assemblage, which is nearly the middle part of the sequence grades upward to
globotruncana- bearing red pelagic limestones. The third assemblage, which is the uppermost
of the sequence, consists of dominantly of marl, claystone, siltstone, sandstone, micritic
limestone alternations and locally with interbedded felsic tuff (Okay and Sahintiirk 1997;
Eyuboglu 2015). Lower Cenozoic rocks that unconformably overlie the Upper Cretaceous and
older rocks are widely distributed in the northern part of the studied area. These units are
mainly represented by basalt-andesite and associated pyroclastic rocks and Nummulite-
bearing limestone (Arslan and Aliyazicioglu 2001; Arslan and Aslan 2006; Eyuboglu et al.
2013). The youngest rocks of the study area are Eocene in age and consists of oval-shaped

granitic intrusions (Eyuboglu et al. 2017).

Methods
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Seventy-two samples were collected from Hazine Magara 72 m thick-stratigraphic
section of Upper Jurassic-Lower Cretaceous Berdiga Formation in Glimiishane, (NE Turkey)
(Fig. 1). The petrographic analysis was conducted on thin sections that were stained with
alizarin-red S and potassium ferricyanide (Dickson 1966). Cathodoluminescence properties of
selected samples were examined at the Istanbul Technical University with CITL (Cambridge
Image Technology Ltd.) Cold Cathodoluminescence, Model 8200 Mk5-2 mounted on a Nikon
Eclipse LV100-POL microscope integrated with an optical spectrometer (OS) and an energy-
dispersive spectrometer (EDX). The system was operated at 10-20 kV and 450-500 mA
conditions, and a vacuum was fixed at 100-1000 mbar. X-ray diffractometry (XRD) of
selected samples was done with a Rigaku DMAX IIC x-ray diffractometer (Cu-Ka radiation
~35 kV, 15 mA). Scanning rate was 2°/min with 5-70° 26. Microthermometric measurements
of fluid inclusions were carried out with Linkam THMSG-600 with the cooling/heating stage
that was calibrated using Fluid Inc. synthetic standards. Temperatures of homogenization and
last ice melting have standard errors of 1 °C. Tm values were used to calculate salinity
expressed as wt% NaCl equivalent (Bodnar, 1993): wt% NaCl = 1.78*T,, — 0.0442*(T,,)> +
0,000557*(T,,)* (Bodnar 1993). SEM characteristics of selected samples were examined at
the Science and Technology Application and Research Center (BILTEM), Bozok University
using FEI, Quanta FEG-450 scanning electron microscope integrated with an AMETEK-
EDAX, Octane Plus Energy Dispersive Spectroscopy and Field Emission Gun. The system
was operated at 10-20 kV and 450-500 mA conditions, and a vacuum were fixed at 100—
1000 mbar.

Major, trace element and REE contents of selected samples were determined with the
ICP-EAS (Inductively Coupled Plasma-Atomic Emission Spectrometer) method. Sample
preparation (dissolving in acid and filtering) and measurements were conducted at ACME

Analytical Laboratories Ltd. (Canada). Deduction limits of elements are 0.01% for Ca, Mg,
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Na, and Fe and 5 ppm for Mn and Sr. The dolomite and belemnite samples (10—15 mg) were
also analyzed for their oxygen and carbon isotope contents. The samples were reacted in
vacuo with 100% pure phosphoric acid for at least 4 hours at 50°C for dolomite and 25°C for
calcite. The extracted CO, gas was analyzed for isotopic ratios on a Thermo Finnigan Delta
Plus Ion Ratio Mass Spectrometer (IRMS). Precision was 0.05%o for both 3!3C and 8'0. The
values of carbon and oxygen isotopes are reported in per mil (%o) relative to the VPDB
(Vienna Pee Dee Belemnite) standard. These analyses were conducted at the Pacific Centre
for Isotopic and Geochemical Research (PCIGR) laboratories of the Bristol Columbia
University. 37Sr/%Sr isotope ratios of these samples were also measured at the same
laboratory. The long-term measured value for SRM987 is 0.71026 +0.000015 (1 SD).
Concentrations were measured at Thermo Finnigan Element II, High-Resolution ICP-MS by
using the method described by Pretorius et al. (2006). All measured REE concentrations of all
replacive dolomites were normalized to Post-Archean Australian shale (PAAS) and the PAAS
data from Taylor and McLennan, 1985. We use the following method: 1) Eu-anomaly =
Eun/(Smy+Gdy)?? and 2) Ce anomaly= Ce/Ce*=3Cey/(2Lan+Ndy) to test whether a real Eu
and Ce anomaly exist (Bau and Dulski 1996; MacLeod and Irving 1996; Shields and Stille

2001; Lawrence et al. 2006).

Results

Petrography

A variety of diagenetic processes including -calcite cementation, micritization,
dolomitization, dolomite recrystallization, dissolution of dolomite, silicification and pyrite
mineralization were observed in the Berdiga Formation carbonates. A paragenetic sequence is
presented in Figure 2 based on petrographic observations and cross-cutting relationships.

Diagenesis was initiated by early calcite cementation which occurs as very fine crystals

https://mc06.manuscriptcentral.com/cjes-pubs
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ranging between 10 pum and 50 um in size. Calcite cementation is represented by two types: 1.
fine crystalline isopachous rim cement, surrounding allochems which were strongly
micritized, and 2. fine crystalline equant calcite cement, filling interparticle pores in
grainstones (Fig.3a). All examined rocks are pervasively dolomitized. Pervasive
dolomitization is represented by three different types of the replacive dolomite textures: (1)
Microcrystalline planar-s dolomite (e.g. Sibley and Gregg, 1987) with crystal size ranging
from 25 to 50 um, replacing micritic matrix (called here microdolomite, Md; Fig. 3b). Micro-
stylolites are observed crosscutting Md dolomites (Fig. 3b). (2) Fabric-preserving, fine to
medium crystalline planar-s dolomite (Fpd, Fig. 3c). This type of dolomites generally
replaced grainstone facies of the formation. (3) Fabric-destructive medium to coarse
crystalline planar-s dolomite with crystal size ranging from 100 to 150 pm (Fdd, Fig. 3d).
Crystals often have cloudy cores with clear rims under plane polarized light and sharp
extinction under crossed polars. Low amplitude stylolites cut across Fdd dolomite (Fig. 3d).
Md, Fdp and Fdd dolomites have an abundance of about 10-25%, 15-20%, 45-65%
(volumetrically and respectively), but dolomite cement has a very minor abundance (< % 0.5).
Dolomite cement (Cd) is rare and occurs in hairline fractures and vugs (Fig. 4a, c). Cd
comprises of planar to non-planar crystals with a size in the range of 50-100 um that exhibit a
sharp extinction. Moreover, microcrystalline quartz also observed in dissolution vugs and
occluding hairline fractures. Silicification is widespread in the upper part of the section.
Evidence of dissolution of all type of dolomites observed along stylolites where the resulted
porosity is filled by microcrystalline quartz and pyrite minerals (Fig. 4a-f and Fig. 5a-d). In
addition, pyrite is the second common non-carbonate mineral observed within dissolution
pore of replacive dolomite (Fig. 5a). The scattered euhedral pyrite crystals are very small (10-
60 pum) euhedral and occlude vuggy pore spaces. In most samples, pyrite co-exists with

microcrystalline quartz in the pore spaces.
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Fluid inclusions

Fluid inclusion microthermometry data were obtained from Fdd Dolomite and dolomite
cement (Cd). Fluid inclusions are quite small (3- 6 pm in size) and have two phases (liquid
and vapor). Most of the fluid inclusions are represented by primary inclusions, but secondary
inclusions along the outer rim of crystal and micro-fractures are also observed. In these cases,
temperature data were recorded only from primary, two-phase liquid-vapor inclusions.
Homogenization temperatures of primary fluid inclusions in cloudy dolomite cores range
from 85 to 170 °C, and those distributed along growth zones (rims) are 160-230 °C for
replacive dolomite. However, dolomite cement shows a higher range of Th values from 200 to
240 °C. Last ice melting temperature of dolomites cannot be measured due to the small size of

the inclusions.

Strontium isotopes

Seventeen samples of belemnite shells and dolomites were analyzed for their strontium
isotopic composition. ¥’Sr/Sr ratios of the belemnite shell range between 0.70739 and
0.70742 falling within the range of the Valanginian marine carbonate values (Veizer et al.
1999). Replacive dolomite 7Sr/%Sr ratios vary from 0.70753 to 0.70879 which are enriched
with respect to Valanginian marine carbonate values. In general, most dolomite types have
relatively higher Sr isotopes than the reported for Late Jurassic-Early Cretaceous seawater

values (Fig.7a) (Veizer et al. 1999).

Stable carbon and oxygen isotopes
Belemnite shells, collected from the Berdiga Formation, has 8!80 values ranging

between -2.51 and -1. 40 %o V-PDB, and 3'3C values spanning between 0.10 and 1.84 %o V-
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PDB (Fig. 7b; Table 1). Both 6'0 and 3'3C values are in agreement with the range reported
for postulated calcite precipitated from Late Jurassic- Early Cretaceous seawater (Veizer et
al.1999; Veizer and Prokoph 2015). The approximated coeval marine dolomite spans from
0.34 to 2.44%o using the equation of A0 (8" O0go1omite — 0¥ Ocalcite-belemnite= 3-84%0 VPDB (e.g.
Vahrenkamp and Swart 1994). Md dolomite possesses the highest 6'80 values (average -5.54
%o, excluding one sample). Fpd dolomites show relatively lower 6'80 values (average -
6.32%o0). Fdd dolomite usually possesses the lowest 8'80 values (average -6.95%0) among all
of the replacive dolomites. 380 values of Berdiga dolomites are much lower than those
postulated values for dolomite precipitating from Late Jurassic—Early Cretaceous ocean water
(Veizer et al. 1999). The 8'3C values of all replacive dolomites (0.69 to 3.13 %o) are nearly
similar to those of the belemnite sample (0.10 to 1.84%o) and matches up with values the
estimated 6'°C (3.0 to 0%0VPDB) of calcite precipitated from the Late Jurassic-Early

Cretaceous seawater (Qing and Veizer 1994; Veizer et al. 1999; Shields et al. 2003).

Major-trace and REE characteristics

Trace, major and rare earth elements are presented in Tables 1 and 2. All reported
replacive dolomites show similar CaCOj; contents ranging from 58 to 56 wt.%, MgCO; values
between 42 and 44 wt.%. These dolomites are nonstoichiometric, calcium-rich and have but
significantly high Fe (2727-21053 ppm; average 7451 ppm) and Mn (1548-9293; average
4946 ppm) contents. Moreover, a Fdd dolomite crystal was analyzed along the line from core
to overgrowth rims (Fig. 6a-c). Generally, overgrowth rims show higher Fe and Mn values
than the core (Fig. 6a-c). Further, most of them have relatively low Sr (56-243 ppm; average
88 ppm) and variable Na (74-222 ppm; average 162 ppm) contents. Overall REE abundances
(3 REE) of replacive dolomites range from 6.4 to 41.2 ppm, which are higher than REE

concentrations of belemnite samples. Dolomite samples have low Y/Ho ratios (23 to 43). The
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255  REE patterns of all types are fairly similar and display various degrees of positive Eu anomaly
256  (0Eu), which ranges from 1.3 to 2.1 with average 1.6 and slightly flattened Ce anomaly (5Ce)
257  which ranges from 0.8 to 1.1 with average 0.9 (Fig.9a, b, c).

258

259  Discussion

260  Diagenesis

261 Petrographic and geochemical data indicate that Berdiga Formation has undergone a
262  complex diagenetic history since its deposition. Different stages of diagenesis have been
263  suggested to explain the shallow to deep burial diagenetic phases present in the Berdiga
264  Formation (Fig. 2).

265

266  Early shallow burial stage

267 Upper Jurassic-Lower Cretaceous carbonates were deposited on an inner platform to
268  deep shelf environments (e.g. Koch et al. 2008, Yildiz et al. 2017). Facies produced in such an
269  environment is represented by non-laminated mudstone, foraminiferal grainstone/packstone,
270  allochthonous bioclastic wackestone/mudstone microfacies (Y1ildiz et al. 2017). In the Berdiga
271  Formation, diagenesis was initiated by micritization and early calcite cementation which
272 occurs in grainstone microfacies (Fig. 3a). Micritization and calcite cementation are usually
273 attributed to being linked to marine and very early shallow burial stage (Tucker and Wright
274 1990; Fligel 2004).

275

276  Early to medium burial stage

277 During the early shallow burial stage, the micrite of the mudstone facies was likely
278  replaced by microdolomite (Fig. 3b). Petrographic evidence also supports this interpretation

279  because microstylolites crosscut the microdolomite (Fig. 3b, d). With progressive burial,

https://mc06.manuscriptcentral.com/cjes-pubs
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grainstone/packstone facies are dolomitized by fabric preserving and fabric destructive
dolomite; both are also crosscut by low amplitude stylolite. This crosscutting relationship of
these dolomite types suggests that dolomitization likely formed during the early to medium
burial stage before the onset of stylolitization. Stylolite generation ensues from increasing
overburden stress and related increase of temperature during burial (e.g. Paganoni et al. 2016).
Many researchers reported that the minimum depth of about 500 m is suggested for the
formation of low amplitude stylolite generation (Dunnington 1967; Drivet and Mountjoy
1997; Duggan et al. 2001). If originally estimated thickness (at least 500-900m) of the
Berdiga Formation is considered, dolomitization probably initiated in the buried lower part of
the formation during the depositional time of the upper part of the sequence. At a time of
deposition, the vertical movement of the syn-sedimentary extensional tectonic regime, which
promoted deepening of the depositional environment during the late Aptian-Albian (e.g.
Yildiz et al. 2017), probably resulted in fracturing-faulting of the carbonate platform. Fracture
lines could provide suitable pathways for dolomitizing fluids and will facilitate pervasive
dolomitization of the formation (Kirmaci et al. 2018). Fracture-filled dolomite cement is
observed in Kusakkaya area which is nearly 5 km west of the studied dolomites. This is also
supported by huge dolomite bodies (i.e. a 500 m thick), which are located along the main
fracture-fault lines and in parts of structural heights facing depression areas (Eren 1983;

Kirmaci 1992).

Deep burial stage

Deep burial processes, which occurred during Eocene magmatic event (Eyuboglu et al.
2017), hot hydrothermal fluids circulated in the basin and resulted in recrystallization of MD,
Fpd, and Fdd. Recrystallization of replacive dolomites have been suggested in previously

published works (e.g. Martin-Martin 2015; Al-Aasm and Clarke 2004; Adam and Al-Aasm
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2017). Recrystallization of dolomite may involve both textural as well as chemical
modifications (Al-Aasm 2000). Gregg (2004) reported that unimodal size distribution of
dolomite crystals and coarsening of crystal size can be indicative of the recrystallization.
Similar petrographic characteristics are observed in the all replacive dolomite types (Fig.4.e
and 5.b). The recrystallization of dolomite involved several geochemical changes including a
negative shift in 3'80 isotopes (Kupecz et al. 1993). Assuming that the origin of dolomitizing
fluids was remnant Late Jurassic-Early Cretaceous seawater, then the measured 6 180 values
are more depleted than calculated & '30 values for the replacive dolomites according to the
dolomite-fluid fractionation equation (Fig. 7b) (0.6 to —2.9%o; Land 1983). Negative 3'%0
values can be explained in terms of higher burial temperatures and/or variable isotopic fluid
composition (Adam and Al-Aasm 2017; Al-Aasm and Crowe 2018). Based on the
geochemical and petrographic evidence, it could be interpreted that replacive dolomite types
recrystallized in a burial diagenetic environment and/or altered by hydrothermal fluids.
Assuming a 30 °C/km geothermal gradient and a 20 °C surface temperature, a minimum of 2.5
km of sediments would have needed to support the maximum temperatures (95 °C), the
sufficient depth of burial reached at the end of the Eocene time based on the thickness of the
overlying formations (Kirmaci et al. 2018). This is also supported by the homogenization
temperatures in the core of Fdd dolomite crystals (85-170) which necessitate such 2.2-4.5 km
burial depth. Furthermore, a minimum homogenization temperature (160-230 °C) measured at
the rim of Fdd dolomite requires that it is formed at a much deeper burial depth such as 4.7-7
km. However, the burial history of Berdiga Formation does not support such a depth, because
maximum burial depth is estimated at 2.9 km (Kara-Giilbay et al. 2012). Therefore, the
proposed temperatures could not be achieved by regional geothermal gradient alone, but
instead are possibly caused by the Eocene magmatic generation which was widespread in the

Eastern Pontide (Eyuboglu et al. 2017).
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Therefore, the negative values of & 80 of replacive dolomites are likely due to elevated
temperatures during recrystallization related to hydrothermal effect induced by Eocene pluton.
Moreover, all investigated dolomite samples have distinctly higher 8’Sr/*Sr ratios than those
reported for Late Jurassic-Early Cretaceous seawater (Fig. 7a). Hence, the radiogenic Sr
isotopic composition might be related to the flux of hydrothermal fluids during the Eocene
granitoid development. However, Sr/%Sr ratios of dolomites are higher than Eocene Pluton
(0.70482 to 0.70548; Eyuboglu et al. 2017), which may have provided the acidic fluids for the
hydrothermal alteration. Considering less radiogenic the 37Sr/3¢Sr values of the granitoid
relatively to replacive dolomites (Karsli et al. 2007; Eyuboglu 2017), alteration fluids may
have interacted with overlying siliciclastic rocks to pick up a radiogenic signal during its
infiltrating process (e.g., Collins 1975; Banner 1995). McLennan at al. (1990) reported
87Sr/%Sr ratios varying from 0.7090 to 0.7340 for quartz sand in passive margin turbidites
which are similar to the overlying formation in the study area. Therefore, diagenetic fluids
became enriched in ®7Sr/%Sr after circulating and interacting with siliciclastic rocks (Fig.7a).
In addition, enrichment in Mn and Fe values of replacive dolomites support this scenario,
because hydrothermal fluids could probably be interacted with underlying basaltic rocks of
Senkdy Formation (these basaltic rocks are characterized by high thickness (roughly 50 m in
the study area), and high FeO (4.89 to 10.73 wt.%) and MnO contents (0.08-0.15 wt.%;
Arslan et al. 1999) or overlying basaltic rocks of Alibaba Formation (the basaltic rocks
generally are represented by high thickness up to 500 m and their FeO and MnO contents
vary from 2.69 to 12.13 wt.%, 0.09 to 0.20 wt.% respectively; Arslan et al. 1999) during the
convectional circulation and altered fluid chemistry. Therefore, it could be predicted that they
resulted in both epithermal veins polymetallic mineralization in the upper part of the
formation and recrystallization of all dolomite types (Fig. 8a-c) (Kupecz et al. 1993; Akcay et.

2011). However, Warren (2000) proposed that later burial dolomites may have much higher
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Fe and Mn levels owing to the reducing conditions than the early near-surface dolomite.
Progressive burial in association with a reducing environment has favored Fe concentrations
(Adam and Al-Aasm 2017). In the study area, not only microdolomite (Md) and fabric
preserving dolomite (Fpd) dolomite formed at early burial environment, but also the
formation of fabric destructive dolomite (Fdd) may occur at shallow to intermediate burial.
However, Fe and Mn concentrations of all dolomite types are considerably higher than
Bagoba Yayla dolomites which are located in northern part of the Eastern Pontide and formed
at shallow to intermediate burial depth (Kirmaci et al. 2018). Therefore, the extremely high Fe
and Mn values are probably related to the epithermal vein polymetallic mineralization.
Moreover, the overgrowth zone in Fdd dolomite crystal which was analyzed along the line
from core to overgrowth rims (Fig. 6a-c) shows higher Fe and Mn values than the core. The
elevated Mn and Fe concentrations support the hypothesis that hydrothermal fluids, which
were associated with polymetallic mineralization could have been instrumental during
recrystallization of earlier formed dolomite. Furthermore, mineralization is attributed to result
in the magmatic generation produced in the Giimiishane region during the Eocene (Akcay et
al. 2011; Akaryali and Akbulut 2016). Akgay et al. (2011) which occurred within a wide
range of temperatures (130-370 °C; average =240 °C). This has been confirmed by fluid
inclusion analysis on quartz and barite which suggest epithermal conditions with low
salinities (<8.5wt% NaCl eq.). Our fluid inclusion homogenization temperatures (up to 240
°C) measured in Cd dolomite and outer overgrowth rim of Fdd dolomites are in accordance
with this previously published data.

The progressive enrichment in average ZREE of diagenetic minerals and their similar
REE patterns are generally controlled by diagenetic fluids with an increase in water/rock
interaction ratio during the progressive burial (Haeri-Ardakani et al. 2013a, 2013b, 2013c;

Qing and Mountjoy 1994a). However, concentrations of XREE of all replacive dolomite types
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are higher than those of modern warm water brachiopods (Azmy et al. 2011; 0.05-0.73 ppm)
and belemnite samples (Table 2). Therefore, all replacive dolomite types do not show REE
seawater signatures and the elevated REE contents could be caused by recrystallizing fluids
during the progressive burial. A possible source for higher XREE content in the Eastern
Pontide is Eocene Granitoid whose ZREE contents varies 126-138 ppm (Eyuboglu et al. 2017).
Moreover, REE patterns of all dolomite types dolomites normalized to PAAS display distinct
positive Eu anomaly, and slightly positive to negative Ce anomaly (Fig. 9a-c). Hollis et al.
(2017) reported negative Ce and positive La anomalies, and slightly flattened HREE for fault-
controlled dolomites, which reflect suboxic seawater signatures. Navarro-Ciurana et al. (2017)
also reported similar REE characteristics of Ridpar dolostones (Upper Jurassic to Lower
Cretaceous) and these features are widely regarded as characteristic of marine carbonates
formed from oxygen-rich shallow water fluids. Therefore, the negative Ce anomaly is widely
regarded as a characteristic feature of seawater, but slightly flattened Ce anomaly could likely
be a result of recrystallization with hydrothermal fluids due to the oxidative removal of Ce
from seawater and incorporation into dolomites (e.g. Sholkovitz and Shen 1995; Azmy et al.
2013). Moreover, positive Eu anomaly in carbonates is a typical signature of the precipitation
from or influence of hydrothermal fluids (Hecht et al. 1999; Frimmel 2009; Parsapoor et al.
2009). In addition, lower Y/Ho ratios (between 23 and 40) are also supporting hydrothermal
alteration because Y and Ho can mobilize from host rocks into fluids during hydrothermal
alteration (Fig. 9d) (e.g. Kucera et al. 2009). The lower Sr concentrations in replacive
dolomites types compared to belemnite samples can be clues of the recrystallization (Fig. 8c)
(e.g. Al-Aasm and Clarke 2004).

In summary, several petrographic and geochemical lines of evidence support
recrystallization of dolomite due to the hydrothermal fluids associated with polymetallic

mineralization including 1) depletion in 3'%0 values with respect to Late Jurassic-Early
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Cretaceous seawater; 2) radiogenic 87Sr/%6Sr ratios; 3) extremely high Fe (2727-21053 ppm)
and Mn (1548-27726 ppm) contents; 4) higher homogenization temperatures of fluid
inclusions and elevated Mn /Fe values from core to rim; 5) slightly flattened Ce, positive Eu
anomaly, and Y/Ho ratios; (6) presence of secondary pyrite and 7) unimodal size distribution
and coarsening of dolomite crystal size.

Hydrothermal fluids which are associated with Pb—Zn mineralization might lead to not
only recrystallization but also dissolution and precipitation of sulphides occurring mainly in
the ore body and its immediate surroundings (Corbella et al. 2004; Appold and Garven 1999).
Many researchers reported that circulation of acidic fluids derived from the granitic plutons
and related mineral deposits could be the cause for the dissolution of carbonate minerals in
deeper burial conditions (e.g. Martin-Martin et al. 2015). Silicification, which can be related
to Eocene pluton, probably affected the studied section during deeper burial diagenetic
processes as evidenced by silica replacement along the stylolites and vugs (Fig. 5. a-d).
Furthermore, scattered, euhedral pyrite minerals (5-10 pm) are observed in vugs within all
replacive dolomite types (Figs. 4b, d, f, and Fig. 5a). Moreover, similar CL patterns of the
dolomite rim to Cd dolomites can indicate an alteration by fluids responsible for later cement

dolomites (Fig. 4. a, ¢) (e.g. Chen et al. 2004; Guo et al. 2016).

Source of magnesium and dolomitization mechanism

Berdiga Formation has been pervasively dolomitized carbonates for a distance of meters
to kilometers. Dolomite bodies are large volumes with irregular morphology. The dolomite
bodies are located near or an along the main fault lines, which define the borders of early-
Middle Jurassic rift basin, and in parts of structural heights facing depression areas (Eren
1983; Kirmaci 1992). Such a large-scale dolomitization replacing Upper Jurassic-Lower

Cretaceous limestones has been reported in throughout the mid-latitude shallow water domain
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of Tethys and several models which accounts for the source of dolomitizing fluids and
mechanism have been suggested to explain the origin of pervasive dolomitization (e.g.
Murgia et al. 2004, Iannace et al. 2011; Martin-Martin et al. 2015; Navarro-Ciurana 2016).
The integrated petrographic, stable and Sr isotopes, geochemistry and fluid-inclusion
microthermometry provided clues to the origin of pervasive dolomitization. During the Late
Jurassic-Early Cretaceous, the study area was located within the platform environment on a
passive continental margin of the northern branch of Neotethys (Goriir 1988; Okay and
Sahintiirk 1997). In such a tectonic setting and warm equatorial-subequatorial paleoclimate
conditions could enhance and facilitate evaporation (e.g., Friedrich et al. 2012). This scenario
agrees in general with petrographic characteristics of Md, which is possibly formed at
somewhat elevated temperatures (below 50°C). Hence, it can be linked to
penecontemporaneous to near-surface dolomitization (Gregg and Sibley 1984; Al-Aasm and
Packard 2000; Warren 2000; Machel 2004). Therefore, sabkha environment could facilitate
the dolomite precipitation/replacement for microdolomite (Md) from highly saturated brines
by lowering the kinetic barriers at relatively elevated temperatures. However, the lack of
primary evaporite minerals implies that hypersaline dolomitization model can be ruled out
(e.g. Warren 2000). Moreover, the Na contents and the negative shift in the O isotopes of Md
cannot be explained by this model. CL characteristics of Md (Fig. 4.c) points to the presence
of Fe in the dolomitizing fluid (Pierson 1981; Machel and Burton 1991). Bacterial sulphate
reduction model is generally considered to play a role in this kind of CL characteristics, but
the lack of primary pyrite within intercrystalline pores of Md may indicate that this
mechanism is not applicable for the formation Md (Vasconcelos and McKenzie 1997; Preto et
al. 2015). Furthermore, petrographic characteristics of Fpd and Fdd show the absence of
associated evaporites and pyrite minerals, and the negative shift in 3'®0 values of these

dolomites may imply that hypersaline dolomitization model can also be ruled out. If
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dolomitization occurred in a mixing zone, then the 8'3C values of dolomite could not be
explained. However, the 6'3C values of all dolomite types are highly similar to the postulated
values for Late Jurassic-Early Cretaceous seawater (Veizer et al. 1999; Shields et al. 2003).
The other potential source for dolomitization to consider is dewatering of underlying
facies which could have provided dolomitizing fluids for the overlying mudstone facies which
have a high porosity and permeability during the early phase of the burial compaction
(Mresah 1998). Taking into account that Berdiga Formation is composed of mostly mudstone
and/or wackestone microfacies (Koch, et al. 2008), suggest that these fluids could have been
the source for dolomitization. These kinds of dolomitizing fluids are also suggested by
Kirmaci (2013) for the Upper Jurassic platform carbonates in the southern part of Turkey.
However, Kirmaci et al. (2018) reported similar types of replacive dolomite as well as the
other types in the Trabzon area (NE Turkey). Such a large-scale dolomitization generally
necessitate high amounts of magnesium source in order to pervasively replace the host
limestone (Machel 2004; Davies and Smith 2006). The large source of Mg in the underlying
formation is not apparent in the study area and also the early to the medium stage of chemical
compaction features, such as stylolites crosscuts all dolomite types. Therefore, burial
compaction model cannot explain the origin of pervasive dolomites. On the other hand, the
formation of replacive dolomites occurred in the early stage of burial history as evidenced by
the presence of stylolites crosscutting Md and Fdd Dolomite (Kirmaci and Akdag 2005;
Adam and Al-Aasm 2017). Therefore, the petrographic evidence does not support the burial
compaction model for all replacive dolomite types.
Mg sources for the pervasive dolomitization could have only been supplied by considerable
volumes of seawater funneled through the main fault zone to the facies with high porosity and
permeability (Fig. 10a). In similar conditions, Martin-Martin et al. (2013, 2015) and Gomez-

Rivas et al. (2014) suggested that dolomitization of the Lower Cretaceous limestones is
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attributed primarily to be controlled by the regional fault system in eastern Spain. Martin-
Martin et al. (2015) also reported dolomites with & 80 values between -6.18 and -10.51%o,
and & 13C values between 1.89 and 5.75%o, which are similar to the observed dolomites in this
study (Table 1). Moreover, the majority of 8 '3C values of pervasive dolomite are in
agreement with the range reported for Late Jurassic-Early Cretaceous seawater values
suggesting that carbon was derived internally from the same seawater or host carbonates. Na
concentrations of replacive dolomite types (74-220 ppm) are consistent with those deposited
from normal seawater (about 110-160 ppm) (Veizer 1983; Qing and Mountjoy 1994b). The
lower Na concentrations in a few samples are attributed recrystallization of dolomite by Na-
depleted hydrothermal fluids (Kirmact et al. 2018). Depletion in Sr concentrations (56243
ppm) in replacive dolomite can be also related to recrystallization, because calcian dolomites
which deposited from normal seawater, has nearly 250 ppm in Sr concentration (Fig. 7d) (e.g.
Vahrenkamp and Swart 1990). However, high Sr/%Sr ratios (0.70753 to 0.70884), extremely
high Fe (2727-21053 ppm), Mn (1548-27726 ppm) values, REE patterns of dolomites with
distinct positive Eu anomaly and no significant Ce anomalies are not typical of dolomites
formed for this setting, and original signatures could have been completely obliterated during
recrystallization. All types of replacive dolomites have probably been recrystallized by
hydrothermal fluids associated with polymetallic mineralization under high-temperature

domain during the emplacement of Eocene magmatism (Fig. 10b).

Conclusions

Field, petrographic and geochemical data indicate that the Berdiga Formation has
undergone a complex diagenetic history, from shallow to deep burial. Diagenesis was initiated
by micritization and early calcite cementation in grainstone microfacies. With progressive

burial, reactivation of extensional tectonics resulted in fracturing and faulting of the carbonate
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platform and formation of small-scale horst/graben system from time to time. Fractures could
have provided suitable pathways for dolomitizing fluids of seawater origin and facilitated
pervasive dolomitization of the formation. Dolomitization is one of the most important
processes which affected all sections. Three different types of the replacive dolomite textures
are recognized: microdolomite (Md Dolomite), fabric preserving dolomite (Fpd Dolomite)
and fabric destructive dolomite (Fdd Dolomite). Deeper burial processes, which occurred
during magmatic event accompanied by hot hydrothermal fluids associated with emplacement
of the polymetallic mineralization circulated in all dolomite and likely resulted in
recrystallization. Recrystallization is the second important process affecting all dolomites.
Moreover, hydrothermal fluids might lead not only recrystallization, but also dissolution,

silicification, and pyrite mineralization.
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Figure Captions

Figure 1. Location (A, B) and geological map of the study area (C ) (modified after Giiven,
1998).

Figure 2. Paragenetic sequence of the studied formation showing early to late diagenetic
processes.

Figure 3. Photomicrographs of studied sections: a) grainstone facies. Mic: micritized
allochem, Cc: Calcite cement; b) Microdolomite (Mc) which is microcrystalline planar-s
dolomite with crystal size ranging from 25 to 50 um. Notice microdolomite has been cross-
cut by a micro-stylolite (Sty); ¢) Fabric preserving dolomite (Fpd) which is fine to medium
crystalline planar-s dolomite; d) Fabric destructive dolomite (Fdd) which is medium to
coarse crystalline planar-s dolomite with crystal size ranging from 100 to 150 um. Crystals
often have cloudy cores with clear rims. Fdd is crosscut by a low amplitude stylolite (Sty).

Figure 4. Photomicrographs of cathodoluminescence and BSE images showing the
replacement dolomites (Md, Fpd and Fdd), dolomite cement (Cd), pyrite (Py), porosity
(por.), mineral zonation (zone) and overgrowth rim of Fdd (rim): a) CL characteristics
showing bright overgrowth rim of the fabric preserving dolomite (Fpd) and dolomite
cement (Cd) and dark/non luminescent Fpd ; b) Porosity (Por) and pyrite minerals (Py) in
the fabric preserving dolomite; ¢) CL characteristics showing dark/non luminescent
microdolomite and bright dolomite cement (Cd) which occurred along the microstylolite;
d) Polished section showing the porosity (Por) and pyrite minerals (Py) in the
microdolomite; ) CL photomicrograph showing dull to slightly bright luminescent fabric
destructive dolomite. Note the multi-zoned dolomite crystals; f) pore (Pore) and cubic

pyrite (Py) in fabric destructive dolomite matrix.
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Figure 5. Photomicrographs of paired cross-polarized and BSE images showing the
dissolution of dolomite (Dis), cubic pyrite (Py) and quartz (Q): a) dissolution of Fdd and
presence of cubic pyrite in vugs; b) microcrystalline quartz is observed in dissolution vugs
of Fdd; c) the dissolution of Md along the stylolite developed in microdolomite and minor
amount of microcrystalline quartz were filled in the dissolution vugs; d) microcrystalline
quartz cement filling microporosity.

Figure 6. a) SEM image of fabric destructive, zoned dolomite crystal (Fdd). Dolomite crystal
was analyzed along the line shown from core to overgrowth rim (EDS spot 1 to 16); b) Fe
and Mn anomalies in overgrowth rims (EDS spot 15); ¢) very slight Fe and Mn anomalies
in the core (EDS spot 10).

Figure 7. a) ®’Sr/%Sr ratios versus numerical age for the replacement dolomites; 87Sr/%Sr
curve is taken from Veizer et al., (1999). The top box shows the #’Sr/3¢Sr values of Eocene
pluton (Karsli et al, 2007 and Eyuboglu, 2017). The bottom box represents the 3’Sr/3Sr
values of sandstone (McLennan at al., 1990). b) Cross-plots of 3'%0 versus 8'°C of
dolomite types. The blue box represents Upper Jurassic-Lower Cretaceous marine
dolomite (Land, 1983; Veizer et al., 1999).

Figure 8. Cross-plots of Fe, Mn and Sr concentrations versus CaCO; for the replacement
dolomites. The box represents marine dolomite (Vahrenkamp and Swart, 1990). A
recrystallization and/or hydrothermal alteration trends are clear and distinct. The Fe and
Mn concentrations are increased whereas Sr concentrations are decreased relatively the
marine dolomites due to the epithermal vein polymetallic mineralization.

Figure 9. PAAS normalized REE pattern for fabric destructive dolomite (fdd): (a) Fabric
preserving dolomite (b) and microdolomite (c) Cross-plots of Y/HO ratios versus La/Ho

ratios. REE patterns of all types of dolomites distinct positive Eu (1.3 to 2.1) anomaly and
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slightly flattened Ce anomalies (0.8 to 1.1). A recrystallization and/or hydrothermal
alteration trend is apparent from Y/ Ho vs. La/Ho plot (Bau and Dulski, 1995).

Figure 10. Schematic model of the dolomitization (A) and recrystallization (B). With
progressive burial, reactivation of extensional tectonics resulted in fracturing—faulting of
the carbonate platform and formation of small-scale horst/graben system from time to
time. Fractures could have provided suitable pathways for dolomitizing fluids of seawater
origin and facilitated pervasive dolomitization of the formation. Fluid circulation and
dolomite formation in response to the development of the fractures (A). Deeper burial
processes, which occurred during Eocene magmatic event accompanied by hot
hydrothermal fluids associated with emplacement of the polymetallic mineralization
circulated in all dolomite and likely resulted in recrystallization and/or hydrothermal
alteration of all types of dolomite. The alteration fluids may have interacted with

overlying siliciclastics rocks to pick up a radiogenic signal during its infiltrating process

(B).
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Figure 3. Photomicrographs of studied sections: a) grainstone facies. Mic: micritized allochem, Cc: Calcite
cement; b) Microdolomite (Mc) which is microcrystalline planar-s dolomite with crystal size ranging from 25
to 50 um. Notice microdolomite has been cross-cut by a micro-stylolite (Sty); c) Fabric preserving dolomite

(Fpd) which is fine to medium crystalline planar-s dolomite; d) Fabric destructive dolomite (Fdd) which is
medium to coarse crystalline planar-s dolomite with crystal size ranging from 100 to 150 pm. Crystals often

have cloudy cores with clear rims. Fdd is crosscut by a low amplitude stylolite (Sty).
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Figure 4. Photomicrographs of cathodoluminescence and BSE images showing the replacement dolomites
(Md, Fpd and Fdd), dolomite cement (Cd), pyrite (Py), porosity (por), mineral zonation (zone) and
overgrowth rim of Fdd (rim): a) CL characteristics showing bright overgrowth rim of the fabric preserving
dolomite (Fpd) and dolomite cement (Cd) and dark/non luminescent Fpd ; b) Porosity (Por) and pyrite
minerals (Py) in the fabric preserving dolomite; c) CL characteristics showing dark/non luminescent
microdolomite and bright dolomite cement (Cd) which occurred along the microstylolite; d) Polished section
showing the porosity (Por) and pyrite minerals (Py) in the microdolomite; e) CL photomicrograph showing
dull to slightly bright luminescent fabric destructive dolomite. Note the multi-zoned dolomite crystals; f)
pore (Pore) and cubic pyrite (Py) in fabric destructive dolomite matrix.

164x184mm (300 x 300 DPI)

https://mc06.manuscriptcentral.com/cjes-pubs



Canadian Journal of Earth Sciences Page 46 of 53

-

500 L e—

Figure 5. Photomicrographs of paired cross-polarized and BSE images showing the dissolution of dolomite
(Dis), cubic pyrite (Py) and quartz (Q): a) dissolution of Fdd and presence of cubic pyrite in vugs; b)
microcrystalline quartz is observed in dissolution vugs of Fdd; c) the dissolution of Md along the stylolite
developed in microdolomite and minor amount of microcrystalline quartz were filled in the dissolution vugs;
d) microcrystalline quartz cement filling microporosity.
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Figure 6. a) SEM image of fabric destructive, zoned dolomite crystal (Fdd). Dolomite crystal was analyzed
along the line shown from core to overgrowth rim (EDS spot 1 to 16); b) Fe and Mn anomalies in
overgrowth rims (EDS spot 15); c) very slight Fe and Mn anomalies in the core (EDS spot 10).
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Figure 8. Cross-plots of Fe, Mn and Sr concentrations versus CaCO3 for the replacement dolomites. The box
represents marine dolomite (Vahrenkamp and Swart, 1990). A recrystallization and/or hydrothermal
alteration trends are clear and distinct. The Fe and Mn concentrations are increased whereas Sr
concentrations are decreased relatively the marine dolomites due to the epithermal vein polymetallic
mineralization.

158x60mm (300 x 300 DPI)

https://mc06.manuscriptcentral.com/cjes-pubs



Canadian Journal of Earth Sciences

1.000

0.100

0.010 1

Fdd Dolomite

| .
0.001y " Py Sm Ga Dy Er Yb
Ce Nd Eu Tbh Ho Tm Lu

1.000' T

-

0.100' |—
\W
|

0.010

0.001 E

|
1
|
|
I Md Dolomite
|

La Pr Sm Gd Dy Er Yb
Ce Nd Eu Tb Ho Tm Lu

Figure 9. PAAS normalized REE pattern for fabric destructive dolomite (fdd): (a) Fabric preserving dolomite
(b) and microdolomite (c) Cross-plots of Y/HO ratios versus La/Ho ratios. REE patterns of all types of
dolomites distinct positive Eu (1.3 to 2.1) anomaly and slightly flattened Ce anomalies (0.8 to 1.1). A

recrystallization and/or hydrothermal alteration trend is apparent from Y/ Ho vs. La/Ho plot (Bau and Dulski,
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Figure 10. Schematic model of the dolomitization (A) and recrystallization (B). With progressive burial,
reactivation of extensional tectonics resulted in fracturing—faulting of the carbonate platform and formation
of small-scale horst/graben system from time to time. Fractures could have provided suitable pathways for

dolomitizing fluids of seawater origin and facilitated pervasive dolomitization of the formation. Fluid
circulation and dolomite formation in response to the development of the fractures (A). Deeper burial
processes, which occurred during Eocene magmatic event accompanied by hot hydrothermal fluids
associated with emplacement of the polymetallic mineralization circulated in all dolomite and likely resulted
in recrystallization and/or hydrothermal alteration of all types of dolomite. The alteration fluids may have
interacted with overlying siliciclastics rocks to pick up a radiogenic signal during its infiltrating process (B).
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Dolomite type/ MgCO; CaCO; Na Mn Fe Sr 8"°C 50 VSr/*Sr
Belemnite (mole %) (mole %) (ppm) (ppm) (ppm) (ppm) (%o VPDB) (%0 VPDB) (£20)
Md (n=4) Max. 44 57 223 9294 21053 244 3.09 -4.05  0.70884

Min. 43 56 74 1549 2728 56 0.86 -11.38  0.70884
Avg. 44 56 167 5150 8621 117 1.68 -7.00  0.70884
Fpd (n=9) Max. 44 57 223 7125 7554 97 2.93 -4.61 0.70879
Min. 43 56 148 4337 4826 68 1.00 -8.73  0.70788
Avg. 44 56 181 5585 5961 80 2.12 -6.32  0.70820
Fdd (n=9) Max. 44 58 223 6196 15178 108 3.13 -4.14  0.70789
Min. 42 56 74 2246 2798 67 0.69 -9.73  0.70753
Avg. 44 56 140 4105 7772 83 1.99 -6.95  0.70774

Belemnite
AF-7 1 99 742 bdl 560 1129 1.52 -2.51 0.70742
AF-13K 1 99 890 bdl 1049 989 1.84 -2.45  0.70742
AF-5 1 99 600 8 bdl 1038  0.10 -1.40  0.70741
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y XREE
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
5.00 11.80 1.35 6.10 1.24 0.32 1.20 0.17 1.03 0.18 0.60 0.10 0.64 0.10 5.90 29.83
8.50 17.90 1.89 6.60 1.36 0.43 1.37 0.20 1.15 0.25 0.68 0.10 0.66 0.11 6.80 41.20
2.20 3.20 0.37 1.30 0.27 0.09 0.28 0.04 0.20 0.04 0.09 0.02 0.11 0.01 1.30 8.22
4.90 9.90 1.10 440 0.84 0.23 0.75 0.11 0.61 0.12 0.36 0.05 0.33 0.05 4.00 23.75
4.00 6.00 0.61 2.10 0.41 0.15 0.44 0.07 0.43 0.06 0.20 0.03 0.19 0.03 2.30 14.72
2.10 3.70 0.45 2.00 0.46 0.14 0.46 0.06 0.41 0.09 0.25 0.04 0.24 0.03 2.60 10.43
2.50 430 0.50 1.80 0.40 0.12 0.47 0.07 0.43 0.08 0.25 0.04 0.19 0.03 2.70 11.18
2.20 3.00 0.34 1.10 0.32 0.09 0.31 0.04 0.25 0.04 0.15 0.02 0.13 0.02 1.50 8.01
1.60 2.90 0.30 1.20 0.34 0.10 0.31 0.04 0.22 0.04 0.12 0.02 0.12 0.02 1.40 7.33
2.10 2.90 0.29 1.30 0.22 0.07 0.24 0.03 0.22 0.04 0.11 0.02 0.11 0.02 1.40 7.67
4.70 9.80 0.99 3.70 0.71 0.22 0.69 0.11 0.68 0.13 0.35 0.06 0.36 0.05 3.70 22.55
3.00 5.20 0.48 1.70 0.34 0.11 0.37 0.05 0.29 0.07 0.15 0.02 0.13 0.03 1.60 11.94
5.90 13.10 1.41 5.40 1.05 0.32 1.03 0.15 0.83 0.16 0.43 0.07 0.41 0.06 4.90 30.32
3.50 7.10 0.70 2.70 0.54 0.17 0.57 0.09 0.53 0.10 0.30 0.05 0.29 0.05 3.30 16.69
8.50 14.50 1.42 4.90 0.96 0.27 0.96 0.14 0.83 0.17 0.48 0.08 0.50 0.07 4.60 33.78
5.50 9.60 0.85 3.20 0.57 0.20 0.62 0.08 0.45 0.10 0.26 0.03 0.19 0.03 3.30 21.68
4.10 6.80 0.71 2.60 0.45 0.12 0.39 0.06 0.32 0.06 0.16 0.03 0.13 0.02 2.40 15.95
3.60 5.20 0.58 2.10 0.48 0.11 0.42 0.06 0.39 0.07 0.20 0.03 0.20 0.03 2.30 13.47
1.50 2.10 0.26 1.30 0.28 0.08 0.28 0.04 0.26 0.06 0.15 0.02 0.14 0.02 1.70 6.49
2.80 5.10 0.61 2.60 0.54 0.16 0.54 0.08 0.45 0.10 0.27 0.04 0.25 0.04 2.40 13.58
1.60 3.30 0.34 1.50 0.28 0.07 0.29 0.04 0.22 0.04 0.15 0.02 0.16 0.02 1.50 8.03
6.10 13.10 1.41 6.00 1.07 0.43 1.11 0.14 0.98 0.17 0.52 0.07 0.43 0.09 5.90 31.62
<0.1 0.3 0.02 <0.3 <0.05 <0.02 <0.05 <001 <0.05 <0.02 <0.03 <001 <0.05 <0.01 0.1 0.42+0.3
<0.1 0.4 0.05 <0.3 <0.05 <0.02 0.05 <0.01 <0.05 <0.02 0.04 <0.01 <0.05 <0.01 0.3  0.84+0.3
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